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MONSANTO COMPANY’S NOTICE OF FILING  

Please take notice that pursuant to Court’s order during the March 14, 2018 hearing, 

defendant Monsanto Company submits the attached articles, each of which addresses an issue 

discussed at today’s hearing:  

1. Blair, A. & S. Zahm, Patterns of Pesticide Use among Farmers: Implications for 

Epidemiologic Research, 4 Epidemiology 55 (1993), Exhibit 303, admitted into evidence.  

2. Bonner, M. et al., Occupational Exposure to Pesticides and the Incidence of Lung 

Cancer in the Agricultural Health Study, 125 Envtl. Health Perspective, 544 (2017), Exhibit 608 on 

Monsanto’s Renumbered Exhibit List, ECF No. 1151, which Monsanto requests be entered into 

evidence.   

3. De Roos, A. et al., An Application of Hierarchical Regression in the Investigation of 
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Multiple Paternal Occupational Exposures and Neuroblastoma in Offspring, 39 Am. J. of Indus. Med. 

477 (2001), Exhibit 717 on Monsanto’s Renumbered Exhibit List, ECF No. 1151, which Monsanto 

requests be entered into evidence.  

4. Freeman, L. et al., Poultry and Livestock Exposure and Cancer Risk Among Farmers 

in the Agricultural Health Study, 23 Cancer Causes Control 663 (2012), Exhibit 910 on Monsanto’s 

Renumbered Exhibit List, ECF. No. 1151, which Monsanto requests to be entered into evidence. 

5. Hohenadel, K. et al., Exposure to Multiple Pesticides and Risk of Non-Hodgkin 

Lymphoma in Men from Six Canadian Provinces, 8 Int’l J. Envtl. Res. Public Health 2320 (2011), 

Exhibit 1011 on Monsanto’s Renumbered Exhibit List, ECF No. 1151, which Monsanto requests be 

entered into evidence.  

6. Koutros, S. et al., Risk of Total and Aggressive Prostate Cancer and Pesticide Use in 

the Agricultural Health Study, 177(1) American Journal of Epidemiology 59 (2013), Exhibit 1107 on 

Monsanto’s Renumbered Exhibit List, ECF No. 1151, which Monsanto requests be entered into 

evidence.  

7. Koutros, S. et al., Occupational Exposure to Pesticides and Bladder Cancer Risk, 

45(3) International Journal of Epidemiology 792 (2016), Exhibit 1106 on Monsanto’s Renumbered 

Exhibit List, ECF No. 1151, which Monsanto requests be entered into evidence. 

 
 
DATED:  March 14, 2018 Respectfully submitted, 

 
/s/ Joe G. Hollingsworth    
Joe G. Hollingsworth (pro hac vice) 
(jhollingsworth@hollingsworthllp.com) 
Eric G. Lasker (pro hac vice) 
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Heather A. Pigman (pro hac vice) 
(hpigman@hollingsworthllp.com) 
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Washington, DC  20005 
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MONSANTO COMPANY
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Research A Section 508–conformant HTML version of this article  
is available at http://dx.doi.org/10.1289/EHP456. 

Introduction
Lung cancer is the leading cause of cancer-
related death in the United States (American 
Cancer Society 2017) and in the world (Torre 
et al. 2015). Lung cancer mortality and inci-
dence is lower among farmers in the United 
States than among the general population 
(Blair et al. 1993; Blair and Freeman 2009) 
potentially because of the low prevalence of 
smoking among U.S. farmers (Alavanja 
et al. 2004; Blair et al. 1992). Nonetheless, 
increased lung cancer mortality among 
licensed pesticide applicators has been reported 
(Barthel 1981; Becher et al. 1996; Blair et al. 
1983; MacMahon et al. 1988; Pesatori et al. 
1994), raising the possibility that exposure to 
certain pesticides may increase the risk of lung 
cancer among farmers. Only a few epidemio-
logic studies have assessed exposure to specific 
pesticides (Austin et al. 1989; MacMahon 
et al. 1988; Pesatori et al. 1994). MacMahon 
et al. (1988) reported a slight increase in 
the lung cancer standardized mortality ratio 

(SMR) [SMR = 135; 90% confidence interval 
(CI): 114, 158] among pesticide applicators 
and termite control operators exposed to 
chlordane and heptachlor. Blair et al. (1983) 
also observed an excess of lung cancer among 
termite and other structural pest–control 
applicators. Using banked serum samples from 
919 residents of Charleston, South Carolina, 
Austin et al. (1989) did not find an association 
between serum DDT levels and respiratory 
cancer mortality among 19 cases. In a small, 
nested case–control study of structural pesti-
cide workers in Florida, Pesatori et al. (1994) 
observed suggestive positive associations for 
diazinon [odds ratio (OR) = 2.0; 95% CI: 
0.7, 5.5], carbaryl (OR = 4.2; 95% CI: 
0.6, 27.2), dichlorodiphenyltrichloroethane 
(DDT) (OR = 2.6; 95% CI: 0.5, 14.3), and 
propoxur (OR = 12.4; 95% CI: 1.05, 100.3); 
no associations were observed for malathion, 
chlorpyrifos, parathion, or chlordane. We 
previously reported positive associations 
between select pesticides and the occurrence 

of lung cancer in the Agricultural Health 
Study (AHS) (Alavanja et al. 2004). Of the 
50 pesticides evaluated, 7 (dicamba, metola-
chlor, pendimethalin, carbofuran, chlorpy-
rifos, diazinon, and dieldrin) showed some 
evidence of positive associations with lung 
cancer incidence. Pesticide-specific analyses 
of diazinon (Jones et al. 2015) and metola-
chlor (Silver et al. 2015) that evaluated lung 
cancer risk, among other cancer sites, have 
recently been published from the AHS. Jones 
et al. (2015) reported increased lung cancer 
incidence among male pesticide applicators 
with the highest exposure category of lifetime 
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Occupational Exposure to Pesticides and the Incidence of Lung Cancer in the 
Agricultural Health Study
Matthew R. Bonner,1  Laura E. Beane Freeman,2  Jane A. Hoppin,3  Stella Koutros,2  Dale P. Sandler,4  
Charles F. Lynch,5  Cynthia J. Hines,6  Kent Thomas,7  Aaron Blair,2  and Michael C.R. Alavanja2

1Department of Epidemiology and Environmental Health, School of Public Health and Health Professions, University at Buffalo, Buffalo, 
New York, USA; 2Occupational and Environmental Epidemiology Branch, Division of Cancer Epidemiology and Genetics, National 
Cancer Institute, National Institutes of Health (NIH), Department of Health and Human Services (DHHS), Bethesda, Maryland, USA; 
3Department of Biological Sciences, Center for Human Health and the Environment, North Carolina State University, Raleigh, North 
Carolina, USA; 4Epidemiology Branch, National Institute of Environmental Health Sciences, NIH, DHHS, Research Triangle Park, North 
Carolina, USA; 5College of Public Health, University of Iowa, Iowa City, Iowa, USA; 6Division of Surveillance, Hazard Evaluations, and 
Field Studies, National Institute for Occupational Safety and Health, Cincinnati, Ohio, USA; 7National Exposure Research Laboratory, 
U.S. Environmental Protection Agency, Research Triangle Park, North Carolina, USA

BACKGROUND: Occupational pesticide use is associated with lung cancer in some, but not all, 
epidemiologic studies. In the Agricultural Health Study (AHS), we previously reported positive 
associations between several pesticides and lung cancer incidence.
OBJECTIVE: We evaluated use of 43 pesticides and 654 lung cancer cases after 10 years of additional 
follow-up in the AHS, a prospective cohort study comprising 57,310 pesticide applicators from 
Iowa and North Carolina.
METHODS: Information about lifetime pesticide use and other factors was ascertained at enrollment 
(1993–1997) and updated with a follow-up questionnaire (1999–2005). Cox proportional hazards 
models were used to calculate hazard ratios (HRs) and 95% confidence intervals (CIs), adjusting for 
smoking (smoking status and pack-years), sex, and lifetime days of use of any pesticides.
RESULTS: Hazard ratios were elevated in the highest exposure category of lifetime days of use for 
pendimethalin (1.50; 95% CI: 0.98, 2.31), dieldrin (1.93; 95% CI: 0.70, 5.30), and chlorimuron 
ethyl (1.74; 95% CI: 1.02, 2.96), although monotonic exposure–response gradients were not 
evident. The HRs for intensity-weighted lifetime days of use of these pesticides were similar. For 
parathion, the trend was statistically significant for intensity-weighted lifetime days (p = 0.049) and 
borderline for lifetime days (p = 0.073). None of the remaining pesticides evaluated was associated 
with lung cancer incidence.
CONCLUSIONS: These analyses provide additional evidence for an association between pendi-
methalin, dieldrin, and parathion use and lung cancer risk. We found an association between 
chlorimuron ethyl, a herbicide introduced in 1986, and lung cancer that has not been previously 
reported. Continued follow-up is warranted.
CITATION: Bonner MR, Beane Freeman LE, Hoppin JA, Koutros S, Sandler DP, Lynch CF, 
Hines CJ, Thomas K, Blair A, Alavanja MCR. 2017. Occupational exposure to pesticides 
and the incidence of lung cancer in the Agricultural Health Study. Environ Health Perspect 
125:544–551; http://dx.doi.org/10.1289/EHP456
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days of diazinon use [rate ratio (RR) = 1.60; 
95% CI: 1.11, 2.31; p trend = 0.02] as 
well as with  intensity-weighted lifetime 
days of diazinon use (RR=1.41; 95% CI: 
0.98, 2.04; ptrend = 0.08). Silver et al. (2015) 
found no association with either lifetime 
days or  intensity-weighted lifetime days of 
 metolachlor use.

Herein, we have used the AHS to inves-
tigate associations between lifetime use of 
43 pesticides and the incidence of lung cancer 
with an additional 414 lung cancer cases and 
10 years of follow-up beyond an earlier evalu-
ation (Alavanja et al. 2004) and with updated 
information regarding more recent pesticide 
use and cigarette smoking status.

Methods and Materials
The AHS has been described previously 
(Alavanja et al. 1996). Briefly, we enrolled 
57,310 restricted-use pesticide applica-
tors residing in Iowa [commercial and 
private (farmer) = 36,792] and North 
Carolina (private applicators = 20,518) 
between 1993 and 1997 (AHS data release: 
P1REL201209.00, P2201209.00, and 
AHSREL201304.01). Vital status through 
31 December 2011 was ascertained via linkage 
with state mortality files and the National 
Death Index. First primary, incident lung 
cancer cases that occurred between enrollment 
and 31 December 2010 in North Carolina 
and 31 December 2011 in Iowa were iden-
tified via linkage with the Iowa and North 
Carolina state cancer registries. Prevalent 
cancers (n = 1,094) and individuals who 
sought to obtain pesticide registration in 
Iowa or North Carolina but did not reside 
in these states (n = 341) were excluded from 
the analysis. Participants (n = 1,113) who 
moved out of Iowa or North Carolina were 
censored at the year they departed. All appli-
cable Institutional Review Boards approved 
the protocol, and all participants provided 
informed consent.

Exposure Assessment
At enrollment, participants completed a self-
administered questionnaire (http://aghealth.
nih.gov/collaboration/questionnaires.html) 
indicating whether they had ever mixed or 
applied 50 specific pesticides. The number 
of years and the number of days per year 
the applicator personally mixed or applied a 
particular pesticide was also queried on the 
enrollment questionnaire for 22 pesticides. 
This detailed information about days and years 
of use for the remaining 28 pesticides was 
obtained in a supplementary take-home ques-
tionnaire completed by ~44% of the cohort. 
In addition, the enrollment questionnaire 
gathered information on pesticide application 
methods, mixing, repair of pesticide appli-
cation equipment, and the use of personal 

protective equipment (PPE). Smoking history, 
alcohol consumption in the past 12 months, 
fruit and vegetable consumption, other agri-
cultural activities, non-farm occupational 
exposures, family history of cancer, medical 
conditions, and medicines were also ascer-
tained at enrollment. Blair and colleagues 
have previously shown that the reliability of 
reporting of pesticide use in the AHS ques-
tionnaire is similar to that for other factors 
routinely obtained by questionnaire for 
 epidemiologic studies (Blair et al. 2002).

Lifetime exposure-days of use for each of 
the 50 pesticides was calculated from the ques-
tionnaire data as the product of the number of 
years a participant personally mixed or applied 
each specific pesticide times the number of 
days in an average year that pesticide was 
used. In addition, we used an estimate of 
exposure intensity based on an algorithm 
generated by Dosemeci et al. (2002) that was 
developed from a comprehensive review of 
the literature and was updated and supple-
mented by Coble et al. (2011). This algorithm 
also used pesticide monitoring conducted in 
the AHS (Hines et al. 2008; Thomas et al. 
2010) to calculate an intensity-weighted 
lifetime  exposure- days score for each pesticide 
[exposure intensity × lifetime exposure-days]. 
The exposure intensity score weights aspects 
of pesticide use that may modify the intensity 
of exposure, such as whether an applicator 
personally mixed pesticides for application, 
application methods used, repair of pesticide 
application equipment, and the use of PPE. 
Dermal absorption is generally considered the 
major route of exposure for many pesticides 
(Maroni et al. 2000). Pesticide monitoring in 
the AHS found that chemical-resistant glove 
use was a more important determinant of 
urinary, airborne and dermal levels of pesti-
cides than was initially assumed (Hines et al. 
2008; Thomas et al. 2010). Consequently, the 
updated exposure intensity score weighted the 
use of protective gloves more heavily (Coble 
et al. 2011).

Information on pesticide use was 
updated between 1999 and 2005 with the 
use of a computer-assisted telephone inter-
view (CATI). Participants were asked to 
report all pesticides used in the year prior 
to the interview as well as the frequency of 
use. Because only 36,342 applicators (63%) 
completed both the baseline and follow-up 
questionnaires, we used multiple imputation 
with logistic regression and stratified sampling 
to impute missing pesticide exposure infor-
mation for 20,968 applicators who did not 
complete the follow-up interview (Heltshe 
et al. 2012).

In addition to updating pesticide use 
information between 1999 and 2005 with 
the CATI, smoking status (current, past, 
never), but not pack-years, was also updated. 

To update pack-years of cigarette smoking 
among current smokers (n = 7,637), we 
multiplied the number of cigarettes smoked 
that was reported in the enrollment ques-
tionnaire by the number of intervening years 
between the enrollment and the follow-up 
interview. These additional pack-years of 
cigarette smoking were then added to the 
total pack-years calculated from the enroll-
ment questionnaire to update total pack-
years of cigarette smoking. For participants 
who reported being current smokers on the 
enrollment questionnaire but reported being 
former smokers in the follow-up interview 
(n = 1,712), the number of cigarettes smoked 
per day reported at enrollment was used in 
the aforementioned calculation, and the 
number of years of smoking during the inter-
vening time period was estimated to comprise 
half the time period. This same algorithm 
was used for participants who reported being 
former smokers at enrollment, but reported 
smoking currently in the follow-up interview 
(n = 573). For participants missing informa-
tion on smoking on the enrollment and the 
follow-up interview (n = 1,051), pack-years of 
smoking was not imputed. Similarly, because 
a small proportion of participants (n = 1,033) 
was missing information on the number of 
cigarettes smoked per day (enrollment ques-
tionnaire), pack-years of smoking was not 
imputed. In addition, participants missing 
information on other potential confounders 
(e.g., age, sex, total lifetime pesticide days) 
(n = 4,338) were also excluded. In total, 
7,498 participants were excluded, leaving 
49,812 (89%) participants for the statistical 
analysis of pesticide exposure.

Statistical Analyses
We used Cox proportional hazards to estimate 
hazard ratios and 95% confidence intervals, 
using age at risk as the time scale, to assess 
potential associations between pesticide use 
and the incidence of lung cancer. We evalu-
ated 43 specific pesticides here. Diazinon 
(Jones et al. 2015) and metolachlor (Silver 
et al. 2015) were not evaluated because results 
from the evaluation of these pesticides have 
recently been published. In addition, 5 other 
pesticides (trichlorfon, carbon tetrachloride/
carbon disulfide, aluminum phosphide, ziram, 
and 2-(2,4,5-trichlorophenoxy)propionic 
acid (2,4,5-TP; fenoprop) were not evaluated 
because there were fewer than 15 exposed 
lung cancer cases, which is too few for mean-
ingful analyses. Lifetime days of exposure and 
intensity-weighted lifetime exposure-days 
were both categorized into quartiles based on 
the distribution among the lung cancer cases 
to assess exposure–response gradients where 
possible. For 7 pesticides (aldrin, captan, 
carbofuran, coumaphos, dieldrin, heptachlor, 
and toxaphene) tertiles were used because of 

q y
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mation for 20,968 applicators who did not pp
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use and cigarette smoking status.
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the relatively small number of exposed lung 
cancer cases. In addition to assessing cumula-
tive lifetime exposure-days, we also conducted 
analyses in which lifetime exposure-days were 
lagged 5 and 15 years.

A priori covariates used in our previous 
report (Alavanja et al. 2004) included age, sex, 
pack-years of smoking separately for current 
and former smokers, and total lifetime days 
of pesticide use. We further evaluated poten-
tial confounding from cigarette smoking by 
including pack-years of cigarette smoking as 
a continuous variable; these two approaches 
yielded comparable risk estimates. We also 
assessed the potential for confounding by 
other covariates [education, body mass index, 
family history of lung cancer, race, state of 
residence, fruit and vegetable intake, alcohol 
consumption, and raising poultry and live-
stock, which is associated with reduced lung 
cancer incidence among farmers in the AHS 
(Beane Freeman et al. 2012)]; none of these 
variables meaningfully influenced the esti-
mates of relative risk. In addition to adjusting 
for total lifetime days of pesticide applica-
tion, we also conducted additional analyses 
adjusting for lifetime days of diazinon, 
dieldrin, and pendimethalin use because these 
pesticides were previously associated with 
lung cancer incidence in the AHS. Our final 
models included the a priori covariates only.

We used PROC MIANALYZE (SAS 
9.3; SAS Institute Inc.) to account for our 
multiple imputation approach. For the pesti-
cides dieldrin, 2,4,5-TP, parathion, chlordane, 
DDT, heptachlor, and toxaphene, there was 
no variability between the five imputed sets 
because their registrations had been canceled 
before the Phase 2 interviews were conducted. 
Therefore, standard proportional hazards 
models were used. p-Values for trend were 
calculated using natural log–transformed 
versions of the continuous exposure vari-
ables while adjusting for the covariates. We 
performed analyses stratified by smoking status 
to assess potential effect measure modification. 
In addition, we conducted analyses by lung 
cancer histologic type (adenocarcinoma vs. 
non-adenocarcinoma). These analyses are 
presented in Tables S1 and S2 only because 
the small number of lung cancer cases among 
strata limited precision and interpretation.

Results
Since our previous report (Alavanja et al. 
2004), 414 additional first primary, histo-
logically confirmed incident lung cancer cases 
have occurred. In total, 654 first primary 
incident lung cancer cases were included in 
the present report, with an average follow-up 
of 14.8 years since AHS enrollment. Selected 
characteristics are presented in Table 1. As 
expected, a higher proportion of lung cancer 
cases than of noncases was observed with 

older age and greater pack-years of cigarette 
smoking. The proportion of lung cancer cases 
was slightly higher among non-whites, among 
those residing in North Carolina, and among 
those having a history of chronic lung disease. 
We did not find differences with sex or family 
history of lung cancer. Lung cancer cases 
were less likely to regularly consume fruits, 
 vegetables, and alcohol than were noncases.

Table 2 presents the HRs for lifetime 
days of use and intensity-weighted lifetime 
days for 13 pesticides and lung cancer. 
Results were included if they had been 
previously associated with lung cancer in 
the AHS [dicamba, pendimethalin, carbo-
furan, chlorpyrifos, and dieldrin (Alavanja 

et al. 2004)], in other epidemiologic studies 
[malathion (Pesatori et al. 1994), parathion 
(Pesatori et al. 1994), carbaryl (Pesatori et al. 
1994), chlordane (MacMahon et al. 1988), 
DDT (Austin et al. 1989), and heptachlor 
(MacMahon et al. 1988)], or otherwise 
showed an association with lung cancer in 
this evaluation (chlorimuron ethyl). Table S3 
depicts the hazard ratios for the remaining 
30 pesticides, none of which was positively 
associated with lung cancer. Lifetime days of 
chlorimuron ethyl were associated with statis-
tically significant increased risk in the highest 
exposure category only (HR = 1.74; 95% CI: 
1.02, 2.96) but did not show an exposure–
response trend (ptrend = 0.180). The highest 

Table 1. Selected baseline characteristics of lung cancer cases and noncases, Agricultural Health Study 
(1993–1997).

Characteristica
Lung cancer cases 
n = 546 (%)

Cohort members (noncases) 
n = 49,266 (%)

Age
< 55 170 (31.1) 36,434 (74.0)
55–59 114 (20.9) 4,693 (9.5)
60–64 108 (19.8) 3,754 (7.6)
65–69 78 (14.3) 2,465 (5.0)
70–74 57 (10.4) 1,307 (2.7)
≥ 75 19 (3.5) 613 (1.2)

Smoking status (pack-years)b
Never smoker 57 (10.4) 26,803 (54.4)
Former < 3.75 15 (2.8) 4,552 (9.2)
Former 3.75–15 27 (5.0) 4,128 (8.4)
Former > 15 176 (32.2) 5,405 (11.0)
Current < 11.25 26 (4.8) 1,522 (3.1)
Current 11.25–28.5 49 (9.0) 2,623 (5.3)
Current > 28.5 196 (35.9) 4,233 (8.6)

Sex
Male 535 (98.0) 48,005 (97.4)
Female 11 (2.0) 1,261 (2.6)

Raceb
White 519 (95.1) 48,060 (97.8)
Black/other 27 (4.9) 1,103 (2.2)

State of residence
Iowa 231 (42.3) 32,895 (66.8)
North Carolina 315 (57.7) 16,371 (33.2)

Education (years)b
< 12 128 (24.1) 4,124 (8.5)
12 268 (50.5) 22,797 (47.2)
> 12 135 (25.4) 21,363 (44.2)

Other chronic lung disease (bronchitis and emphysema)b
No 455 (89.7) 45,165 (96.4)
Yes 52 (10.3) 1,683 (3.6)

Family history of lung cancerb
No 442 (90.4) 43,549 (93.7)
Yes 47 (9.6) 2,927 (6.3)

Vegetable intake (servings/week)b
≤ 4 173 (35.2) 15,228 (32.8)
5–7 188 (38.3) 16,913 (36.5)
> 7 130 (26.5) 14,223 (30.7)

Fruit intake (servings/week)b
≤ 2 204 (40.0) 15,313 (32.5)
3–6 189 (37.1) 18,627 (39.6)
≥ 7 117 (22.9) 13,128 (27.9)

Alcohol intake (servings/time period)b
Never 227 (44.3) 14,843 (31.4)
≤ 3/month 121 (23.6) 12,928 (27.4)
≥ 4/week 165 (32.2) 19,439 (41.2)

aUsing response categories from the Agricultural Health Study enrollment questionnaire.
bNumbers do not sum to total because of missing data.
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quartile of lifetime days of pendimethalin use 
also showed a positive association with lung 
cancer (HR = 1.50; 95% CI: 0.98, 2.31). 
We further divided the 4th quartile at its 
median of lifetime days of pendimethalin. 
The HR for the lower 50% of the 4th 
quartile was 1.26 (95% CI: 0.65, 2.46), and 
the HR for those in the upper 50% of the 
4th quartile was 2.52 (95% CI: 1.31, 4.83), 
although the p for trend was not significant 
(ptrend = 0.283). Lifetime days of dieldrin 
use also showed a positive association in 
the highest exposure tertile (HR = 1.93; 
95% CI: 0.70, 5.30), as did the HR for the 
intensity-weighted lifetime exposure-days 
metric (HR = 2.06; 95% CI: 0.95, 4.43). The 
lowest and highest quartiles of lifetime days 
of DDT use showed a slight excess in risk, 

although a monotonic exposure–response 
gradient was not evident (ptrend = 0.695). 
Similarly, the highest quartile of lifetime days 
of malathion use showed a slight excess risk 
(HR = 1.35; 95% CI: 0.93, 1.97). Although 
parathion was only slightly associated with 
the risk of lung cancer in the highest quartile 
[(HR = 1.17; 95% CI: 0.51, 2.68) for lifetime 
days and (HR = 1.20; 95% CI: 0.58, 2.47) 
for intensity-weighted lifetime days], the 
test for trend was statistically significant for 
intensity-weighted lifetime days (p = 0.049) 
and borderline for lifetime days (p = 0.073). 
The lowest exposure category of lifetime 
days use for maneb/mancozeb had a statisti-
cally significant increased risk of lung cancer 
(HR = 3.27; 95% CI: 1.54, 2.20), but the 
highest exposure category was not elevated, 

and there was no evidence of an exposure–
response gradient (ptrend = 0.939), nor were 
any of the other exposure categories signifi-
cantly increased. Carbaryl, carbofuran, chlor-
dane, chlorpyrifos, and heptachlor were not 
associated with the incidence of lung cancer. 
Dicamba showed a statistically significant 
inverse exposure–response trend, although 
the lowest risks were seen in the lower quar-
tiles of exposure. Generally, the HRs for 
the intensity-weighed lifetime days for these 
pesticides were similar to the  lifetime-days 
metric (Table 2).

Table 3 shows the results of lagging 
lifetime days of exposure 5 and 15 years. The 
HRs from lagging lifetime exposure-days by 5 
and 15 years were somewhat lower than those 
from unlagged analyses for pendi methalin 

Table 2. Hazard ratios and 95% confidence intervals for lung cancer by lifetime days pesticide exposure and intensity-weighted lifetime days, Agricultural Health Study.

Notes: CI, confidence interval; DDT, dichlorodiphenyltrichloroethane; Q, quartile; T, Tertile.
aAdjusted for age, smoking status and pack-years, sex, and total lifetime pesticide use.
bLifetime-days of use were obtained from the take-home questionnaire.

Pesticide

Lifetime days Intensity-weighted lifetime days
Cases 

(n)
Hazard ratioa 

(95% CI)
p for 
trend

Cases 
(n)

Hazard ratioa 
(95% CI)

p for 
trend

Chlorimuron ethyl (herbicide; pyrimidinylsulfonylurea)b
Nonexposed 180 1.0 (Reference) 180 1.0 (Reference)
Q1 14 1.10 (0.64, 1.90) 21 1.09 (0.69, 1.72)
Q2 37 0.96 (0.67, 1.38) 21 0.97 (0.62, 1.51)
Q3 11 1.17 (0.64, 2.16) 20 1.04 (0.65, 1.68)
Q4 16 1.74 (1.02, 2.96) 0.180 16 1.69 (1.00, 2.83) 0.294
Dicamba (herbicide; benzoic acid)
Nonexposed 293 1.0 (Reference) 293 1.0 (Reference)
Q1 38 0.64 (0.44, 0.92) 39 0.57 (0.40, 0.82)
Q2 45 0.57 (0.40, 0.83) 44 0.66 (0.47, 0.95)
Q3 45 0.75 (0.55, 1.04) 36 0.73 (0.48, 1.10)
Q4 36 0.86 (0.60, 1.24) 0.007 44 0.81 (0.59, 1.13) 0.001
Pendimethalin (herbicide; dinitroaniline)b
Nonexposed 160 1.0 (Reference) 160 1.0 (Reference)
Q1 21 1.00 (0.61, 1.62) 25 0.81 (0.52, 1.26)
Q2 33 0.85 (0.58, 1.24) 32 0.81 (0.50, 1.31)
Q3 29 0.91 (0.58, 1.42) 27 1.26 (0.82, 1.92)
Q4 28 1.50 (0.98, 2.31) 0.283 26 1.47 (0.93, 2.31) 0.551
Carbaryl (insecticide; carbamate)b
Nonexposed 112 1.0 (Reference) 112 1.0 (Reference)
Q1 58 0.93 (0.66, 1.30) 47 0.94 (0.65, 1.36)
Q2 38 0.99 (0.66, 1.49) 35 0.99 (0.67, 1.46)
Q3 33 1.15 (0.76, 1.74) 41 1.16 (0.79, 1.40)
Q4 28 1.17 (0.76, 1.79) 0.436 34 1.04 (0.70, 1.54) 0.757
Carbofuran (insecticide; chlorinated organic)
Nonexposed 336 1.0 (Reference) 336 1.0 (Reference)
Q1 40 0.76 (0.55, 1.05) 32 0.81 (0.56, 1.16)
Q2 29 0.80 (0.54, 1.19) 31 0.80 (0.55, 1.16)
Q3 23 1.08 (0.62, 1.89) 29 0.87 (0.59, 1.29)
Q4 28 0.99 (0.67, 1.47) 0.299 28 0.88 (0.59, 1.30) 0.133
Chlordane (insecticide; chlorinated organic)b
Nonexposed 169 1.0 (Reference) 169 1.0 (Reference)
Q1 22 1.57 (1.01, 2.46) 17 1.64 (0.99, 2.70)
Q2 26 1.13 (0.75, 1.71) 17 1.34 (0.81, 2.21)
Q3 12 0.95 (0.53, 1.70) 21 0.88 (0.56, 1.39)
Q4 13 1.13 (0.64, 2.01) 0.426 18 1.27 (0.78, 2.08) 0.403
Chlorpyrifos (insecticide; phosphorothioate)
Nonexposed 339 1.0 (Reference) 339 1.0 (Reference)
Q1 54 0.84 (0.63, 1.13) 44 0.91 (0.66, 1.25)
Q2 52 1.08 (0.79, 1.48) 41 0.74 (0.53, 1.03)
Q3 41 0.86 (0.61, 1.21) 40 1.03 (0.74, 1.44)
Q4 46 0.98 (0.71, 1.35) 0.497 38 0.88 (0.62, 1.25) 0.210

Pesticide

Lifetime days Intensity-weighted lifetime days
Cases 

(n)
Hazard ratioa 

(95% CI)
p for 
trend

Cases 
(n)

Hazard ratioa 
(95% CI)

p for 
trend

DDT (insecticide; chlorinated organic)b
Nonexposed 140 1.0 (Reference) 140 1.0 (Reference)
Q1 20 1.45 (0.92, 2.38) 29 1.01 (0.68, 1.52)
Q2 42 0.86 (0.61, 1.22) 27 0.96 (0.63, 1.45)
Q3 22 1.09 (0.69, 1.72) 25 0.99 (0.64, 1.53)
Q4 23 1.33 (0.84, 2.10) 0.695 26 1.46 (0.95, 2.25) 0.506
Dieldrin (insecticide; chlorinated organic)b
Nonexposed 230 1.0 (Reference) 230 1.0 (Reference)
T1 6 0.58 (0.26, 1.31) 5 1.01 (0.42, 2.47)
T2 6 1.49 (0.66, 3.37) 4 0.50 (0.18, 1.34)
T3 4 1.93 (0.70, 5.30) 0.472 7 2.06 (0.95, 4.43) 0.880
Heptachlor (insecticide; chlorinated organic)b
Nonexposed 216 1.0 (Reference) 216 1.0 (Reference)
Q1 6 1.19 (0.53, 2.68) 7 1.13 (0.53, 2.39)
Q2 11 0.65 (0.35, 1.19) 6 0.56 (0.25, 1.26)
Q3 10 0.89 (0.47, 1.68) 10 0.77 (0.41, 1.46)
Q4 5 0.66 (0.27, 1.62) 0.228 9 0.82 (0.42, 1.60) 0.193
Parathion (insecticide; phosphorothioate)b
Nonexposed 211 1.0 (Reference) 211 1.0 (Reference)
Q1 5 1.60 (0.66, 3.89) 11 1.58 (0.86, 2.91)
Q2 17 1.48 (0.90, 2.43) 9 1.37 (0.70, 2.69)
Q3 7 1.65 (0.78, 3.52) 7 1.82 (0.86, 3.89)
Q4 6 1.17 (0.51, 2.68) 0.073 8 1.20 (0.58, 2.47) 0.049
Malathion (insecticide; phosphorothioate)b
Nonexposed 78 1.0 (Reference) 78 1.0 (Reference)
Q1 28 0.98 (0.54, 1.78) 40 0.99 (0.61, 1.61)
Q2 76 1.11 (0.80, 1.52) 57 1.02 (0.72, 1.43)
Q3 35 1.00 (0.67, 1.50) 44 1.18 (0.81, 1.72)
Q4 45 1.35 (0.93, 1.97) 0.168 43 1.37 (0.94, 2.00) 0.197
Maneb/mancozeb (fungicide; dithiocarbamate)b
Nonexposed 214 1.0 (Reference) 214 1.0 (Reference)
Q1 7 3.27 (1.54, 6.97) 11 3.21 (1.74, 5.91)
Q2 11 1.39 (0.76, 2.57) 6 0.91 (0.40, 2.06)
Q3 10 1.34 (0.71, 2.53) 9 1.44 (0.74, 2.81)
Q4 5 0.72 (0.30, 1.76) 0.939 7 0.86 (0.40, 1.83) 0.436
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and chlorimuron ethyl. The association 
between dieldrin and lung cancer incidence 
was not influenced because dieldrin use had 
ceased before either of these lag periods. No 
obvious pattern emerged from the lagged 
analysis of parathion.

Discussion
With an additional 10 years of follow-up and 
414 additional first primary, histologically 
confirmed incident lung cancer cases, we 
reevaluated the associations between lifetime 
days and intensity-weighted lifetime days for 
43 pesticides and relative risk for lung cancer. 
Independent AHS pesticide-specific analyses 
for diazinon (Jones et al. 2015) and metola-
chlor (Silver et al. 2015) were not included 
here because these results have been published 

elsewhere. We found evidence of positive, 
albeit imprecise, associations with lung cancer 
for pendimethalin and dieldrin. These two 
pesticides had elevated HRs in the highest 
exposure category, but the exposure–response 
gradients were neither monotonic nor statis-
tically significant. Parathion showed some 
evidence of increased risk for lung cancer, but 
the trends were not monotonic, nor were the 
excesses the largest in the highest quartile of 
exposure. We observed an increased hazard 
ratio with the use of chlorimuron ethyl in the 
highest exposure category. Chlorimuron ethyl 
use was not associated with lung cancer in a 
previous AHS analysis (Alavanja et al. 2004). 
None of the other pesticides (chlorpyrifos, 
carbofuran, or dicamba) was associated with 
lung cancer risk in this reevaluation.

Pendimethalin has been shown to induce 
thyroid follicular cell adenomas in rats and 
is classified as a possible human carcinogen 
(Group C) by the U.S. Environmental 
Protection Agency (EPA) (1997). Previous 
analyses of pendimethalin in the AHS 
(Alavanja et al. 2004; Hou et al. 2006), 
however, have been inconsistent. There is 
limited experimental evidence linking pendi-
methalin to genotoxicity (Dimitrov et al. 
2006) or carcinogenicity in rodents (Weed 
Society of America 2002). To our knowledge, 
no epidemiologic studies other than the AHS 
have investigated pendimethalin use and lung 
cancer risk. We see only weak evidence for 
an association from a borderline statistically 
significant association with lifetime days of 
use and intensity-weighted lifetime days. The 

Table 3. Hazard ratios and 95% confidence intervals for lung cancer by 5- and 15-year lagged lifetime-days pesticide exposure, Agricultural Health Study.

Notes: CI, confidence interval; DDT, dichlorodiphenyltrichloroethane; Q, quartile; T, tertile.
aAdjusted for age, smoking status and pack-years, sex, and total lifetime pesticide use.
bLifetime-days of use were obtained from the take-home questionnaire.

Pesticide

5-year lag 15-year lag
Cases 

(n)
Hazard ratioa 

(95% CI)
p for 
trend

Cases 
(n)

Hazard ratioa 
(95% CI)

p for 
trend

Chlorimuron ethyl (herbicide; pyrimidinylsulfonylurea)b
Nonexposed 181 1.0 (Reference) 206 1.0 (Reference)
Q1 16 1.24 (0.75, 2.06) 16 0.87 (0.52, 1.44)
Q2 35 0.90 (0.62, 1.31) 15 0.46 (0.27, 0.78)
Q3 10 1.15 (0.60, 2.20) 5 0.65 (0.27, 1.59)
Q4 16 1.61 (0.96, 2.71) 0.295 13 1.36 (0.77, 2.40) 0.222
Dicamba (herbicide; benzoic acid)
Nonexposed 299 1.0 (Reference) 329 1.0 (Reference)
Q1 38 0.62 (0.44, 0.88) 35 0.52 (0.37, 0.74)
Q2 43 0.54 (0.38, 0.77) 34 0.47 (0.33, 0.67)
Q3 45 0.73 (0.53, 1.00) 37 0.61 (0.43, 0.86)
Q4 33 0.79 (0.55, 1.14) 0.001 21 0.59 (0.38, 0.93) < 0.001
Pendimethalin (herbicide; dinitroaniline)b
Nonexposed 161 1.0 (Reference) 201 1.0 (Reference)
Q1 24 1.18 (0.76, 1.85) 12 0.49 (0.26, 0.90)
Q2 30 0.78 (0.52, 1.18) 13 0.39 (0.22, 0.69)
Q3 26 0.88 (0.55, 1.41) 8 0.33 (0.16, 0.68)
Q4 25 1.31 (0.84, 2.05) 0.602 19 1.11 (0.68, 1.82) 0.003
Carbaryl (insecticide; carbamate)b
Nonexposed 112 1.0 (Reference) 131 1.0 (Reference)
Q1 55 0.87 (0.51, 1.22) 36 0.66 (0.46, 0.95)
Q2 35  0.92 (0.61, 1.34) 31 1.00 (0.67, 1.48)
Q3 29 1.20 (0.79, 1.82) 32 1.29 (0.87, 1.90)
Q4 30 1.05 (0.70, 1.59) 0.787 16 0.61 (0.36, 1.04) 0.399
Carbofuran (insecticide; carbamate)
Nonexposed 336 1.0 (Reference) 354 1.0 (Reference)
Q1 40 0.76 (0.54, 1.05) 36 0.67 (0.47, 0.94)
Q2 29 0.81 (0.55, 1.20) 23 0.67 (0.44, 1.02)
Q3 24 1.11 (0.64, 1.91) 25 1.38 (0.78, 2.43)
Q4 27 0.95 (0.64, 1.43) 0.261 18 0.63 (0.39, 1.02) 0.006
Chlordane (insecticide; chlorinated organic)b
Nonexposed 169 1.0 (Reference) 172 1.0 (Reference)
Q1 0 — (—) 1  8.72 (1.19, 64.22)
Q2 48 1.30 (0.94, 1.79) 45 1.21 (0.87, 1.69)
Q3 12 0.95 (0.53, 1.70) 11 0.89 (0.48, 1.63)
Q4 13 1.13 (0.64, 2.01) 0.424 13 1.13 (0.64, 2.00) 0.605
Chlorpyrifos (insecticide; phosphorothioate)
Nonexposed 344 1.0 (Reference) 401 1.0 (Reference)
Q1 55 0.85 (0.63, 1.13) 44 0.63 (0.46, 0.86)
Q2 49 0.98 (0.71, 1.35) 39 0.77 (0.56, 1.07)
Q3 43 0.91 (0.66, 1.26) 20 0.43 (0.28, 0.68)
Q4 41 0.86 (0.61, 1.20) 0.188 27 0.57 (0.38, 0.85) < 0.001

Pesticide

5-year lag 15-year lag
Cases 

(n)
Hazard ratioa 

(95% CI)
p for 
trend

Cases 
(n)

Hazard ratioa 
(95% CI)

p for 
trend

DDT (insecticide; chlorinated organic)b
Nonexposed 140 1.0 (Reference) 140 1.0 (Reference)
Q1 20 1.48 (0.92, 2.38) 20 1.44 (0.90, 2.31)
Q2 42 0.86 (0.61, 1.22) 42 0.87 (0.61, 1.23)
Q3 22 1.09 (0.69, 1.72) 22 1.09 (0.69, 1.71)
Q4 23 1.33 (0.84, 2.10) 0.695 23 1.35 (0.85, 2.13) 0.709
Dieldrin (insecticide; chlorinated organic)b
Nonexposed 230 1.0 (Reference) 230 1.0 (Reference)
T1 6 0.58 (0.26, 1.31) 6 0.59 (0.26, 1.32)
T2 6 1.49 (0.66, 3.37) 6 1.44 (0.64, 3.26)
T3 4 1.93 (0.70, 5.30) 0.471 4 2.09 (0.76, 5.75) 0.468
Heptachlor (insecticide; chlorinated organic)b
Nonexposed 216 1.0 (Reference) 216 1.0 (Reference)
Q1 6 1.19 (0.53, 2.68) 6 1.16 (0.51, 2.61)
Q2 11 0.65 (0.35, 1.19) 11 0.65 (0.36, 1.20)
Q3 10 0.89 (0.47, 1.68) 10 0.90 (0.47, 1.69)
Q4 5 0.66 (0.27, 1.62) 0.228 5 0.67 (0.28, 1.64) 0.239
Parathion (insecticide; phosphorothioate)b
Nonexposed 212 1.0 (Reference) 214 1.0 (Reference)
Q1 4 1.22 (0.54, 3.28) 4 1.09 (0.40, 2.94)
Q2 17 1.49 (0.90, 2.44) 15 1.44 (0.85, 2.43)
Q3 7 1.63 (0.76, 3.47) 9 1.96 (1.00, 3.82)
Q4 6 1.17 (0.51, 2.69) 0.083 4 0.81 (0.30, 2.24) 0.168
Malathion (insecticide; phosphorothioate)b
Nonexposed 82 1.0 (Reference) 110 1.0 (Reference)
Q1 26 0.93 (0.53, 1.62) 15 0.59 (0.34, 1.02)
Q2 71 1.01 (0.73, 1.39) 53 0.69 (0.50, 0.96)
Q3 35 0.67 (0.65, 1.45) 35 0.87 (0.59, 1.28)
Q4 44 1.29 (0.89, 1.88) 0.303 32 0.85 (0.57, 1.28) 0.378
Maneb/mancozeb (fungicide; dithiocarbamate)b
Nonexposed 216 1.0 (Reference) 221 1.0 (Reference)
Q1 6 2.88 (1.27, 6.54) 6 3.20 (1.41, 7.20)
Q2 9 1.14 (0.58, 2.23) 6 0.81 (0.36, 1.83)
Q3 11 1.45 (0.79, 2.66) 10 1.40 (0.74, 2.64)
Q4 5 0.71 (0.29, 1.74) 0.993 4 0.58 (0.22, 1.58) 0.566
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lung cancer excess with pendimethalin use 
was largely limited to the upper half of the 
upper quartile, but the exposure–response 
trends were not statistically significant.

Dieldrin is an organochlorine insecti-
cide that was banned from agricultural use 
in 1970 by the U.S. EPA, although its use 
as a termiticide was permitted by the U.S. 
EPA between 1972 and 1987 (Stern 2014). 
There are concerns about ongoing low-level 
exposure because dieldrin is commonly 
found in hazardous waste sites and is rela-
tively resistant to environmental degradation 
(Stern 2014). As with the previous analyses 
of the AHS cohort (Alavanja et al. 2004; 
Purdue et al. 2007), dieldrin was positively 
associated with lung cancer, but mainly in 
the highest tertile of use. Dieldrin has been 
shown to induce liver tumors in mice, but not 
in other rodents [International Association for 
Research on Cancer (IARC) 1987]. The small 
number of dieldrin-exposed lung cancer cases 
complicates interpretation here.

Parathion was recently designated by 
IARC as possibly carcinogenic to humans 
(group 2B), largely on the basis of experi-
mental evidence (Guyton et al. 2015). To our 
knowledge, no previous epidemiologic studies 
(Pesatori et al. 1994), including our previous 
report (Alavanja et al. 2004), have found asso-
ciations for parathion use with lung cancer 
specifically, although melanoma was associ-
ated with parathion use in the AHS (Dennis 
et al. 2010). In chronic feeding studies, 
parathion has been shown to be carcinogenic 
to Osborne-Mendel rats and to increase the 
incidence of alveolar/bronchiolar adenomas 
in B6C3F1 mice (Gulf South Research 
Institute et al. 1979). Furthermore, parathion 
has been demonstrated to damage DNA in 
human peripheral lymphocytes (Undeğer 
and Başaran 2005). In our study, the small 
number of exposed cases and the lack of a 
monotonic exposure–response gradient 
complicated interpretation. Although these 
data do not provide strong evidence to 
support an association, nearly all the exposure 
categories had excess risk and are deserving of 
continued investigation for a potential asso-
ciation between parathion and lung cancer. 
Malathion (Guyton et al. 2015) and DDT 
(Loomis et al. 2015) were also evaluated and 
were classified as probably carcinogenic to 
humans (group 2A), largely based on suffi-
cient evidence in animals. The evidence in 
humans, however, was deemed limited, and 
the lung was not a site observed to be associ-
ated with either malathion or DDT use in the 
epidemiologic studies assessed. Further epide-
miologic investigation of both malathion and 
DDT are warranted.

This is the first report from the AHS 
in which chlorimuron ethyl and maneb/
mancozeb have been associated with lung 

cancer incidence. However, these new 
findings may be chance occurrences because 
they are based on relatively small numbers 
of exposed cases. Chlorimuron ethyl is a 
herbicide that was introduced in 1986 for 
use on soybeans. It was previously associated 
with wheeze among commercial applica-
tors in the AHS (Hoppin et al. 2006). The 
U.S. EPA classifies chlorimuron ethyl as 
“not likely to be carcinogenic to humans” 
(U.S. EPA 2016). To our knowledge, there 
are no published epidemiologic reports on 
the relationship between chlorimuron-ethyl 
exposure and cancer. Maneb/mancozeb has 
been observed to potentiate cancer in rodents 
(Belpoggi et al. 2002) and to be genotoxic 
in cultured human lymphocytes (Srivastava 
et al. 2012). The U.S. EPA classifies these 
fungicides as probable human carcinogens 
(group B2) (U.S. EPA 2016). However, in 
the present analysis, maneb/mancozeb use 
was associated with lung cancer only in the 
lowest exposure category and did not display 
an exposure–response gradient.

To our knowledge, no epidemiologic 
studies outside of the AHS have investigated 
dicamba and lung cancer risk. In contrast to 
previous AHS evaluations, we saw no evidence 
of an association between dicamba and lung 
cancer in the present analysis with larger 
numbers, although in vitro evidence suggests 
that dicamba may be genotoxic (González 
et al. 2006, 2007). Contrary to earlier AHS 
evaluations, we also saw no evidence of an 
association between lung cancer and chlor-
pyrifos (Alavanja et al. 2004; Lee et al. 2004) 
or carbofuran (Alavanja et al. 2004; Bonner 
et al. 2005) use. There is experimental mecha-
nistic evidence that chlorpyrifos can induce 
oxidative stress and oxidative DNA damage 
(Ojha and Srivastava 2014; Zafiropoulos 
et al. 2014) and that carbofuran may be 
genotoxic (Mladinic et al. 2012). The propor-
tion of AHS cohort members using either 
chlorpyrifos or carbofuran has declined 
since enrollment (Hoppin et al. 2012). Our 
analysis focused on the active ingredients of 
formulated mixtures of commercial products. 
These formulations contain both active 
ingredients and so-called “inert ingredients,” 
and we cannot rule out the possibility that 
changes in the formulated mixtures associ-
ated with dicamba, chlorpyrifos, and carbo-
furan products are associated with changes in 
observed associations. Conversely, previous 
associations observed between these chemicals 
and lung cancer with fewer cases may have 
been due to chance.

We observed a number of inverse asso-
ciations with lagged exposures, particularly for 
the 15-year exposure lag. We cannot explain 
these inverse associations in our data; none 
of these inverse associations is supported by 
biologic evidence, however. Rather, the limited 

evidence that does exist suggests carcinogenic 
potential as previously noted for, for example, 
dicamba, chlorpyrifos, and maneb/mancozeb.

Several limitations are evident in the 
present analysis. Despite an additional 10 years 
of follow-up and a substantial accrual of lung 
cancer cases, the number of lung cancer cases 
exposed to some pesticides remains small and 
continues to hamper study precision as well as 
our ability to evaluate risk by histologic type 
of lung cancer and to explore effect modifica-
tion by smoking, particularly for chemicals 
for which patterns of use information were 
collected only with the take-home ques-
tionnaire. In addition, the analysis relies on 
imputed pesticide use data for a substantial 
fraction of the cohort.

We cannot rule out the possibility for 
chance or multiple comparisons to explain 
some of our results. Although approaches 
to adjust for multiple comparisons exist, a 
number of authors have warned against using 
such measures in epidemiological studies 
(Rothman 1990; Savitz and Olshan 1995; 
Goldberg and Silbergeld 2011). Our goal 
was to describe the magnitude of associations 
between specific pesticides and lung cancer 
risk. As such, we prefer to let other epide-
miological studies and other relevant evidence 
(e.g., toxicological data) help sort out the 
likely reality of the findings.

Although the reliability of information on 
pesticide use obtained from farmers is quite 
good and is comparable to that from other 
factors commonly obtained by questionnaire 
in epidemiologic studies such as smoking 
and alcohol consumption (Blair et al. 2002), 
some exposure assessment error undoubt-
edly occurs. In this prospective cohort study, 
exposure misclassification is likely to diminish 
estimates of relative risk and to mute any 
real exposure–response relationships (Blair 
et al. 2011).

Although information on smoking 
was included in the statistical models, the 
possibility of residual confounding by active 
smoking and secondhand smoke exposure 
should be considered. This possibility 
seems unlikely, however, because there was 
no evidence of a link between smoking 
and pesticide use. Links were certainly not 
evident with many pesticides because the 
use of most pesticides did not result in an 
increase in the relative risk of lung cancer. 
Thus, any residual confounding would 
have to be chemical-specific. We evaluated 
a number of factors, including use of other 
pesticides (diazinon, pendimethalin, dieldrin, 
and chlorimuron ethyl) that might poten-
tially confound associations between specific 
pesticides and lung cancer, none of which 
meaningfully influenced the risk estimates in 
our analyses. Exposure to secondhand smoke 
was not ascertained in the AHS; however, 
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any confounding resulting from secondhand 
smoke is likely to be small in  comparison to 
direct smoking.

There is the possibility that a healthy 
worker survivor effect (HWSE) may have 
attenuated or reversed the reported asso-
ciations. Unfortunately, we cannot carefully 
evaluate for an HWSE because time- dependent 
exposure information before enrollment was 
not collected. Nonetheless, the likelihood of an 
HWSE is low in the AHS cohort because the 
participants are predominately farm owners/
operators who have a sizable economic invest-
ment in their operation, providing an incentive 
to continue farming.

This study has a number of strengths. The 
study population comprises a large popula-
tion of farmers and commercial pesticide 
applicators who can provide detailed and 
reliable information regarding their pesticide 
use history (Blair et al. 2002). Information on 
pesticide use, application practices, and other 
information was obtained before the onset 
of cancer, diminishing the chances of case–
response bias. Loss to follow-up is minimal 
owing to the use of high-quality state cancer 
registries and vital records and to the low resi-
dential mobility of this cohort. An algorithm 
that incorporated several exposure determi-
nants that predicted urinary pesticide levels 
was used to develop an intensity-weighted 
exposure metric in our study (Coble et al. 
2011). Information on potential confounders, 
such as smoking and the use of other pesti-
cides, was available and could be evaluated 
and controlled in the analysis.

Conclusion
Several epidemiologic studies have found 
associations between pesticides and lung 
cancer (Alavanja and Bonner 2012). In our 
continuing survey within the AHS, we have 
found that no specific class of pesticide is 
associated with lung cancer. Although the 
results were not entirely consistent, we did 
observe some evidence of associations with 
pendimethalin and dieldrin. In addition, we 
found possible new associations for chlo-
rimuron ethyl and parathion with lung cancer 
that have not been previously observed in the 
AHS and deserve further evaluation.
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Table�S2. Lung cancer risk among applicators by lifetime exposure-days of indicated pesticide, stratified by histology, 
Agricultural Health Study 

 Adenocarcinoma   Non-Adenocarcinoma 

Pesticide by lifetime exposure-days Cases
(n)

Hazard
Ratio

95%
confidence

interval 
Cases (n) Hazard

Ratio

95%
confidence

interval 

Chlorimuron-ethyl (herbicide; pyrimidinylsulfonylurea) $      
     No exposure 52 1.0 Referent  128 1.0 Referent 
     <median 13 1.03 0.55-1.95  29 0.98 0.65-1.48 
     >median 6 0.77 0.33-1.82  30 1.49 0.99-2.25 
Ptrend  0.415    0.047  

       
Dicamba (herbicide; benzoic acid)        
     No exposure 74 1.0 Referent  219 1.0 Referent 
     <median 22 0.60 0.35-1.01  61 0.61 0.45-0.83 
     >median 24 0.96 0.63-1.48  57 0.81 0.62-1.05 
Ptrend  0.331    0.010  
        
Pendimethalin (herbicide; dinitroaniline) $       
     No exposure 47 1.0 Referent  113 1.0 Referent 
     <median 12 0.92 0.62-1.36  42 1.15 0.58-2.27 
     >median 12 1.45 0.92-2.30  45 0.71 0.34-1.48 
Ptrend  0.677    0.138  

       
Carbaryl (insecticide; carbamate) $       
     No exposure 28 1.0 Referent  84 1.0 Referent 
     <median 28 1.09 0.64-1.86  68 0.91 0.65-1.26 
     >median 14 1.05 0.55-2.04  47 1.20 0.84-1.75 
Ptrend  0.712    0.459  

       
Carbofuran (insecticide; carbamate)       
     No exposure 91 1.0 Referent  245 1.0 Referent 
     <median 15 0.62 0.36-1.08  54 0.83 0.62-1.12 
     >median 10 0.71 0.37-1.38  41 1.00 0.72-1.41 
Ptrend  0.168    0.680  

       
Chlordane (insecticide; chlorinated organic) $       
     No exposure 46 1.0 Referent  123 1.0 Referent 
     <median 17 1.60 0.92-2.80  31 1.19 0.80-1.76 
     >median 5 0.73 0.29-1.85  20 1.16 0.72-1.87 
Ptrend  0.977    0.343  

       
Chlorpyrifos (insecticide; phosphorothioate)       
     No exposure 86 1.0 Referent  253 1.0 Referent 
     <median 25 0.92 0.57-1.47  81 0.96 0.74-1.23 
     >median 20 0.85 0.51-1.41  67 0.94 0.71-1.24 
Ptrend  0.530    0.666  
        
DDT (insecticide; chlorinated organic) $       
     No exposure 36 1.0 Referent  104 1.0 Referent 
     <median 17 1.00 0.56-1.80  45 0.99 0.79-1.42 
     >median 15 1.52 0.82-2.84  30 1.11 0.73-1.69 
Ptrend  0.424    0.961  

       
Malathion (insecticide; phosphorothioate) $       
     No exposure 22 1.0 Referent  56 1.0 Referent 
     <median 32 1.07 0.60-1.90  72 1.08 0.74-1.57 
     >median 18 0.86 0.46-1.62  62 1.31 0.91-1.90 
Ptrend  0.528    0.041  
*Hazard ratios adjusted for smoking (pack-years among current and pack-years among former smokers), age, gender, and total 
days of any pesticide application. 
$Lifetime-days of use were obtained from the take home questionnaire 
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Table�S3.�Hazard�Ratios�and�95%�Confidence�Limits�for�Lung�Cancer�by�Lifetime�Days�of�Pesticide�Exposure�and�IntensityͲ
Weighted�Lifetime�Exposure�to�30�Pesticides,�Agricultural�Health�Study�

Lifetime Days Pesticide Exposure Intensity-Weighted Lifetime Exposure Days 

Pesticide Cases
(n)

Hazard* 
Ratio 

95% 
Confidence

Interval 
P for 
Trend  

Cases
(n)

Hazard* 
Ratio 

95% 
Confidence

Interval 
P for 
trend 

Atrazine 

Non-exposed 169 1.00 Ref. Non-exposed 169 1.00 Ref.   

Q1 76 1.10 0.84-1.44 Q1 93 1.25 0.93-1.66   

Q2 119 0.95 0.73-1.24 Q2 93 0.98 0.76-1.26   

Q3 85 1.04 0.80-1.36 Q3 87 0.89 0.68-1.17   

Q4 78 0.84 0.64-1.10 0.177 Q4 85 0.86 0.65-1.15 0.187 

Cyanazine  

Non-exposed 303 1.00 Ref. Non-exposed  303 1.00 Ref.   

Q1 11 0.95 0.67-1.35 Q1 35 1.01 0.54-1.89   

Q2 81 0.89 0.64-1.22 Q2 42 0.87 0.68-1.11   

Q3 28 0.75 0.53-1.05 Q3 40 0.71 0.48-1.05   

Q4 35 0.87 0.61-1.22 0.144 Q4 38 0.91 0.63-1.30 0.250 

EPTC    

Non-exposed 382 1.00 Ref.  Non-exposed 382 1.00 Ref.   

Q1 11 1.06 0.58-1.94 Q1 13 0.66 0.38-1.15   

Q2 26 0.74 0.50-1.11 Q2 17 1.00 0.61-1.62   

Q3 15 1.01 0.61-1.70 Q3 23 1.26 0.83-1.92   

Q4 13 1.08 0.62-1.90 0.602 Q4 12 0.70 0.39-1.25 0.300 

Alachlor     

Non-exposed 223 1.00 Ref.  Non-exposed 223 1.00 Ref.   

Q1 58 1.00 0.74-1.33 Q1 66 0.99 0.75-1.31   

Q2 84 0.85 0.66-1.10 Q2 70 0.84 0.64-1.10   

Q3 59 1.11 0.83-1.48 Q3 60 1.08 0.81-1.43   

Q4 42 0.78 0.55-1.10 0.285 Q4 47 0.81 0.59-1.13 0.200 

Metribuzin$

Non-exposed 175 1.00 Ref.  Non-exposed 175 1.00 Ref.   

Q1 10 1.05 0.55-2.00 Q1 15 0.93 0.54-1.59   

Q2 39 0.80 0.57-1.14 Q2 27 0.74 0.49-1.12   

Q3 14 1.29 0.74-2.25 Q3 19 1.45 0.90-2.34   

Q4 15 1.17 0.68-2.00 0.611 Q4 17 1.07 0.64-1.78 0.373 

Paraquat$    

Non-exposed 198 1.00 Ref.  Non-exposed 198 1.00 Ref.   

Q1 10 1.02 0.50-2.08 Q1 13 1.03 0.58-1.80   

Q2 22 1.23 0.78-1.91 Q2 15 1.33 0.75-2.35   

Q3 7 0.98 0.45-2.12 Q3 13 1.00 0.57-1.75   

Q4 16 1.24 0.73-2.10 0.678 Q4 14 1.35 0.77-2.36 0.537 
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6

Lifetime Days Pesticide Exposure Intensity-Weighted Lifetime Exposure Days 

Pesticide Cases
(n)

Hazard* 
Ratio 

95% 
Confidence

Interval 
P for 
Trend  

Cases
(n)

Hazard* 
Ratio 

95% 
Confidence

Interval 
P for 
trend 

Petroleum Oil$    

Non-exposed 197 1.00 Ref.  Non-exposed 197 1.00 Ref.   

Q1 4 0.79 0.29-2.14 Q1 11 0.93 0.51-1.71   

Q2 24 1.05 0.68-1.60 Q2 17 1.11 0.67-1.82   

Q3 11 1.32 0.72-2.42 Q3 12 1.20 0.67-2.15   

Q4 15 1.33 0.78-2.27 0.505 Q4 14 1.35 0.78-2.34 0.740 

Imazethapyr     

Non-exposed 318 1.00 Ref.  Non-exposed 318 1.00 Ref.   

Q1 22 1.28 0.82-2.01 Q1 25 0.82 0.54-1.26   

Q2 37 0.73 0.52-1.03 Q2 35 0.83 0.58-1.19   

Q3 38 0.81 0.57-1.15 Q3 35 0.90 0.63-1.28   

Q4 38 0.88 0.62-1.24 0.616 Q4 39 0.85 0.60-1.19 0.268 

Glyphosate     

Non-exposed 92 1.00 Ref.  Non-exposed 92 1.00 Ref.   

Q1 26 1.09 0.67-1.76 Q1 104 1.02 0.75-1.38   

Q2 159 1.12 0.85-1.45 Q2 120 1.21 0.91-1.61   

Q3 153 1.18 0.89-1.55 Q3 111 1.26 0.95-1.68   

Q4 101 1.15 0.85-1.55 0.693 Q4 104 1.10 0.82-1.48 0.686 

Butylate$

Non-exposed 192 1.00 Ref. Non-exposed  192 1.00 Ref.   

Q1 13 0.59 0.33-1.03 Q1 17 0.77 0.47-1.27   

Q2 22 1.41 0.90-2.20 Q2 13 1.16 0.66-2.05   

Q3 11 1.72 0.94-3.17 Q3 12 1.52 0.84-2.72   

Q4 12 0.98 0.54-1.78 0.842 Q4 16 1.05 0.62-1.78 0.551 

Trifluralin     

Non-exposed 247 1.00 Ref.  Non-exposed 247 1.00 Ref.   

Q1 45 0.98 0.71-1.35 Q1 46 0.86 0.62-1.19   

Q2 78 0.84 0.65-1.09 Q2 64 0.82 0.62-1.10   

Q3 40 0.80 0.56-1.15 Q3 50 0.93 0.68-1.26   

Q4 49 0.72 0.53-1.00 0.136 Q4 52 0.73 0.54-1.00 0.113 

2,4-D     

Non-exposed 153 1.00 Ref. Non-exposed  153 1.00 Ref.   

Q1 112 0.76 0.58-0.98 Q1 97 0.77 0.59-1.02   

Q2 97 0.75 0.58-0.97 Q2 99 0.70 0.54-0.91   

Q3 86 0.79 0.60-1.03 Q3 87 0.84 0.64-1.09   

Q4 84 0.74 0.56-0.97 0.41 Q4 95 0.75 0.57-0.98 0.195 

   
   

Glyphosate 

Non-exposed 92 1.00 Ref. Non-exposed 92 1.00 Ref. 

Q1 26 1.09 0.67-1.76 Q1 104 1.02 0.75-1.38 

Q2 159 1.12 0.85-1.45 Q2 120 1.21 0.91-1.61 

Q3 153 1.18 0.89-1.55 Q3 111 1.26 0.95-1.68 

Q4 101 1.15 0.85-1.55 0.693 Q4 104 1.10 0.82-1.48 0.686
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Lifetime Days Pesticide Exposure Intensity-Weighted Lifetime Exposure Days 

Pesticide Cases
(n)

Hazard* 
Ratio 

95% 
Confidence

Interval 
P for 
Trend  

Cases
(n)

Hazard* 
Ratio 

95% 
Confidence

Interval 
P for 
trend 

2,4,5-T$    

Non-exposed 187 1.00 Ref.  Non-exposed 187 1.00 Ref.   

Q1 10 0.84 0.43-1.64 Q1 14 0.75 0.43-1.32   

Q2 21 0.71 0.45-1.12 Q2 17 0.89 0.54-1.47   

Q3 12 1.02 0.57-1.83 Q3 13 0.68 0.39-1.20   

Q4 16 1.17 0.70-1.96 0.773 Q4 15 1.47 0.86-2.51 0.939 

Permethrin 
(crops)

Non-exposed 394 1.00 Ref.  Non-exposed 394 1.00 Ref. 

Q1 11 1.18 0.64-2.16 Q1 13 1.18 0.68-2.05 

Q2 14 0.87 0.50-1.51 Q2 16 0.82 0.48-1.40 

Q3 18 0.90 0.54-1.50 Q3 14 1.03 0.60-1.78 

Q4 13 1.27 0.72-2.25 0.749 Q4 13 1.10 0.62-1.96 0.377 

Permethrin 
(animals)

Non-exposed 428 1.00 Ref.  Non-exposed 428 1.00 Ref.   

Q1 3 1.37 0.43-4.27 Q1 7 0.62 0.25-1.51   

Q2 6 0.59 0.23-1.50 Q2 9 1.02 0.48-2.14   

Q3 15 0.98 0.57-1.70 Q3 9 0.92 0.45-1.86   

Q4 6 0.65 0.27-1.59 0.718 Q4 5 0.72 0.29-1.73 0.492 

Terbufos 

Non-exposed 316 1.00 Ref.  Non-exposed 316 1.00 Ref.   

Q1 64 0.93 0.71-1.21 Q1 40 0.89 0.64-1.24   

Q2 30 0.86 0.59-1.26 Q2 34 1.02 0.72-1.45   

Q3  23 0.88 0.57-1.36 Q3 34 0.88 0.62-1.26   

Q4 19 0.84 0.53-1.36 0.34 Q4 28 0.79 0.53-1.17 0.701 

Fonofos     

Non-exposed 373 1.00 Ref.  Non-exposed 373 1.00 Ref.   

Q1 29 1.24 0.85-1.81 Q1 19 1.22 0.77-1.96   

Q2 17 0.83 0.51-1.36 Q2 23 0.88 0.58-1.34   

Q3 21 0.88 0.57-1.36 Q3 24 0.93 0.62-1.41   

Q4 21 1.20 0.76-1.90 0.858 Q4 22 1.23 0.80-1.90 0.669 

Lindane$ ��
Non-exposed 213 1.00 Ref. Non-exposed  213 1.00 Ref. 

Q1 11 0.69 0.37-1.31 Q1 8 0.60 0.29-1.28 

Q2 11 1.19 0.63-2.24 Q2 12 1.09 0.59-2.00 

Q3 10 1.20 0.61-2.35 Q3 7 0.94 0.44-2.01 

Q4 5 1.05 0.43-2.58 0.676 Q4 10 1.60 0.82-3.14 0.754 
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Lifetime Days Pesticide Exposure Intensity-Weighted Lifetime Exposure Days 

Pesticide Cases
(n)

Hazard* 
Ratio 

95% 
Confidence

Interval 
P for 
Trend  

Cases
(n)

Hazard* 
Ratio 

95% 
Confidence

Interval 
P for 
trend 

Aldicarb$

Non-exposed 223 1.00 Ref. Non-exposed  223 1.00 Ref.   

Q1 5 2.13 0.85-5.31 Q1 8 1.36 0.64-2.88   

Q2 14 0.99 0.51-1.91 Q2 5 1.18 0.48-2.92   

Q3 4 0.80 0.24-2.62 Q3 5 0.91 0.36-2.34   

Q4 5 0.81 0.26-2.51 0.379 Q4 3 0.72 0.21-2.50 0.504 

Phorate$    

Non-exposed 182 1.00 Ref. Non-exposed  182 1.00 Ref.   

Q1 7 0.74 0.35-1.57 Q1 13 0.69 0.39-1.21   

Q2 26 0.70 0.47-1.06 Q2 20 0.71 0.44-1.12   

Q3 16 1.05 0.63-1.75 Q3 15 1.14 0.67-1.93   

Q4 14 1.43 0.82-2.47 0.837 Q4 15 1.35 0.79-2.29 0.758 

Aldrin$

Non-exposed 192 1.00 Ref.  Non-exposed 192 1.00 

Tertile 1 7 1.02 0.48-2.18 Tertile 1 17 0.79 0.48-1.30   

Tertile 2 30 0.68 0.50-1.00 Tertile 2 17 0.66 0.40-1.08   

Tertile 3 15 0.81 0.47-1.40 0.535 Tertile 3 18 0.81 0.50-1.31 0.173 

Toxaphene$

Non-exposed 196 1.00 Ref. Non-exposed  196 1.00 Ref.   

Tertile 1 10 2.15 1.14-4.08 Tertile 1 16 1.04 0.62-1.73   

Tertile 2 29 1.11 0.75-1.64 Tertile 2 17 1.56 0.94-2.57   

Tertile 3 12 1.19 0.65-2.17 0.712 Tertile 3 18 1.26 0.77-2.06 0.734  

Coumaphos 

Non-exposed 405 1.00 Ref. Non-exposed  405 1.00 Ref.   

Tertile 1 8 2.71 1.34-5.46 Tertile 1 12 1.05 0.59-1.87   

Tertile 2 22 1.05 0.69-1.62 Tertile 2 15 1.35 0.80-2.25   

Tertile 3 11 1.00 0.54-1.82 0.587 Tertile 3 14 1.14 0.67-1.95 0.552 

DDVP

Non-exposed 423 1.00 Ref. Non-exposed 423 1.00 Ref.   

Tertile 1 7 2.18 1.03-4.59 Tertile 1 10 1.39 0.72-2.66   

Tertile 2 15 0.63 0.37-1.05 Tertile 2 11 0.56 0.31-1.03   

Tertile 3 10 0.89 0.47-1.67 0.855 Tertile 3 11 0.99 0.54-1.80 0.5987  

Captan

Non-exposed 412 1.00 Ref. Non-exposed  412 1.00 Ref.   

Tertile 1 13 0.70 0.41-1.21 Tertile 1 12 0.72 0.41-1.27   

Tertile 2 15 1.07 0.58-1.96 Tertile 2 154 1.03 0.59-1.81   

Tertile 3 12 0.76 0.41-1.38 0.395 Tertile 3 154 0.79 0.44-1.42 0.301 
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Lifetime Days Pesticide Exposure Intensity-Weighted Lifetime Exposure Days 

Pesticide Cases
(n)

Hazard* 
Ratio 

95% 
Confidence

Interval 
P for 
Trend  

Cases
(n)

Hazard* 
Ratio 

95% 
Confidence

Interval 
P for 
trend 

Benomyl$    

Non-exposed 221 1.00 Ref. Non-exposed  221 1.00 Ref.   

Q1 4 1.10 0.41-2.95 Q1 9 1.16 0.71-1.90   

Q2 10 1.00 0.53-1.90 Q2 6 1.37 0.77-2.44   

Q3 7 0.86 0.40-1.82 Q3 5 1.43 0.87-2.34   

Q4 4 1.25 0.46-3.41 0.003 Q4 5 0.76 0.41-1.39 0.659 

Chlorthalonil  

Non-exposed 465 1.00 Ref. Non-exposed  465 1.00 Ref.   

Q1 9 0.81 0.36-1.78 Q1 17 0.73 0.36-1.46   

Q2 24 1.53 1.00-2.32 Q2 15 0.80 0.45-1.44   

Q3 17 1.13 0.69-1.86 Q3 16 1.08 0.50-2.35   

Q4 10 0.97 0.49-1.92 0.873 Q4 12 0.83 0.42-1.62 0.932 

Metalaxyl$

Non-exposed 184 1.00 Ref.  Non-exposed 184 1.00 Ref.   

Q1 19 1.34 0.81-2.20 Q1 14 1.13 0.64-1.97   

Q2 16 1.02 0.61-1.71 Q2 16 1.20 0.70-2.05   

Q3 12 1.08 0.60-1.95 Q3 17 1.13 0.68-1.88 0.758 

Q4 18 1.33 0.82-2.19 0.729 Q4 18 1.30 0.79-2.12   

Methyl Bromide 

Non-exposed 403 1.00 Ref. Non-exposed 403 1.00 Ref.   

Q1 20 1.14 0.73-1.79 Q1 31 1.04 0.72-1.50   

Q2 44 1.01 0.74-1.37 Q2 27 0.89 0.60-1.31   

Q3 30 1.04 0.71-1.50 Q3 37 1.23 0.88-1.73   

Q4 28 1.01 0.68-1.49 0.432 Q4 26 1.01 0.67-1.52 0.706 

Ethylene Dibromide$

Non-exposed 228 1.00 Ref. Non-exposed  228 1.00 Ref.   

Q1 3 0.67 0.21-2.07 Q1 5 0.95 0.39-2.30   

Q2 5 1.80 0.74-4.37 Q2 5 2.72 1.12-6.64   

Q3 4 18.8 6.85-51-58 Q3 6 2.03 0.90-4.58   

Q4 7 1.14 0.54-2.42 0.607 Q4 3 0.84 0.27-2.62 0.277 

*Hazard ratios adjusted for age, smoking (pack-years among current and pack-years among former smokers) and 
gender, total lifetime pesticide use.  
$Lifetime-days and Intensity-weighted lifetime Days of use were obtained from the take home questionnaire
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Abstract: Non-Hodgkin lymphoma (NHL) has been linked to several agricultural 
exposures, including some commonly used pesticides. Although there is a significant body 
of literature examining the effects of exposure to individual pesticides on NHL, the impact 
of exposure to multiple pesticides or specific pesticide combinations has not been explored 

OPEN ACCESS 

Exhibit
1011
Case No.

3:16-md-02741

Case 3:16-md-02741-VC   Document 1216-5   Filed 03/14/18   Page 1 of 11



Int. J. Environ. Res. Public Health 2011, 8         
 

 

2321 

in depth. Data from a six-province Canadian case-control study conducted between 1991 
and 1994 were analyzed to investigate the relationship between NHL, the total number of 
pesticides used and some common pesticide combinations. Cases (n = 513) were identified 
through hospital records and provincial cancer registries and controls (n = 1,506), 
frequency matched to cases by age and province of residence, were obtained through 
provincial health records, telephone listings, or voter lists. In multiple logistic regression 
analyses, risk of NHL increased with the number of pesticides used. Similar results were 
obtained in analyses restricted to herbicides, insecticides and several pesticide classes. 
Odds ratios increased further when only ‘potentially carcinogenic’ pesticides were 
considered (OR[one pesticide] = 1.30, 95% CI = 0.90–1.88; OR[two to four] = 1.54,  
CI = 1.11–2.12; OR[five or more] = 1.94, CI = 1.17–3.23). Elevated risks were also found 
among those reporting use of malathion in combination with several other pesticides. 
These analyses support and extend previous findings that the risk of NHL increases with 
the number of pesticides used and some pesticide combinations. 

Keywords: occupational cancer; non-Hodgkin lymphoma; pesticides; case-control study 
 

1. Introduction  

Non-Hodgkin lymphoma (NHL) has been associated with several agricultural and farm-specific 
exposures, including some phenoxy herbicide, organochlorine, organophosphate and carbamate 
pesticides [1-3]. Although a number of studies have examined the relationship between individual 
pesticides and NHL, few studies investigate the impact of exposure to multiple pesticides or specific 
pesticide combinations. This is necessary because most pesticide applicators use multiple chemicals 
throughout the year or in combination for individual applications.  

DeRoos and colleagues pooled data from three NHL case-control studies conducted in the 1980s in 
four American mid-western states in one of the first attempts to examine the impact of exposure to 
multiple pesticides [4]. They found that, although the risk of NHL increased marginally with the number 
of pesticides used, it increased substantially when analyses were restricted to ‘potentially carcinogenic’ 
pesticides. Further, they found a super-additive effect whereby use of atrazine amplified risk of NHL 
when used in combination with several other pesticides including alachlor, diazinon and carbofuran [4]. 

In order to further evaluate the findings reported by DeRoos [4] we used data from a multi-provincial 
Canadian study to examine the impact of exposure to multiple pesticides, and common use combinations 
of pesticides, on the risk of NHL [5]. 

2. Methods 

2.1. Data Source 

The data used in these analyses were part of the Cross-Canada Study of Pesticides and Health, a 
case-control study of Canadian men 19 years of age or older, conducted between 1991 and 1994 in six 
Canadian provinces (Alberta, British Columbia, Manitoba, Ontario, Quebec, and Saskatchewan) [5]. 
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Cases of NHL, Hodgkin lymphoma, soft tissue sarcoma, and multiple myeloma were identified 
through hospital records in Quebec and from cancer registries in all other provinces. A common 
control group for all cancer sites was assembled using provincial health insurance records (Alberta, 
Saskatchewan, Manitoba, and Quebec), computerized telephone listings (Ontario) and voter lists 
(British Columbia). Controls were frequency matched to cases by age (±2 years) and province of 
residence [5].  

Information on demographic characteristics, medical and occupational history, exposure to selected 
substances, and other potentially confounding variables was obtained from all participants via a postal 
questionnaire. Detailed information on pesticide use was collected by telephone interview from all 
participants indicating they had ten or more hours of pesticide use during their lifetime and a 15% 
random sample of those with less than 10 hours. Specific pesticides were included in the questionnaire 
if the compound was ever registered for use in Canada and reviewed by the International Agency for 
Research on Cancer (IARC); if it was recently restricted or banned in Canada; or, if it was commonly 
used in Canada. Included pesticides were listed in table format, along with variables for number of 
days used and number of hours per day at home or work. This method of collecting pesticide use data 
was validated in a pilot study whereby twenty-seven volunteer farmers completed the questionnaire 
and subsequently provided purchase records. Investigators found excellent concordance between the 
two sources [5]. 

Questionnaires used in both portions of the study were modified versions of the questionnaire 
developed for a study of pesticide exposure, NHL and other tumors in Kansas and Nebraska, which 
were included in the analyses presented by DeRoos [4]. A detailed description of the data collection 
procedures for the Cross-Canada Study of Pesticides and Health has been published elsewhere [5,6]. 
The data used here are slightly different from previous publications because a pathology review 
resulted in the exclusion of four cases of NHL. 

2.2. Statistical Analyses 

2.2.1. Exposure to Multiple Pesticides 

A brief examination of the impact of exposure to multiple pesticides on NHL has been reported 
previously in this population [5]. To expand upon these analyses, the total number of pesticides 
individuals reported using was categorized into four groups: no pesticide use, and use of one, two to 
four, or five or more pesticides. Additional analyses were conducted looking at number of insecticides, 
herbicides and fungicides used; the number of phenoxy herbicides, organochlorines, and organophosphates 
used; and the number of ‘potentially carcinogenic’ pesticides used. A pesticide was considered 
‘potentially carcinogenic’ if it was classified as possibly carcinogenic to humans (group 2B) or higher 
by IARC [7], or suggestive evidence of carcinogenic potential or more severe by the United States 
Environmental Protection Agency (US EPA) Integrated Risk Assessment System or Office of 
Pesticides Program [8,9] (for a complete list of pesticides determined to be ‘potentially carcinogenic’ 
see Appendix A). All analyses were conducted using the statistical package SAS, version 9.2. Trends were 
examined using the Cochrane-Armitage test. Dose and duration information were not utilized in this 
analysis due to sample size limitations, which restricted further stratification.  
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2.2.2. Combinations of Pesticides 

For the purpose of this analysis, a pesticide combination was defined as any two pesticides used by 
the same person. Commonly used pesticide combinations were determined by generating a correlation 
matrix of all pesticides used by twenty or more participants. All combinations yielding a correlation 
coefficient of 0.4 or greater were examined. In addition, combinations containing either malathion or 
mecoprop with a correlation coefficient of 0.3 or greater were examined based on hypotheses generated 
from associations found in preliminary analyses conducted using this dataset. 

Unconditional logistic regression models were generated with variables for use of either individual 
pesticide in the combination, use of both pesticides, and use of neither pesticide. Where the odds  
ratio for joint exposure was higher than the odds ratio for exposure to either pesticide in the 
combination alone, interaction on the additive scale was evaluated using an interaction contrast ratio 
(ICR = ORboth pesticides − ORpesticide 1 only − ORpesticide 2 only + 1). ICR values above 0.5 were interpreted as 
indicating super-additivity. Models were developed which include a variety of potentially confounding 
factors suggested by the literature, including exposure to diesel exhaust, ultra-violet rays, and 
chemicals such as benzene; and family history of cancer in a first-degree relative. 

The University of Toronto Health Sciences Research Ethics Board reviewed and approved the 
protocol for these secondary analyses. Ethics approval for data collection in the original study was 
obtained from research ethics boards in each province.  

3. Results 

The dataset used in this analysis contains information on 513 NHL cases and 1,506 controls. This 
represents 66.6% of contacted cases and 48.0% of contacted controls. As reported by McDuffie et al., 
potential subjects from urban and rural areas were equally likely to respond, and a greater proportion 
of responders were in the middle-age group than at either extreme among both cases and controls [5]. 

Cases were slightly older than controls and, proportional to their population size, the greatest 
number of cases and controls were obtained from Ontario and Quebec (Table 1). Proxy respondents 
were required for 21% of the cases and 15% of the controls. Nearly half of the participants had lived or 
worked on a farm in their lifetime. Additional demographic information on the participants has been 
published previously [5]. 

Table 1. Comparison of non-Hodgkin lymphoma cases and controls in the Cross-Canada 
Study of Pesticides and Health. 

 Cases (n = 513) Controls (n = 1,506) 
 Mean SD Mean SD 
Age 57.71 14.26 54.08 16.35 
 N % N % 
Province      
 Alberta 65 12.67 196 13.01 
 British Columbia 126 24.56 230 15.27 
 Manitoba 34 6.63 113 7.50 
 Ontario 142 27.68 585 38.84 
 Quebec 117 22.81 291 19.32 
 Saskatchewan 29 5.65 91 6.04 
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Table 1. Cont. 

 Cases (n = 513) Controls (n = 1,506) 
 Mean SD Mean SD 
  N % N % 
Ever lived or worked on a farm     
 Yes 235 45.81 673 44.69 
 No 278 54.19 833 55.31 
Respondent     
 Self-respondent 403 78.56 1286 85.39 
 Proxy respondent 110 21.44 220 14.61 

3.1. Multiple Pesticides 

Risk of NHL tended to be greater among individuals who reported use of an increasing number of 
any type of pesticide (Table 2). This pattern was also evident for subgroups of herbicides, insecticides 
and fungicides. Odds ratios in the highest pesticide use category were 1.63 (95% CI: 1.20–2.21, 
p[trend] = 0.01) for any pesticide, 1.57 (95% CI: 0.96–2.57, p[trend] = 0.02) for herbicides,  
1.70 (95% CI: 0.95–3.05, p[trend] < 0.01) for insecticides and 1.72 (95% CI: 1.07–2.77,  
p[trend] = 0.04) for fungicides. Odds ratios were also typically elevated for the use category of two to 
four pesticides, but less so than in the upper category. NHL risk also increased with number of 
pesticides used by chemical class (Table 3). Odds ratios tended to be the largest among participants 
using two or more pesticides in these categories with 1.78 (95% CI: 1.27–2.50, p[trend] = 0.01)  
for phenoxy herbicides, 1.36 (95% CI: 0.92–2.02, p[trend] = 0.15) for organochlorines, and  
1.69 (95% CI: 1.04–2.74, p[trend] < 0.01) for organophosphates. 

Table 2. Effect of exposure to multiple pesticides by pesticide type and carcinogenicity on NHL. 

 Cases 
N (%) 

Controls 
N (%) 

OR * 95% CI 

All pesticides   p(trend) = 0.01 
 0 352 (68.62) 1,095 (72.71) 1.00 – 
 1 14 (2.73) 56 (3.72) 0.80 0.44–1.47 
 2–4 67 (13.06) 176 (11.69) 1.39 1.02–1.91 
 5+ 80 (15.59) 179 (11.89) 1.63 1.20–2.21 
Herbicides    p(trend) = 0.02 
 0 369 (71.93) 1,147 (76.16) 1.00 – 
 1 45 (8.77) 127 (8.43) 1.24 0.86–1.80 
 2–4 73 (14.23) 167 (11.09) 1.62 1.18–2.22 
 5+ 26 (5.07) 65 (4.32) 1.57 0.96–2.57 
Insecticides    p(trend) < 0.01 
 0 367 (71.54) 1,153 (76.56) 1.00 – 
 1 43 (8.38) 126 (8.37) 1.22 0.84–1.77 
 2–4 85 (16.57) 189 (12.55) 1.67 1.25–2.24 
 5+ 18 (3.51) 38 (2.52) 1.70 0.95–3.05 
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Table 2. Cont. 

Fungicides    p(trend) = 0.04 
 0 453 (88.30) 1,361 (90.37) 1.00 – 
 1 30 (5.85) 90 (5.98) 1.03 0.67–1.60 
 2+ 30 (5.85) 55 (3.65) 1.72 1.07–2.77 
  Cases 

N (%) 
Controls 

N (%) 
OR * 95% CI 

‘Potentially carcinogenic’ pesticides p(trend) = 0.01 
 0 374 (72.90) 1,164 (77.29) 1.00 – 
 1 46 (8.97) 132 (8.76) 1.30 0.90–1.88 
 2–4 67 (13.06) 160 (10.62) 1.54 1.11–2.12 
 5+ 26 (5.07) 50 (3.32) 1.94 1.17–3.23 

* Adjusted for age, province and use of a proxy respondent. 

Table 3. Effect of exposure to multiple pesticides by selected classes on NHL. 

 Cases 
N (%) 

Controls 
N (%) 

OR * 95% CI 

Phenoxy herbicides   p(trend) = 0.01 
 0 384 (74.85) 1,188 (78.88) 1.00 – 
 1 66 (12.87) 185 (12.28) 1.33 0.97–1.82 
 2+ 63 (12.28) 133 (8.83) 1.78 1.27–2.50 
Organochlorines   p(trend) = 0.15 
 0 407 (79.34) 1,230 (81.67) 1.00 – 
 1 66 (12.87) 169 (11.22) 1.33 0.97–1.81 
 2+ 40 (7.80) 107 (7.10) 1.36 0.92–2.02 
Organophosphates   p(trend) < 0.01 
 0 421 (82.07) 1,337 (88.78) 1.00 – 
 1 65 (12.67) 115 (7.64) 2.10 1.50–2.94 
 2+ 27 (5.26) 54 (3.59) 1.69 1.04–2.74 

* Adjusted for age, province and use of a proxy respondent. 

When analyses were restricted to those pesticides determined to be ‘potentially carcinogenic’, odds 
ratios increased further to 1.30 (95% CI: 0.90–1.88) in those reporting use of one pesticide,  
1.54 (95% CI: 1.11–2.12) in those using two to four pesticides and 1.94 (95% CI: 1.17–3.23) in those 
using five or more pesticides (p[trend] = 0.01) (Table 2). This odds ratio is greater than any produced 
when examining use of any single pesticide [5]. Odds ratios were not significantly impacted by 
adjusting for potentially confounding factors such as exposure to ultra-violet rays, farm animals, or 
diesel exhaust (not presented). 

3.2. Combinations of Pesticides 

The correlation matrix yielded thirty-six pesticide combinations for analysis (for complete list of 
combinations examined see Appendix B). Several pesticide combinations produced higher odds ratios 
among participants using both pesticides than those reporting use of either one (Tables 4). These 
combinations always included malathion: malathion and 2,4-D, malathion and mecoprop, malathion 
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and glyphosate, malathion and DDT, and malathion and carbaryl. None of the interaction terms in 
these models were statistically significant, and only malathion and carbaryl had a super-additive joint 
effect (ICR > 0.5). Similar to analyses on multiple pesticides, these findings were not impacted by 
adjusting for potentially confounding factors. 

Table 4. Individual and joint effects of commonly used pesticide combinations on NHL. 

  Cases 
N (%) 

Controls 
N (%) OR * 95% CI 

  
Malathion and 2,4-D   p = 0.59, ICR = 0.39  
 Malathion only 11 (2.14) 21 (1.39) 1.73 0.81–3.66 
 2,4-D only 49 (9.55) 187 (12.42) 0.94 0.67–1.33 
 Malathion and 2,4-D 61 (11.89) 106 (7.04) 2.06 1.45–2.93 
Malathion and carbaryl   p = 0.45, ICR = 1.42 
 Malathion only 52 (10.14) 106 (7.04) 1.75 1.22–2.52 
 Carbaryl only 5 (0.97) 13 (0.86) 1.17 0.41–3.36 
 Malathion and carbaryl 20 (3.90) 21 (1.39) 3.34 1.77–6.31 
Malathion and DDT   p = 0.30, ICR = −0.64 
 Malathion only 52 (10.14) 95 (6.31) 2.03 1.41–2.94 
 DDT only 13 (2.53) 27 (1.79) 1.72 0.86–3.42 
 Malathion and DDT 20 (3.90) 32 (2.12) 2.11 1.17–3.80 
Malathion and glyphosate   p = 0.69, ICR = 0.23 
 Malathion only 41 (7.99) 72 (4.78) 1.95 1.29–2.93 
 Glyphosate only 19 (3.70) 78 (5.18) 0.92 0.54–1.55 
 Malathion and glyphosate 31 (6.04) 55 (3.65) 2.10 1.31–3.37 
Malathion and mecoprop   p = 0.64, ICR = 0.19 
 Malathion only 44 (8.58) 92 (6.11) 1.76 1.20–2.60 
 Mecoprop only 23 (4.48) 46 (3.05) 2.09 1.23–3.54 
 Malathion and mecoprop 28 (5.46) 35 (2.32) 3.04 1.80–5.15 

* Adjusted for age, province and use of a proxy respondent. 

4. Discussion 

Investigations of pesticides and cancer have, quite appropriately, focused on potential effects of 
individuals chemicals whenever possible for ease of analysis and policy and regulation purposes. 
Multiple exposures, however, complicate assessment of relationships between pesticides and cancer 
and more accurately reflect how pesticides are used in practice. McDuffie [5] previously reported that 
the risk of NHL in the Cross-Canada Study of Pesticides and Health tended to increase with the 
number of pesticides used. In a study from the United States, DeRoos [4] reported similar results in 
some cases, noting that risk increases when only pesticides with some evidence of carcinogenicity 
were included in the analysis and that risk were also increased for several specific combinations. Our 
results extend these findings.  

The risk of NHL rose with increasing numbers of pesticides used and tests for trend were almost 
always statistically significant. Two additional findings stand out. First, the rising trend did not appear 
to be associated with any particular pesticide class and was observed for herbicides, insecticides, and 
fungicides. These analyses, however, are not on mutually exclusive exposure groups because many 

Malathion and glyphosate p = 0.69, ICR = 0.23
Malathion only 41 (7.99) 72 (4.78) 1.95 1.29–2.93
Glyphosate only 19 (3.70) 78 (5.18) 0.92 0.54–1.55
Malathion and glyphosate 31 (6.04) 55 (3.65) 2.10 1.31–3.37
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individuals used pesticides from all three classes. Second, odds ratios increased further when only 
pesticides with some evidence of carcinogenicity were considered in the summation. Risk rose to 
nearly two-fold among those reporting use of five or more potentially carcinogenic pesticides.  

Our findings and those from earlier studies [4,5] might be explained in a several ways. It could be 
that several pesticides each contribute a small risk that sums to a larger relative risk when they are 
considered in combination. Another explanation might be that as the number of pesticides used 
increases, the chances of including one or more that has considerable carcinogenic properties may also 
increase. Finally, use of multiple pesticides may be acting as a proxy measure for a more complex 
farming operation that may present some unique exposures that could be related to NHL. 

DeRoos [4] had found that specific combinations of pesticides led to higher risks than would have 
been predicted from additive models, particularly those combinations that included atrazine. We were 
unable to evaluate findings for atrazine because its use was only reported by five individuals in the 
Cross-Canada Study of Pesticides and Health. Our analyses of specific combinations of pesticides did 
find some evidence of increased risk related to use of malathion in combination with 2,4-D, mecoprop, 
carbaryl, glyphosate, and DDT, where odds ratios increased beyond that from use of either pesticide 
alone. Interaction odds ratios should be interpreted cautiously because odds ratios for most 
combinations are not much larger than for malathion alone and were not statistically significant, and 
only the combination of malathion and carbaryl appeared to have a super-additive effect.  

Findings indicating increased risk with reported use of pesticide combinations including malathion, 
a common organophosphate insecticide used on a wide range of crops and gardens and for public 
health-related mosquito control, are somewhat unexpected given that there is limited evidence of its 
carcinogenicity in human and animal studies. IARC categorized malathion as a group 3 substance (not 
classifiable as to its carcinogenicity to humans), and the US EPA classified it as having “suggestive 
evidence of carcinogenicity” [10,11]. There are several hypothesized mechanisms of carcinogenicity 
for malathion but they are not well-established, particularly for NHL [12]. 

A major limitation of our analysis is that our proxy measures for pesticide exposure were based on 
self-reported lifetime use. It is not clear whether use of combinations of pesticides were from actual 
tank mixtures, combinations used during the same growing season, or use in different years over a 
lifetime. These are quite different exposure scenarios and, even if the pesticides were carcinogenic, we 
might expect quite different biologic effects from these different exposure patterns. Moreover, we have 
no direct information on pesticide exposure or absorbed dose because analyses were based on self-
reported pesticide use, which was measured in a binary fashion. This may result in exposure 
measurement error and depending on the underlying distribution of true exposure, and the presence of 
confounding and other factors, risk estimates can be biased in unpredictable ways. 

Furthermore, recall bias for exposures is a concern in case-control studies because cases may have 
spent more time thinking about past exposures than controls. This could lead to differential 
misclassification and bias relative risks away from null. We lack direct information to address this 
issue, however, results from a methodological analysis of this issue in a similar case-control study in 
the United States did not uncover any evidence of case-response bias [13]. 

This study has several strengths. Information was obtained on pesticide use for a relatively large 
number of cases and controls. About 45% of cases and controls had lived or worked on a farm and 
occupational pesticide use was largely confined to this group. Accuracy of past events from 
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questionnaires is always a concern, but farmer’s recall of pesticide has been found to be as good as  
for many other factors traditionally obtained by interview for epidemiologic studies [14]. Finally, 
information on many potential confounders for NHL was obtained and used in the models where 
appropriate but did not have a significant impact on risk.  

5. Conclusions  

These analyses confirm and extend previously reported results suggesting that the risk of NHL 
increases with the number of pesticides used, particularly when pesticides with some evidence of 
carcinogenicity are considered. Risk with reported use of combinations of pesticides showed few 
situations where risks were increased with pair wise use, although joint use of malathion and carbaryl 
appeared to have a super-additive effect. Additional work is needed to determine the role of exposure 
and dose, duration of exposure and factors modifying exposures such as protective clothing, respirators 
and glove use on these multiple-use situations.  
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Appendices 

Appendix A. List of ‘potentially carcinogenic’ pesticides reportedly used by participants 
of the Cross-Canada Study of Pesticides and Health. 

1. 2,4,5-T 
2. 2,4-D 
3. 2,4-DB 
4. Arsenic 
5. Asulam 
6. Benomyl 
7. Bromoxynil 
8. Carbaryl 
9. Cypermethrin 
10. DDT 
11. Dicamba 
12. Diclofop-methyl 
13. Dieldrin 
14. Dimethoate 
15. Dinoseb 

 

16. Formaldehyde 
17. Heptachlor 
18. Lindane 
19. Linuron 
20. Mancozeb 
21. MCPA 
22. Mecoprop 
23. Methidathion 
24. Paraquat 
25. Propoxur 
26. Toxaphene 
27. Triallate 
28. Trichloroacetic acid 
29. Trifluralin 
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Appendix B. Complete list of pesticide combinations evaluated.

1. Bromoxynil and diallate
2. Bromoxynil and glyphosate
3. Carbathin and bromoxynil
4. Carbathin and glyphosate
5. Carbofuran and diallate
6. Diallate and bromoxynil
7. Diallate and carbathin 
8. Diclofop methyl and bromoxynil
9. Diclofop methyl and carbathin 
10. Diclofop methyl and diallate
11. Difenzoquat and bromoxynil
12. Difenzoquat and carbathin 
13. Difenzoquat and diclofop methyl
14. Difenzoquat and sethoxydim
15. Difenzoquat Trifluralin
16. Glyphosate and 2,4-D
17. Malathion and 2,4-D
18. Malathion and carbaryl 

19. Malathion and DDT 
20. Malathion and dimethoate 
21. Malathion and glyphosate 
22. Malathion and mecoprop 
23. Malathion and methoxychlor 
24. Mecoprop glyphosate 
25. Mecoprop and methoxychlor 
26. Mecoprop and 2,4-D
27. Methoxychlor and 2,4-D
28. Sethoxydim and bromoxynil
29. Sethoxydim and carbathin 
30. Sethoxydim and carbofuran
31. Sethoxydim and diclofop-methyl
32. Triallate and diclofop-methyl
33. Triallate and trifluralin
34. Trifluralin and bromoxynil
35. Trifluralin and carbathin 
36. Trifluralin and difenzoquat

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/).

Appendix B. Complete list of pesticide combinations evaluated.

16. Glyphosate and 2,4-D

24. Mecoprop glyphosate 

2. Bromoxynil and glyphosate

4. Carbathin and glyphosate
21. Malathion and glyphosate 
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Because pesticides may operate through different mechanisms, the authors studied the risk of prostate cancer
associated with specific pesticides in the Agricultural Health Study (1993–2007). With 1,962 incident cases,
including 919 aggressive prostate cancers among 54,412 applicators, this is the largest study to date. Rate
ratios and 95% confidence intervals were calculated by using Poisson regression to evaluate lifetime use of 48
pesticides and prostate cancer incidence. Three organophosphate insecticides were significantly associated
with aggressive prostate cancer: fonofos (rate ratio (RR) for the highest quartile of exposure (Q4) vs.
nonexposed = 1.63, 95% confidence interval (CI): 1.22, 2.17; Ptrend < 0.001); malathion (RR for Q4 vs.
nonexposed = 1.43, 95% CI: 1.08, 1.88; Ptrend = 0.04); and terbufos (RR for Q4 vs. nonexposed = 1.29, 95% CI:
1.02, 1.64; Ptrend = 0.03). The organochlorine insecticide aldrin was also associated with increased risk of ag-
gressive prostate cancer (RR for Q4 vs. nonexposed = 1.49, 95% CI: 1.03, 2.18; Ptrend = 0.02). This analysis has
overcome several limitations of previous studies with the inclusion of a large number of cases with relevant
exposure and detailed information on use of specific pesticides at 2 points in time. Furthermore, this is the first
time specific pesticides are implicated as risk factors for aggressive prostate cancer.

aggressive prostate cancer; cohort study; farming; organophosphate insecticides; pesticide exposure; prostate
cancer

Abbreviations: CI, 95% confidence interval; Q4, highest quartile of exposure; RR, rate ratio.

Occupational exposure to pesticides has been associated
with increased prostate cancer risk in many epidemiologic
studies (1–6). In the Agricultural Health Study, the largest
prospective cohort study to examine this association, a sig-
nificant excess of prostate cancer has been observed for
both private (farmer) and commercial applicators, with
standardized incidence ratios = 1.19 (95% confidence Inter-
val (CI): 1.14, 1.25) and 1.28 (95% CI: 1.00, 1.61), respec-
tively, compared with rates expected in the 2 study states
(7). Although several groups or chemical classes have been
linked to prostate cancer, including triazine herbicides
(1, 8, 9), organochlorine insecticides (9–12), and organo-
phosphate insecticides (9, 13, 14), none of the associations

is conclusive, and it is unclear which specific pesticides
might be driving the group findings. Alteration of hormonal
signaling pathways or induction of DNA damage is each
postulated as a mechanism (15–19).

Investigation of the role of pesticides in prostate cancer
development is complicated because of the need to obtain
information on exposure to specific individual pesticides, to
track changes in pesticide use patterns over time, and,
because prostate cancer is so common in older men, to con-
sider whether pesticides are associated with clinically sig-
nificant or aggressive disease. We are aware of only 2
reports that considered tumor characteristics, one that re-
ported no association between any pesticide exposure and
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risk of localized or advanced prostate cancer (20) and
another that reported a larger proportion of later stage
tumors among men with “significant” exposure to pesti-
cides compared with men with no exposure (21).
We used data from the Agricultural Health Study, a large

cohort study of pesticide applicators with pesticide use data
at 2 points in time, to evaluate the association between spe-
cific pesticide exposure and prostate cancer. We previously
reported on pesticide use and prostate cancer risk among
566 incident cancer cases that occurred through 1999 (13).
In the current study, we extend follow-up through 2007

and update analyses to include 1,962 incident cases of pros-
tate cancer (including 919 cases of aggressive prostate
cancer).

MATERIALS AND METHODS

Study population

The Agricultural Health Study is a prospective cohort
study of 52,394 licensed private pesticide applicators in
Iowa and North Carolina and 4,916 licensed commercial

Table 1. Characteristics of Incident Prostate Cancer Cases in the Agricultural Health Study, 1993–2007

Characteristic Cohort Person-Years
(Total = 638,628.4)

Total Prostate
Cancer (n = 1,962)

Aggressive Prostate
Cancera (n = 919)

Family History of
Prostate Cancer

(n = 305)

No. % No. % No. %

Age at diagnosis, yearsb

<60 614,045.6 406 20.7 179 19.5 78 25.6

60–64 5,043.1 360 18.4 159 17.3 60 19.7

65–69 6,573.0 489 24.9 227 24.7 77 25.3

70–74 5,885.6 382 19.5 181 19.7 52 17.1

≥75 7,081.1 325 16.6 173 18.8 38 12.5

State

Iowa 415,184.0 1,153 58.8 588 64.0 212 69.5

North Carolina 638,628.4 809 41.2 331 36.0 93 30.5

Race

White 602,100.5 1,797 91.6 852 92.7 296 97.1

Black 21,923.0 74 3.8 42 4.6 8 2.6

Other/missing 14,604.9 91 4.6 25 2.7 1 0.3

Family history of prostate
cancer

No 532,438.5 1,399 71.3 661 72.0 N/A

Yes 48,709.6 305 15.6 139 15.1 305 100

Missing 57,480.3 258 13.2 118 12.9 N/A

Smoking status

Never 331,056.9 922 47.0 442 48.1 153 50.1

Former 170,340.9 709 36.1 328 35.7 115 37.7

Current 104,753.8 198 10.1 90 9.8 28 9.2

Missing 32,476.8 133 6.8 59 6.4 9 3.0

Fruit servings

<1/day 437,300.6 1,229 62.6 580 63.1 203 66.5

≥1/day 157,242.9 533 27.2 243 26.4 93 30.5

Missing 44,084.9 200 10.2 96 10.5 9 3.0

Leisure-time physical
activity in the winter

None 72,048.4 359 18.3 157 17.1 62 20.3

>0–2 hours/week 119,336.9 418 21.3 209 22.7 72 23.6

≥3 hours/week 79,519.3 234 11.9 107 11.6 32 10.5

Missing 367,723.9 951 48.5 446 48.5 139 45.6

Table continues
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applicators from Iowa. The cohort has been described in
detail by Alavanja et al. (22). Briefly, the cohort included
individuals seeking licenses for restricted use pesticides
from December 1993 through December 1997 (82% of the
target population enrolled). All participants provided in-
formed consent, and the protocol was approved by relevant
institutional review boards. We obtained cancer incidence
information by annual linkage to cancer registry files in
Iowa (Surveillance, Epidemiology, and End Results
Program) and North Carolina (National Program of Cancer
Registries). In addition, we annually matched cohort
members to state mortality registries and the National
Death Index to identify vital status and to address records
of the Internal Revenue Service, motor vehicle registration
files, and pesticide license registries of state agricultural de-
partments to determine residence in Iowa or North Caroli-
na. The current analysis included all incident prostate
cancers (n = 1,962) diagnosed from enrollment (1993–
1997) through December 31, 2007. We censored follow-up
at the time of death, movement out of state, or December

31, 2007. Among the 57,310 applicators, we excluded
2,898 participants (1,563 females, 1,071 prevalent cancers
of all types, 264 with no follow-up information), leaving
54,412 individuals.

Tumor characteristics

Information on tumor characteristics was obtained from
state cancer registries. Cases were characterized by stage
(localized, regional, distant, or unknown extension or me-
tastasis), histologic grade (well differentiated, moderately
differentiated, and poorly differentiated), and Gleason
score. Tumors that were not classified by pathologists
were listed as having unknown grade. Gleason scores are
currently equated with the 3 grade categories as follows:
tumors with Gleason scores of 2–4 are classified as well
differentiated, scores of 5–6 as moderately differentiated,
and scores of 7–10 as poorly differentiated (23). For cases
diagnosed prior to January 1, 2003, when the grading pro-
cedure was modified (23), we reabstracted Gleason scores

Table 1. Continued

Characteristic Cohort Person-Years
(Total = 638,628.4)

Total Prostate
Cancer (n = 1,962)

Aggressive Prostate
Cancera (n = 919)

Family History of
Prostate Cancer

(n = 305)

No. % No. % No. %

Stage

Localized 10,502.8 1,499 76.4 596 64.9 238 78.0

Regional 2,044.5 324 16.5 230 25.0 51 16.7

Distant 447.6 59 3.0 59 6.4 6 2.0

Unknown 517.5 80 4.1 34 3.7 10 3.3

Grade

Well differentiated,
Gleason score 2–4

381.1 88 4.5 2 0.2 14 4.6

Moderately
differentiated,
Gleason score 5–6

6,220.6 935 47.7 22 2.4 147 48.2

Poorly differentiated,
Gleason score 7–10

6,465.5 875 44.6 875 95.2 138 45.2

Not graded 445.2 64 3.3 20 2.2 6 2.0

Gleason score

2–6 5,813.7 840 42.8 17 1.8 141 46.2

7 4,381.1 583 29.7 583 63.4 96 31.5

8–10 1,787.7 232 11.8 232 25.2 37 12.1

Missing 1,530.0 307 15.7 87 9.5 31 10.2

Fatal prostate cancer, yes 556.8 106 5.4 106 11.5 10 3.3

Age at diagnosis, years

<60 614,045.6 406 20.7 179 19.5 78 25.6

60–64 5,043.1 360 18.4 159 17.3 60 19.7

65–69 6,573.0 489 24.9 227 24.7 77 25.3

Abbreviations: N/A, not available; SD, standard deviation.
a Distant stage or poorly differentiated (after January 1, 2003, Gleason score 7–10) or Gleason score ≥7 or fatal

(underlying cause: prostate cancer).
b Mean age at diagnosis: total prostate cancer, 66.5 (SD, 8.3) years; aggressive prostate cancer, 67.1 (SD, 8.5)

years; family history of prostate cancer, 65.2 (SD, 7.9) years.
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and harmonized the classification scheme with current
practice. For 35 cases from Iowa and 24 cases from North
Carolina, Gleason score information conflicted with the
reported grade category; in these instances, we used the ab-
stracted Gleason score to assign an appropriate grade code.
Gleason score was missing for 62 of 1,153 (5.4%) incident
cases from Iowa and 245 of 809 (30.3%) incident cases
from North Carolina. If the Gleason score was missing, the
original histologic grade variable delivered from the yearly

cancer registry link was used (22 well differentiated, 161
moderately differentiated, 60 poorly differentiated, and 64
not graded). For the current analysis, aggressive prostate
cancer was defined as having 1 or more of the following
tumor characteristics: distant stage, poorly differentiated
grade, Gleason score of ≥7, or fatal prostate cancer (under-
lying cause, prostate cancer). Two alternative definitions of
aggressive prostate cancer were also considered in analysis
(using a Gleason score cutoff of ≥4 + 3 or a Gleason score

Table 2. Phase I and Phase II Data for Cumulative Lifetime Pesticide Exposure to Organophosphate Insecticides
and Risk of Total and Aggressive Prostate Cancer in the Agricultural Health Study, 1993–2007

Total Prostate Cancer Aggressive Prostate Cancera

No. of
Casesb RRc 95% CI No. of

Casesb RRc 95% CI

Chlorpyrifos

Nonexposed 1,129 1.00 Referent 511 1.00 Referent

Q1 167 1.08 0.92, 1.28 83 1.02 0.81, 1.29

Q2 168 1.03 0.87, 1.21 83 1.10 0.87, 1.39

Q3 166 0.94 0.80, 1.11 82 1.15 0.90, 1.46

Q4 167 0.89 0.75, 1.05 82 1.01 0.80, 1.28

Ptrend 0.11 0.84

Coumaphos

Nonexposed 1,506 1.00 Referent 710 1.00 Referent

Q1 35 1.18 0.84, 1.65 14 0.85 0.49, 1.46

Q2 35 0.81 0.58, 1.13 14 0.64 0.38, 1.08

Q3 35 0.93 0.66, 1.30 14 0.89 0.52, 1.54

Q4 34 1.02 0.72, 1.43 14 0.90 0.53, 1.53

Ptrend 0.97 0.59

Dichlorvos

Nonexposed 1,515 1.00 Referent 705 1.00 Referent

Q1 43 1.07 0.79, 1.45 22 0.92 0.59, 1.44

Q2 43 1.01 0.74, 1.36 22 1.15 0.76, 1.75

Q3 43 0.85 0.63, 1.15 22 0.90 0.58, 1.39

Q4 43 0.91 0.67, 1.24 21 0.95 0.62, 1.48

Ptrend 0.50 0.80

Diazinond

Nonexposed 727 1.00 Referent 343 1.00 Referent

Q1 66 1.30 1.01, 1.68 31 1.24 0.84, 1.85

Q2 63 1.15 0.88, 1.49 29 1.00 0.67, 1.48

Q3 66 1.04 0.81, 1.35 30 0.89 0.59, 1.34

Q4 63 0.94 0.72, 1.24 30 1.31 0.87, 1.96

Ptrend 0.59 0.27

Fonofos

Nonexposed 1,305 1.00 Referent 581 1.00 Referent

Q1 97 0.89 0.74, 1.17 55 0.96 0.72, 1.28

Q2 95 1.38 1.11, 1.70 50 1.20 0.89, 1.61

Q3 96 1.13 0.91, 1.39 52 1.16 0.86, 1.55

Q4 96 1.21 0.98, 1.49 52 1.63 1.22, 2.17

Ptrend 0.03 <0.001

Table continues
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of ≥8) in combination with the other factors listed above
(stage, fatal disease).

Exposure assessment

Information on lifetime use of 50 pesticides was captured
in 2 self-administered questionnaires (http://aghealth.org/
questionnaires.html) completed during cohort enrollment
(phase 1). All 57,310 applicators completed the first enroll-
ment questionnaire, which inquired about ever/never use of
the 50 pesticides, as well as duration (years) and frequency

(average days/year) of use for a subset of 22 pesticides. In
addition, 25,291 of 57,310 (44.1%) of the applicators re-
turned the second (take-home) enrollment questionnaire,
which inquired about duration and frequency of use for the
remaining 28 pesticides. We used 2 exposure metrics to
assess cumulative exposure to each pesticide: 1) lifetime
days of pesticide use, that is, the product of years of use of
a specific pesticide and the number of days used per year;
and 2) intensity-weighted lifetime days of use, that is, the
product of lifetime days of use and a measure of exposure
intensity. Intensity was derived from an algorithm using
questionnaire data on mixing status, application method,

Table 2. Continued

Total Prostate Cancer Aggressive Prostate Cancera

No. of
Casesb RRc 95% CI No. of

Casesb RRc 95% CI

Malathiond

Nonexposed 328 1.00 Referent 140 1.00 Referent

Q1 189 1.03 0.84, 1.26 95 1.19 0.89, 1.59

Q2 187 1.13 0.94, 1.36 93 1.27 0.97, 1.67

Q3 184 1.11 0.93, 1.34 93 1.28 0.98, 1.68

Q4 186 1.08 0.90, 1.29 93 1.43 1.08, 1.88

Ptrend 0.62 0.04

Parathiond

Nonexposed 878 1.00 Referent 413 1.00 Referent

Q1 25 1.21 0.81, 1.81 12 1.96 1.10, 3.50

Q2 25 1.37 0.92, 2.05 12 1.04 0.58, 1.86

Q3 25 1.21 0.81, 1.81 12 1.51 0.82, 2.77

Q4 24 0.85 0.56, 1.28 11 0.98 0.53, 1.79

Ptrend 0.51 0.97

Phorated

Nonexposed 675 1.00 Referent 314 1.00 Referent

Q1 76 0.96 0.76, 1.23 37 0.78 0.55, 1.12

Q2 76 1.11 0.87, 1.41 36 1.26 0.89, 1.79

Q3 77 0.88 0.69, 1.13 37 0.80 0.56, 1.14

Q4 75 1.12 0.88, 1.42 36 1.36 0.96, 1.93

Ptrend 0.46 0.10

Terbufos

Nonexposed 1,042 1.00 Referent 466 1.00 Referent

Q1 162 1.05 0.88, 1.24 81 1.06 0.83, 1.36

Q2 158 1.08 0.91, 1.28 80 1.06 0.83, 1.35

Q3 161 1.06 0.89, 1.25 80 1.15 0.90, 1.47

Q4 158 1.04 0.88, 1.23 80 1.29 1.02, 1.64

Ptrend 0.63 0.03

Abbreviations: CI, confidence interval; Q1, quartile 1; Q2, quartile 2; Q3, quartile 3; Q4, quartile 4; RR, rate ratio.
a Distant stage or poorly differentiated (after January 1, 2003, Gleason score 7–10) or Gleason score ≥7 or fatal

(underlying cause: prostate cancer).
b Numbers do not sum to total because of missing data.
c Adjusted for age, state, race, family history of prostate cancer, smoking, fruit servings, and leisure-time physical

activity in the winter.
d Detailed information for these chemicals was collected on the take-home questionnaire at enrollment.

Pesticides and Prostate Cancer Risk 63

Am J Epidemiol. 2013;177(1):59–74

Downloaded from https://academic.oup.com/aje/article-abstract/177/1/59/129050
by guest
on 16 January 2018

Case 3:16-md-02741-VC   Document 1216-6   Filed 03/14/18   Page 5 of 27



equipment repair, and use of personal protective equipment
(24). A follow-up questionnaire, which ascertained pesti-
cide use since enrollment, was administered 5 years after
enrollment (phase 2) and completed by 36,342 (63%) of
the original participants. For participants who did not com-
plete a phase 2 questionnaire (20,968 applicators, 37%), a
data-driven multiple imputation procedure was used to
impute use of specific pesticides in phase 2. A detailed
description of the imputation process and validation is de-
scribed by Heltshe et al. (25). Briefly, logistic regression
and stratified sampling were used to impute use of specific
pesticides in phase 2. All variables from phase 1 that had
the potential to be associated with either missingness or
pesticide use were considered. The variables most strongly
predictive of use of any pesticide on the phase 2 question-
naire were gender, marital status, farm ownership, farm
size, days/year mixing pesticides, percent time personally

mixing pesticides, percent time personally applying pesti-
cides, and application of any pesticide in the prior year.
Covariates associated with nonresponse to phase 2 were
age, education, state, applicator type, and years mixing
chemicals. Covariates from participants with complete data
from both phases were modeled and then applied to the
model for participants missing phase 2 data to obtain
estimates of the missing data. To assess the imputation
procedure, a 20% random sample of participants was with-
held for comparison. The observed and imputed pre-
valences of any pesticide use in the holdout data set were
85.7% and 85.3%, respectively, indicating that the logistic
regression model for the multiple imputation performed
well.
We combined phase 1 and phase 2 information to generate

cumulative intensity-weighted and unweighted days of use.
Web Table 1 (available at http://aje.oxfordjournals.org/)

Table 3. Phase I and Phase II Data for Cumulative Lifetime Pesticide Exposure to Organochlorine Insecticides
and Risk of Total and Aggressive Prostate Cancer in the Agricultural Health Study, 1993–2007

Total Prostate Cancer Aggressive Prostate Cancera

No. of
Casesb RRc 95% CI No. of

Casesb RRc 95% CI

Aldrin

Nonexposed 715 1.00 Referent 328 1.00 Referent

Q1 65 1.04 0.80, 1.35 33 0.97 0.67, 1.41

Q2 64 0.94 0.72, 1.22 33 1.09 0.75, 1.57

Q3 64 1.14 0.88, 1.48 34 1.21 0.84, 1.74

Q4 64 1.25 0.97, 1.63 31 1.49 1.03, 2.18

Ptrend 0.07 0.02

Chlordane

Nonexposed 740 1.00 Referent 356 1.00 Referent

Q1 59 0.79 0.61, 1.04 26 0.73 0.48, 1.10

Q2 58 1.29 0.99, 1.69 26 1.07 0.72, 1.60

Q3 58 0.96 0.73, 1.25 26 0.91 0.61, 1.37

Q4 58 1.02 0.78, 1.34 25 1.17 0.77, 1.77

Ptrend 0.80 0.49

DDT

Nonexposed 578 1.00 Referent 267 1.00 Referent

Q1 96 0.98 0.78, 1.22 47 1.06 0.76, 1.48

Q2 97 1.27 1.02, 1.58 46 1.17 0.85, 1.61

Q3 96 1.27 1.02, 1.58 46 1.56 1.13, 2.15

Q4 95 1.18 0.95, 1.48 46 1.30 0.94, 1.80

Ptrend 0.14 0.10

Dieldrin

Nonexposed 918 1.00 Referent 429 1.00 Referent

Q1 19 0.94 0.60, 1.49 8 0.83 0.41, 1.68

Q2 19 0.86 0.54, 1.36 7 2.00 0.94, 4.23

Q3 18 0.93 0.58, 1.49 8 0.68 0.33, 1.37

Q4 7 1.39 0.65, 2.94

Ptrend 0.68 0.54
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provides the complete list of pesticides and their prevalence
of use. Data were obtained from Agricultural Health Study
data release versions P1REL201005.00 (for phase 1) and
P2REL201007.00 (for phase 2).

Statistical analyses

We conducted analyses using unlagged exposure and
15-year lagged exposure, which excluded the most recent
15 years of exposure for both lifetime and intensity-weighted
days. For each chemical, we categorized exposure into non-
exposed and quartiles or tertiles of exposure on the basis of
the distribution of exposed cases. This was done separately
for total and aggressive prostate cancer. We used Poisson
regression to calculate rate ratios and 95% confidence inter-
vals and used the MIANALYZE procedure in SAS, version
9.2, software (SAS Institute, Inc., Cary, North Carolina) to
obtain the appropriate variance when using phase 2
imputed data in the 95% confidence interval calculation.

We evaluated only pesticides with 15 or more exposed
cases of prostate cancer, thereby excluding trichlorfon and
ziram. Rate ratios were adjusted for statistically significant
(α = 0.05) predictors of prostate cancer in the Agricultural
Health Study. We evaluated several lifestyle and demo-
graphic measures and identified the following as potential
confounding variables: age at enrollment (<40, 40–49,
50–59, 60–69, ≥70); race (white, black, other, missing);
state (Iowa, North Carolina); family history of prostate
cancer in first-degree relatives (yes, no, missing); cigarette
smoking history (never, former, current, missing); fruit
servings (<1/day, ≥1/day); and leisure-time physical activi-
ty in the winter (none, >0–2 hours/week, ≥3 hours/week).
We further adjusted models for other pesticides shown to
be associated with prostate cancer in the current analysis.
Separate analyses were conducted by disease aggressive-
ness, family history of prostate cancer (yes, no), state, ap-
plicator type (private, commercial), age at enrollment (<65,
≥65), and for analyses of organochlorines with additional
adjustment for body mass index. Likelihood ratio tests were

Table 3. Continued

Total Prostate Cancer Aggressive Prostate Cancera

No. of
Casesb RRc 95% CI No. of

Casesb RRc 95% CI

Heptachlor

Nonexposed 809 1.00 Referent 369 1.00 Referent

Q1 45 1.08 0.80, 1.47 24 1.29 0.83, 2.00

Q2 44 1.05 0.77, 1.44 24 1.65 1.08, 2.52

Q3 45 1.03 0.76, 1.40 24 1.17 0.77, 1.76

Q4 44 1.05 0.78, 1.44 23 0.88 0.57, 1.35

Ptrend 0.73 0.62

Lindane

Nonexposed 840 1.00 Referent 395 1.00 Referent

Q1 43 0.88 0.63, 1.23 19 0.81 0.50, 1.32

Q2 36 1.06 0.76, 1.49 19 0.91 0.56, 1.49

Q3 39 1.06 0.76, 1.48 19 1.45 0.91, 2.30

Q4 39 1.16 0.84, 1.60 19 1.24 0.77, 2.00

Ptrend 0.33 0.23

Toxaphene

Nonexposed 831 1.00 Referent 386 1.00 Referent

Q1 39 0.91 0.66, 1.26 19 1.02 0.64, 1.65

Q2 38 1.06 0.77, 1.46 19 1.32 0.83, 2.09

Q3 38 1.28 0.92, 1.78 19 1.30 0.82, 2.07

Q4 38 0.97 0.70, 1.35 19 1.14 0.71, 1.83

Ptrend 0.95 0.48

Abbreviations: CI, confidence interval; DDT, dichlorodiphenyltrichloroethane; Q1, quartile 1; Q2, quartile 2; Q3,
quartile 3; Q4, quartile 4; RR, rate ratio.

a Distant stage or poorly differentiated (after January 1, 2003, Gleason score 7–10) or Gleason score ≥7 or fatal
(underlying cause: prostate cancer).

b Numbers do not sum to total because of missing data.
c Adjusted for age, state, race, family history of prostate cancer, smoking, fruit servings, and leisure-time physical

activity in the winter.
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used to assess differences between strata (Pinteraction). We
also analyzed phase 1 data only to assess the impact of the
additional information collected or imputed from phase 2.
All tests were 2 sided and conducted at the α = 0.05 level.
Tests for trend used the midpoint value of each exposure
category treated as grouped linear in regression models.

RESULTS

The mean age at prostate cancer diagnosis for applicators
with a family history of prostate cancer was younger (65.2
years) compared with aggressive cases (67.1 years) or
overall prostate cancer (66.5 years) (Table 1).
Results were comparable (not shown) for both metrics

(lifetime and intensity-weighted lifetime days) for both
lagged and unlagged exposures. Therefore, we present rate
ratios for unlagged intensity-weighted lifetime days only.
The association between cumulative exposure to selected
pesticides and risk of total and aggressive prostate cancer is
presented in Tables 2–4. There was no significant associa-
tion between any specific pesticide and risk of total prostate
cancer. Four insecticides were, however, associated with
aggressive prostate cancer: fonofos (rate ratio (RR) for the
highest quartile of fonofos exposure (Q4) vs. nonexposed =
1.63, 95% CI: 1.22, 2.17; Ptrend < 0.0001); aldrin (RR for
aldrin Q4 vs. nonexposed = 1.49, 95% CI: 1.03, 2.18;
Ptrend = 0.02); malathion (RR for Q4 vs. nonexposed = 1.43,

95% CI: 1.08, 1.88; Ptrend = 0.04); and terbufos (RR for Q4
vs. nonexposed = 1.29, 95% CI: 1.02, 1.64; Ptrend = 0.03).
The observed risk for each chemical persisted when they
were analyzed together (simultaneous adjustment for
fonofos, malathion, terbufos, and aldrin and aggressive pros-
tate cancer). There was no association between the use of
other organochlorine insecticides, triazine herbicides, or any
other pesticides not presented and prostate cancer risk. Web
Table 2 provides a list of rate ratios and 95% confidence in-
tervals for the remainder of the 48 pesticides examined that
are not presented in Tables 2–4. Results from analyses of
phase 1 data only yielded similar results (data not shown).
Tables 5–7 show the association between pesticide expo-

sure and total prostate cancer stratified by family history of
prostate cancer. In the Agricultural Health Study, previous
analyses suggested an increased risk of prostate cancer as-
sociated with selected pesticides for those with a family
history of prostate cancer (13). Here, we observed signifi-
cant interactions between family history of prostate cancer
and the use of fonofos (Pinteraction = 0.04) and aldrin
(Pinteraction = 0.04). A significantly increased risk of prostate
cancer was also observed for men with exposure to lindane
who had a family history of cancer, while there was no in-
creased risk among men without a family history, although
this interaction was not statistically significant (P = 0.26).
We observed no other significant interactions between pes-
ticide exposure and family history of prostate cancer. Web
Table 3 provides a list of rate ratios and 95% confidence

Table 4. Phase I and Phase II Data for Cumulative Lifetime Pesticide Exposure to Triazine Herbicides and Risk
of Total and Aggressive Prostate Cancer in the Agricultural Health Study, 1993–2007

Total Prostate Cancer Aggressive Prostate Cancera

No. of
Casesb RRc 95% CI No. of

Casesb RRc 95% CI

Atrazine

Nonexposed 507 1.00 Referent 228 1.00 Referent

Q1 336 0.97 0.84, 1.12 163 0.93 0.75, 1.16

Q2 335 1.05 0.91, 1.21 162 1.00 0.81, 1.24

Q3 336 0.97 0.84, 1.12 163 1.12 0.90, 1.39

Q4 335 0.98 0.85, 1.12 162 1.05 0.85, 1.30

Ptrend 0.68 0.39

Cyanazine

Nonexposed 1,015 1.00 Referent 462 1.00 Referent

Q1 169 0.90 0.76, 1.06 85 0.91 0.71, 1.16

Q2 169 0.99 0.83, 1.17 84 0.92 0.72, 1.17

Q3 169 0.87 0.73, 1.03 84 0.93 0.73, 1.18

Q4 168 0.94 0.79, 1.11 84 0.98 0.76, 1.25

Ptrend 0.51 0.97

Abbreviations: CI, confidence interval; Q1, quartile 1; Q2, quartile 2; Q3, quartile 3; Q4, quartile 4; RR, rate ratio.
a Distant stage or poorly differentiated (after January 1, 2003, Gleason score 7–10) or Gleason score ≥7 or fatal

(underlying cause: prostate cancer).
b Numbers do not sum to total because of missing data.
c Adjusted for age, state, race, family history of prostate cancer, smoking, fruit servings, and leisure-time physical

activity in the winter.
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intervals for the remainder of the 48 pesticides examined
that are not presented in Tables 5–7.

Separate analyses by state, applicator type (private, com-
mercial), age (<65, ≥65), and organochlorine models with
additional adjustment for body mass index were not statisti-
cally significant and are therefore not shown. Results for
alternative definitions of aggressive prostate cancer were
similar to those presented and are therefore not shown.
Limited statistical power precluded detailed analysis of
family history of prostate cancer with exposures to fonofos,
malathion, terbufos, or aldrin among those with aggressive
prostate cancer.

DISCUSSION

In this analysis,we observed significant increases in the risk
of aggressive prostate cancer associated with 4 insecticides:
fonofos (organophosphate), malathion (organophosphate),
terbufos (organophosphate), and aldrin (organochlorine).
Further, we observed significant increases in risk of total
prostate cancer with increasing use of fonofos and aldrin
among those with a family history of prostate cancer but no
increased risk among those without a family history. These
findings are consistent with some findings from an earlier
follow-up of these data from the Agricultural Health Study
and offer new insights about risk of aggressive prostate
cancer.

An earlier report from the Agricultural Health Study that
included 566 prostate cancer cases occurring from enroll-
ment until 1999 identified only the use of the fumigant
methyl bromide to be significantly associated with prostate
cancer risk (aggressive prostate cancer was not evaluated).
This risk does not persist with additional follow-up (26),
although methyl bromide use has declined from 1993–2005
because of a US Environmental Protection Agency phase-
out. Here, we found the strongest associations for aggressive
prostate cancer and use of fonofos, terbufos, malathion, and
aldrin. Fonofos and terbufos have previously been associat-
ed with prostate cancer in earlier follow-up analyses in the
Agricultural Health Study, although these associations were
observed only among men with a family history of prostate
cancer (14, 27). A recent Canadian prostate cancer case-
control study reported no association with fonofos (5
exposed cases) but a significant increased risk with malathi-
on (82 exposed cases) (1). Another study from California
reported no risk associated with malathion (222 exposed
cases) (9). We are not aware of other epidemiologic studies
that have reported on the use of terbufos and prostate
cancer risk. An association between aldrin and prostate
cancer was observed previously in the Agricultural Health
Study (13) but not after subsequent follow-up (28). Several
occupational studies have implicated organochlorine insec-
ticide use and prostate cancer risk (11, 13, 29–31);
however, risk associated with specific organochlorine in-
secticides was less clear. None of these studies focused
specifically on aggressive prostate cancer.

Fonofos (O-ethyl S-phenyl ethylphosphonodithioate),
which as of 1998 is no longer registered for use in the
United States (32), and terbufos (S-tert-butylthiomethyl O,
O-diethyl phosphorodithioate) are classified by the US

Environmental Protection Agency as group E for carcinoge-
nicity (evidence of noncarcinogenicity for humans) (33).
Organophosphate insecticides such as fonofos and terbufos
are metabolized to their highly toxic oxon intermediate.
The oxon form of the compound is more toxic than the
parent compound and has been associated with a number
of biologic endpoints including the generation of reactive
oxygen species and DNA damage (34–36). Alternatively,
these pesticides might impact other important cellular func-
tions. In the Agricultural Health Study, we observed a sig-
nificant interaction between terbufos and fonofos exposure
and genetic variants on chromosome 8q24 and risk of pros-
tate cancer (37). Recent studies have suggested that 8q24
variants might be related to the nearest coding region, the
MYC gene, and its expression (38), suggesting that these
pesticides might influence prostate cancer risk by altering
important cancer signaling pathways involved in cellular
adhesion, proliferation, and differentiation. The US Envi-
ronmental Protection Agency concluded in 2000 that there
was “suggestive” evidence of carcinogenicity for malathi-
on, while the International Agency for Research on Cancer
lists malathion in group 3, or not classifiable as to its carci-
nogenicity to humans. Like the other organophosphate in-
secticides, purported mechanisms of action include direct
genotoxicity (of either malathion or malaoxon) (39, 40)
and potential endocrine disruption (41, 42). The Interna-
tional Agency for Research on Cancer lists aldrin as not
classifiable as to its carcinogenicity to humans (group 3).
Organochlorine insecticides are putative endocrine disrup-
tors that accumulate and persist in adipose tissue, providing
a background of continuous endocrine perturbation that
may increase prostate cancer risk (43, 44). Because these
compounds are stored in fat, we additionally considered
body mass index as an adjustment factor in these models
(not shown). Body mass index was not a confounder or
effect modifier of the relation between organochlorine in-
secticide use and prostate cancer in our study.

Of the 9 organophosphate insecticides evaluated for risk,
4 are dithioates: fonofos, malathion, phorate, and terbufos
(http://www.alanwood.net/pesticides/class_insecticides.html),
and we observed significant increased risks with 3 of the
4. Interestingly, a recent study reported another dithioate in-
secticide, azinphos-methyl, with an increased risk of pros-
tate cancer (1). Although these pesticides might be similar
with respect to their structure, there is still little information
overall about their role in the carcinogenic process. Our ob-
servation for associations between these pesticides and ag-
gressive prostate cancer suggests they may play a role in
prostate cancer progression rather than at the earlier initia-
tion stage of transformation. Future work on the mecha-
nisms by which dithioate insecticides might impact prostate
carcinogenesis would be valuable.

An alternative explanation for the lack of association
between total prostate cancer and a positive association for
aggressive cancer may be screening bias. It has been sug-
gested that pesticide applicators would have lower prostate-
specific antigen screening rates than the general population
on account of greater variability in the availability of health
insurance or access to care in rural areas (45, 46). This
would result in a bias of risk estimates toward the null for
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total prostate cancer and may explain the lack of association
and/or smaller effect sizes observed for total prostate

cancer in our study. Conversely, we would also have to
consider whether the observed pesticide associations for

Table 5. Phase I and Phase II Data for Cumulative Lifetime Pesticide Exposure to Organophosphate Insecticides
and Risk of Total Prostate Cancer by Family History of Prostate Cancer in the Agricultural Health Study, 1993–
2007

No Family History Yes Family History

No. of
Casesa RRb 95% CI No. of

Casesa RRb 95% CI

Chlorpyrifos

Nonexposed 823 1.00 Referent 170 1.00 Referent

Q1 118 1.04 0.86, 1.27 32 1.20 0.81, 1.76

Q2 123 1.00 0.82, 1.21 30 1.08 0.73, 1.60

Q3 131 0.98 0.82, 1.18 24 0.77 0.50, 1.18

Q4 125 0.90 0.74, 1.09 30 0.86 0.58, 1.29

Ptrend 0.24 0.32

Pinteraction 0.81

Coumaphos

Nonexposed 1,187 1.00 Referent 235 1.00 Referent

Q1 26 1.09 0.73, 1.62 8 1.64 0.81, 3.33

Q2 19 0.60 0.39, 0.93 14 1.59 0.90, 2.82

Q3 25 0.84 0.57, 1.25 8 1.35 0.67, 2.75

Q4 24 0.92 0.61, 1.38 8 1.41 0.70, 2.87

Ptrend 0.51 0.26

Pinteraction 0.07

Dichlorvos

Nonexposed 1,185 1.00 Referent 240 1.00 Referent

Q1 31 1.02 0.71, 1.46 10 1.29 0.68, 2.44

Q2 31 1.00 0.70, 1.44 12 1.21 0.67, 2.18

Q3 36 0.93 0.67, 1.29 6 0.61 0.27, 1.37

Q4 29 0.77 0.53, 1.12 13 1.76 1.00, 3.09

Ptrend 0.16 0.07

Pinteraction 0.15

Diazinonc

Nonexposed 531 1.00 Referent 121 1.00 Referent

Q1 51 1.34 1.00, 1.79 11 1.15 0.62, 2.14

Q2 49 1.20 0.89, 1.61 9 0.93 0.46, 1.86

Q3 45 0.96 0.71, 1.31 15 1.26 0.72, 2.20

Q4 48 1.08 0.79, 1.47 8 0.88 0.42, 1.83

Ptrend 0.78 0.82

Pinteraction 0.84

Fonofos

Nonexposed 1,022 1.00 Referent 197 1.00 Referent

Q1 75 0.89 0.70, 1.12 18 0.91 0.55, 1.49

Q2 72 1.30 1.02, 1.65 20 1.70 1.07, 2.72

Q3 71 1.06 0.83, 1.36 18 1.22 0.74, 1.99

Q4 61 1.02 0.78, 1.32 30 2.01 1.36, 2.99

Ptrend 0.70 0.0004

Pinteraction 0.04
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aggressive prostate cancer reflect a true underlying risk
factor that has increased the occurrence of more aggressive
disease or whether this increase might be a result of de-
creased prostate-specific antigen screening. To explore this
possibility, we calculated the prevalence of prostate-specific
antigen screening in a subgroup of Agricultural Health
Study men (n = 23,265) who provided this information
from a follow-up questionnaire completed between 2005
and 2010. A large proportion of Agricultural Health Study

men from Iowa (73.9%) and North Carolina (76.0%) re-
ported having a prostate-specific antigen test within the past
5 years. This is similar to the proportion reported by the
Behavioral Risk Factor Surveillance System data from Iowa
(69.0%) and North Carolina (72.7%) (47). We additionally
explored whether prostate-specific antigen screening might
act as a confounder of the observed significant association
and found no change in risk estimate with this additional
adjustment. Taken together, this suggests that screening

Table 5. Continued

No Family History Yes Family History

No. of
Casesa RRb 95% CI No. of

Casesa RRb 95% CI

Malathionc

Nonexposed 242 1.00 Referent 45 1.00 Referent

Q1 138 0.99 0.78, 1.25 44 1.37 0.87, 2.15

Q2 137 1.11 0.89, 1.37 34 1.12 0.72, 1.76

Q3 126 1.01 0.81, 1.26 35 1.23 0.79, 1.92

Q4 144 1.17 0.95, 1.44 21 0.70 0.42, 1.18

Ptrend 0.15 0.15

Pinteraction 0.15

Parathionc

Nonexposed 647 1.00 Referent 143 1.00 Referent

Q1 16 1.14 0.69, 1.87 5 1.32 0.54, 3.23

Q2 18 1.36 0.85, 2.19 5 1.54 0.63, 3.80

Q3 16 1.08 0.66, 1.79 6 1.58 0.65, 3.84

Q4 20 0.99 0.63, 1.55 3

Ptrend 0.98 0.88

Pinteraction 0.51

Phoratec

Nonexposed 497 1.00 Referent 94 1.00 Referent

Q1 53 0.88 0.66, 1.18 21 1.39 0.85, 2.28

Q2 63 1.17 0.89, 1.54 9 0.71 0.35, 1.42

Q3 55 0.85 0.64, 1.13 18 0.99 0.59, 1.66

Q4 52 1.07 0.80, 1.43 21 1.53 0.94, 2.49

Ptrend 0.73 0.12

Pinteraction 0.15

Terbufos

Nonexposed 802 1.00 Referent 153 1.00 Referent

Q1 123 1.04 0.85, 1.26 34 1.34 0.90, 2.00

Q2 122 1.09 0.90, 1.32 29 1.12 0.74, 1.70

Q3 126 1.10 0.91, 1.33 29 1.09 0.73, 1.63

Q4 117 1.05 0.86, 1.27 36 1.27 0.88, 1.85

Ptrend 0.57 0.30

Pinteraction 0.72

Abbreviations: CI, confidence interval; Q1, quartile 1; Q2, quartile 2; Q3, quartile 3; Q4, quartile 4; RR, rate ratio.
a Numbers do not sum to total because of missing data.
b Adjusted for age, state, race, smoking, fruit servings, and leisure-time physical activity in the winter.
c Detailed information for these chemicals was collected on the take-home questionnaire at enrollment.
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bias is not likely an issue in the Agricultural Health Study
and that pesticide exposure may truly increase aggressive
prostate cancer risk.

We also observed an association between fonofos and
aldrin use and risk of total prostate cancer that was modi-
fied by family history of prostate cancer. This is consistent

Table 6. Phase I and Phase II Data for Cumulative Lifetime Pesticide Exposure to Organochlorine Insecticides
and Risk of Total Prostate Cancer by Family History of Prostate Cancer in the Agricultural Health Study, 1993–
2007

No Family History Yes Family History

No. of
Casesa RRb 95% CI No. of

Casesa RRb 95% CI

Aldrinc

Nonexposed 538 1.00 Referent 95 1.00 Referent

Q1 50 0.99 0.74, 1.33 12 1.29 0.70, 2.40

Q2 38 0.72 0.51, 1.00 20 1.95 1.17, 3.25

Q3 45 1.06 0.78, 1.45 17 1.83 1.08, 3.09

Q4 45 1.13 0.83, 1.54 16 2.13 1.22, 3.72

Ptrend 0.42 0.005

Pinteraction 0.04

Chlordanec

Nonexposed 544 1.00 Referent 118 1.00 Referent

Q1 39 0.70 0.50, 0.96 15 1.15 0.67, 1.98

Q2 45 1.35 0.99, 1.83 11 1.33 0.71, 2.47

Q3 45 1.01 0.75, 1.38 8 0.72 0.35, 1.48

Q4 43 0.99 0.72, 1.36 9 1.12 0.57, 2.23

Ptrend 0.88 0.91

Pinteraction 0.52

DDTc

Nonexposed 421 1.00 Referent 93 1.00 Referent

Q1 73 0.96 0.74, 1.24 17 1.08 0.63, 1.85

Q2 76 1.37 1.06, 1.76 17 1.43 0.83, 2.44

Q3 70 1.25 0.97, 1.62 15 1.43 0.81, 2.51

Q4 67 1.22 0.93, 1.59 15 1.04 0.58, 1.83

Ptrend 0.15 0.98

Pinteraction 0.76

Dieldrinc

Nonexposed 675 1.00 Referent 148 1.00 Referent

T1 15 0.90 0.54, 1.51 4

T2 13 0.73 0.42, 1.26 5 1.55 0.63, 3.82

T3 13 0.90 0.52, 1.56 5 1.54 0.62, 3.83

Ptrend 0.56 0.29

Pinteraction 0.69

Heptachlorc

Nonexposed 592 1.00 Referent 132 1.00 Referent

Q1 37 1.20 0.86, 1.69 7 0.81 0.37, 1.75

Q2 35 1.11 0.78, 1.57 7 0.83 0.39, 1.80

Q3 31 0.94 0.65, 1.36 11 1.17 0.63, 2.21

Q4 32 1.01 0.70, 1.44 8 0.91 0.44, 1.88

Ptrend 0.93 0.91

Pinteraction 0.73

Table continues
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Table 6. Continued

No Family History Yes Family History

No. of
Casesa RRb 95% CI No. of

Casesa RRb 95% CI

Lindanec

Nonexposed 622 1.00 Referent 127 1.00 Referent

Q1 30 0.87 0.59, 1.27 11 1.02 0.52, 2.01

Q2 30 1.20 0.82, 1.75 6 0.97 0.45, 2.08

Q3 27 0.98 0.66, 1.45 10 1.48 0.77, 2.84

Q4 25 0.95 0.64, 1.42 10 2.17 1.13, 4.17

Ptrend 0.84 0.01

Pinteraction 0.26

Toxaphenec

Nonexposed 617 1.00 Referent 137 1.00 Referent

Q1 23 0.71 0.47, 1.09 10 1.18 0.62, 2.24

Q2 30 1.14 0.80, 1.64 7 1.17 0.54, 2.51

Q3 25 1.20 0.80, 1.80 7 1.36 0.63, 2.94

Q4 27 0.92 0.62, 1.36 6 1.22 0.52, 2.84

Ptrend 0.82 0.57

Pinteraction 0.96

Abbreviations: CI, confidence interval; DDT, dichlorodiphenyltrichloroethane; Q1, quartile 1; Q2, quartile 2; Q3,
quartile 3; Q4, quartile 4; RR, rate ratio; T1, tertile 1; T2, tertile 2; T3, tertile 3.

a Numbers do not sum to total because of missing data.
b Adjusted for age, state, race, smoking, fruit servings, and leisure-time physical activity in the winter.
c Detailed information for these chemicals was collected on the take-home questionnaire at enrollment.

Table 7. Phase I and Phase II Data for Cumulative Lifetime Pesticide Exposure to Triazine Herbicides and Risk
of Total Prostate Cancer by Family History of Prostate Cancer in the Agricultural Health Study, 1993–2007

No Family History Yes Family History

No. of
Casesa RRb 95% CI No. of

Casesa RRb 95% CI

Atrazine

Nonexposed 375 1.00 Referent 54 1.00 Referent

Q1 242 0.94 0.80, 1.12 53 1.07 0.72, 1.58

Q2 244 0.98 0.83, 1.16 57 1.25 0.85, 1.84

Q3 236 0.90 0.76, 1.07 67 1.26 0.87, 1.83

Q4 250 0.96 0.81, 1.13 65 1.27 0.88, 1.83

Ptrend 0.73 0.29

Pinteraction 0.64

Cyanazine

Nonexposed 788 1.00 Referent 150 1.00 Referent

Q1 128 0.87 0.71, 1.06 30 0.89 0.59, 1.34

Q2 129 0.98 0.81, 1.19 30 0.96 0.64, 1.46

Q3 132 0.91 0.75, 1.10 31 0.90 0.60, 1.35

Q4 125 0.90 0.74, 1.10 40 1.23 0.85, 1.77

Ptrend 0.37 0.21

Pinteraction 0.67

Abbreviations: CI, confidence interval; Q1, quartile 1; Q2, quartile 2; Q3, quartile 3; Q4, quartile 4; RR, rate ratio.
a Numbers do not sum to total because of missing data.
b Adjusted for age, state, race, smoking, fruit servings, and leisure-time physical activity in the winter.
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with the observed effect modification by family history for
fonofos within the Agricultural Health Study (13, 14) and
provides new information about potential effect modifica-
tion from a family history of prostate cancer among individ-
uals with exposure to aldrin. These observations suggest
that selected insecticides may interact with genetic determi-
nants or that nongenetic factors that track in families might
account for the observed association.
Our study is able to address several limitations common

in other studies of pesticide use and prostate cancer. It in-
cluded a large number of prostate cancer cases with expo-
sure to pesticides and detailed information on use of
specific pesticides that was available at 2 points in time.
We also provided risk estimates, for the first time, for spe-
cific pesticides and clinically significant prostate cancer.
Some limitations of our study should also be acknowl-
edged. For example, information on the Gleason score was
missing for 30% of the cases in North Carolina, which
most likely led to an underestimation of advanced cases
from this state. If these underestimated cases were more
likely to have high exposure to the observed chemicals
with an association for prostate cancer, the true risk may be
higher than we observed here. Furthermore, Gleason scores
were not standardized by centralized pathologic review.
Moreover, because detailed information on some pesticides
was collected only from the take-home questionnaire,
missing data on these chemicals could introduce selection
bias. We believe this is unlikely however, since individuals
completing the take-home questionnaire were comparable
to nonrespondents (48). In addition, although information
on pesticide use provided by farmers in the Agricul-
tural Health Study is quite reliable (49, 50), exposure mis-
classification undoubtedly occurred. In a prospective study
such as the Agricultural Health Study, such misclassifica-
tion is likely to be nondifferential and would tend to bias
relative risks toward the null and diminish any “real” expo-
sure-response gradients (51). Finally, given the large
number of pesticides examined, we cannot rule out the pos-
sibility that some of our findings might be due to chance.
In conclusion, we observed significant increases in the

risk of aggressive prostate cancer associated with 4 insec-
ticides: fonofos (organophosphate), malathion (organo-
phosphate), terbufos (organophosphate), and aldrin
(organochlorine). This is the first time specific pesticides
have been studied as risk factors for aggressive prostate
cancer. These pesticide-specific findings need to be sup-
ported by mechanistic studies where there is still limited
information about how pesticides impact carcinogenesis.
Future follow-up in the Agricultural Health Study to further
evaluate the relation between pesticides and aggressive
prostate cancer is anticipated.
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Web Table 1. List and Prevalence of 48 Chemicals Examined for Risk of Total Prostate Cancer 

Pesticide Type 
Prevalence of use  (% Ever) Quartile Medians-Total Prostate Cancerb 

Prostate Cases   
n (%) 

Rest of  
Cohorta n (%) Q1 Q2 Q3 Q4 

Atrazine Herbicide (TR) 1342 (68.4) 36,752 (70.1) 12.0 48.8 108.5 336.0 
Dicamba Herbicide 838 (42.7) 25,516 (48.7) 8.8 24.5 58.8 224.8 
Cyanazine Herbicide (TR) 675 (34.4) 19,542 (37.3) 8.8 24.5 56.0 224.8 
Chlorimuron-ethyl Herbicide 303 (15.4) 8,238 (15.7) 8.8 30.0   
Metolachlor Herbicide 768 (39.1) 23,757 (45.3) 8.8 24.5 56.0 224.8 
EPTC Herbicide 300 (15.3) 9,552 (18.2) 8.8 56.0   
Alachlor Herbicide 917 (46.7) 24,548 (46.8) 8.8 24.5 86.0 236.0 
Metribuzin Herbicide 372 (19.0) 8,750 (16.7) 8.8 20.0 24.5 103.3 
Paraquat Herbicide 178 (9.1) 4,453 (8.5) 2.5 8.8 24.5 108.5 
Petroleum Oil Herbicide 206 (10.5) 4,838 (9.2) 8.8 24.5 56.0 236.0 
Pendimethalin Herbicide 408 (20.1) 12,323 (23.5) 7.0 15.0 24.5 105.0 
Imazethapyr Herbicide 642 (32.7) 20,810 (39.7) 8.8 24.5 56.0  
Glyphosate Herbicide 1464 (74.6) 42,420 (80.9) 8.8 24.0 56.0 224.8 
2,4,5 T P Herbicide 51 (2.6) 1,061 (2.0) 8.8 24.5 108.5  
Butylate Herbicide 241 (12.3) 5,764 (11.0) 8.8 24.5 56.0 116.0 
Trifluralin Herbicide 893 (45.5) 25,245 (48.1) 14.5 50.8 108.5 236.0 
2,4-D Herbicide 1469 (74.9) 39,677 (75.7) 10.0 50.8 118.5 396.0 
2,4,5 T Herbicide 245 (12.5) 3,860 (7.4) 8.8 50.8   
Permethrin (crop) Insecticide 196 (10.0) 7,587 (14.5) 8.8 55.7   
Permethrin (animal) Insecticide 177 (9.0) 6,540 (12.5) 8.8 56.0   
Terbufos Insecticide (OP) 639 (32.6) 17,838 (34.0) 12.0 48.8 108.5 336.0 
Fonofos Insecticide (OP) 384 (19.6) 9,681 (18.5) 8.8 24.5 50.8 116.0 
Lindane Insecticide (OC) 157 (8.0) 3,215 (6.1) 8.8 20.0 24.5 108.0 
Carbofuran Insecticide 534 (27.2) 12,292 (23.4) 8.8 24.5 108.5  
Chlorpyrifos Insecticide (OP) 668 (34.1) 20,233 (38.6) 8.8 24.0 50.8 116.0 
Malathion Insecticide (OP) 746 (38.1)    17,212 (32.8) 8.8 20.0 38.8 116.5 
Parathion Insecticide (OP) 99 (5.1) 1,592 (3.0) 8.8 24.5 116.0  
Carbaryl Insecticide 558 (28.4) 11,601 (22.1) 8.8 20.0 45.0 175.0 
Diazinon Insecticide (OP) 258 (13.2) 5,626 (10.7) 8.8 38.8   
Aldicarb Insecticide 92 (4.7) 2,315 (4.4) 8.0 24.5 103.3  
Phorate Insecticide (OP) 304 (15.5) 6,418 (12.2) 8.8 24.5 56.0 116.0 
Aldrin Insecticide (OC) 257 (13.1) 3,315 (6.3) 8.8 24.5 50.8 103.3 
Chlordane Insecticide (OC) 233 (11.9) 3,917 (7.5) 8.8 24.5   
Dieldrin Insecticide (OC) 56 (2.9) 725 (1.4) 8.8 24.5   
DDT Insecticide (OC) 384 (19.6) 4,332 (8.3) 8.8 24.5 116.0  
Heptachlor Insecticide (OC) 178 (9.1) 2,402 (4.6) 8.8 24.5 56.0  
Toxaphene Insecticide (OC) 153 (7.8) 2,319 (4.4) 8.8 24.5 108.5  
Coumaphos Insecticide (OP) 139 (7.1) 3,614 (6.9) 8.8 20.0 38.8 176.5 
DDVP Insecticide (OP) 172 (8.8) 4,563 (8.7) 8.8 24.5 103.3 752.3 
Methyl Bromide Fumigant 281 (14.3) 7,374 (14.1) 3.5 15.5 35.0 122.5 
Aluminum 
Phosphide Fumigant 30 (1.5) 1,271 (2.4) 3.5 24.5   
Mix 80/20 Fumigant 72 (3.4) 877 (1.7) 3.5 12.3 54.3  
Ethylene 
Dibromide Fumigant 37 (1.9) 929 (1.8) 3.5 15.5 87.5  
Benomyl Fungicide 82 (4.2) 1,790 (3.4) 3.5 24.5 108.5  
Chlorothalonil Fungicide 142 (7.2) 4,395 (8.4) 7.9 28.0 64.0 200.0 
Captan Fungicide 170 (8.7) 4,879 (9.3) 0.3 7.8 64.0  
Maneb/Mancozeb Fungicide 79 (4.0) 1,720 (3.3) 7.0 30.0 224.8  
Metalaxyl Fungicide 197 (10.0) 4,884 (9.3) 1.0 12.3 25.0 59.3 

Glyphosate Herbicide 1464 (74.6) 42,420 (80.9) 8.8 24.0 56.0 224.8
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Abbreviations: Triazine (TR); Organophosphate (OP); Organochlorine (OC); quartile 1 (Q1); quartile 2 (Q2); quartile 3 
(Q3); quartile 4 (Q4). 
a Male applicators with no previous history of cancer and complete follow-up. 
bTertile cutpoints or median cutpoints provided for some chemicals. 
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Web Table 2. Cumulative Lifetime Pesticide Exposure and Risk of Total and Aggressive Prostate Cancer in the AHS, 2007 
 Intensity Weighted Days Intensity Weighted Days 

Total PCA Aggressive PCAa 
 Casesb RRc (95% CI) Casesb RRc (95% CI) 
Dicamba     

Nonexposed 837 Ref 380 Ref 
Q1 212 0.97 (0.82, 1.14) 102 0.85 (0.67, 1.07) 
Q2 208 0.89 (0.75, 1.05) 99 0.92 (0.72, 1.16) 
Q3 209 0.90 (0.76, 1.06) 100 0.82 (0.64, 1.04) 
Q4 209 1.04 (0.88, 1.22) 100 0.96 (0.75, 1.22) 
p-trend  0.50  0.98 

Chlorimuron     
Nonexposed 718 Ref 348 Ref 
Q1 76 1.01 (0.79, 1.29) 32 0.90 (0.62, 1.31) 
Q2 76 1.09 (0.86, 1.39) 31 1.20 (0.83, 1.74) 
Q3 76 1.02 (0.80, 1.32) 31 0.80 (0.53, 1.21) 
Q4 75 0.89 (0.70, 1.13) 31 0.74 (0.51, 1.08) 
p-trend  0.36  0.10 

Metolachlor     
Nonexposed 910 Ref 427 Ref 
Q1 192 1.04 (0.88, 1.23) 93 1.03 (0.81, 1.31) 
Q2 192 1.05 (0.89, 1.23) 89 1.00 (0.79, 1.26) 
Q3 192 0.98 (0.83, 1.16) 91 0.95 (0.74, 1.20) 
Q4 192 0.91 (0.78, 1.07) 91 0.98 (0.78, 1.24) 
p-trend  0.21  0.81 

EPTC     
Nonexposed 1352 Ref 624 Ref 
Q1 75 1.00 (0.79, 1.26) 39 1.01 (0.72, 1.41) 
Q2 76 1.25 (0.99, 1.58) 37 1.29 (0.93, 1.81) 
Q3 74 0.93 (0.73, 1.17) 38 0.97 (0.70, 1.35) 
Q4 75 0.93 (0.73, 1.17) 38 1.01 (0.73, 1.41) 
p-trend  0.48  0.98 

Alachlor     
Nonexposed 745 Ref 362 Ref 
Q1 230 0.96 (0.83, 1.12) 104 0.89 (0.71, 1.12) 
Q2 231 1.03 (0.89, 1.20) 104 0.95 (0.76, 1.18) 
Q3 227 0.99 (0.85, 1.15) 104 0.96 (0.77, 1.20) 
Q4 229 0.99 (0.86, 1.15) 103 0.90 (0.73, 1.13) 
p-trend  0.96  0.49 

Metribuzin     
Nonexposed 633 Ref 295 Ref 
Q1 93 0.97 (0.77, 1.21) 45 0.86 (0.62, 1.19) 
Q2 93 1.17 (0.93, 1.47) 42 1.03 (0.73, 1.45) 
Q3 93 0.94 (0.75, 1.17) 44 0.99 (0.71, 1.38) 
Q4 93 1.08 (0.87, 1.35) 43 1.11 (0.80, 1.54) 
p-trend  0.57  0.46 

Paraquat     
Nonexposed 844 Ref 391 Ref 
Q1 45 0.96 (0.71, 1.31) 21 0.92 (0.57, 1.49) 
Q2 44 0.97 (0.71, 1.33) 20 0.93 (0.58, 1.49) 
Q3 45 0.93 (0.68, 1.27) 21 1.32 (0.83, 2.08) 
Q4 44 1.03 (0.75, 1.42) 20 1.30 (0.80, 2.10) 
p-trend  0.88  0.22 

Petroleum Oil     
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Nonexposed 796 Ref 364 Ref 
Q1 52 0.96 (0.71, 1.28) 27 0.87 (0.57, 1.31) 
Q2 52 1.17 (0.88, 1.55) 26 1.34 (0.89, 2.03) 
Q3 51 1.05 (0.79, 1.39) 26 1.30 (0.87, 1.96) 
Q4 51 1.14 (0.86, 1.52) 26 1.30 (0.87, 1.93) 
p-trend  0.34  0.14 

Pendimethalin     
Nonexposed 649 Ref 305 Ref 
Q1 102 0.84 (0.68, 1.05) 50 0.80 (0.59, 1.10) 
Q2 102 0.92 (0.74, 1.15) 46 1.02 (0.74, 1.42) 
Q3 102 0.90 (0.72, 1.13) 48 0.97 (0.70, 1.34) 
Q4 102 1.16 (0.93, 1.43) 48 1.32 (0.97, 1.80) 
p-trend  0.15  0.06 

Imazethapyr     
Nonexposed 1019 Ref 470 Ref 
Q1 161 1.00 (0.84, 1.20) 78 0.95 (0.73, 1.23) 
Q2 160 1.06 (0.88, 1.26) 77 0.89 (0.69, 1.16) 
Q3 161 1.11 (0.92, 1.32) 77 0.97 (0.75, 1.25) 
Q4 160 1.00 (0.84, 1.20) 77 1.08 (0.84, 1.38) 
p-trend  0.86  0.51 

Glyphosate     
Nonexposed 385 Ref 188 Ref 
Q1 366 0.91 (0.79, 1.06) 170 0.93 (0.74, 1.16) 
Q2 366 0.96 (0.83, 1.12) 169 0.91 (0.73, 1.13) 
Q3 366 1.01 (0.87, 1.17) 170 1.01 (0.82, 1.25) 
Q4 366 0.99 (0.86, 1.15) 169 0.94 (0.75, 1.18) 

2,4,5-TP     
Nonexposed 939 Ref 434 Ref 
Q1 17 0.73 (0.44, 1.21) 8 0.93 (0.44, 1.95) 
Q2 18 1.14 (0.72, 1.79) 8 1.49 (0.74, 3.01) 
Q3 16 0.83 (0.52, 1.35) 8 1.04 (0.51, 2.09) 
Q4   7 1.31 (0.62, 2.77) 
p-trend  0.50  0.46 

Butylate     
Nonexposed 756 Ref 348 Ref 
Q1 62 0.74 (0.57, 0.96) 30 0.71 (0.48, 1.05) 
Q2 61 0.90 (0.69, 1.17) 30 1.03 (0.71, 1.51) 
Q3 58 1.24 (0.95, 1.63) 30 1.38 (0.94, 2.02) 
Q4 60 1.20 (0.92, 1.56) 29 1.28 (0.87, 1.87) 
p-trend  0.08  0.08 

Trifluralin     
Nonexposed 784 Ref 357 Ref 
Q1 224 0.94 (0.81, 1.09) 109 0.95 (0.76, 1.19) 
Q2 223 1.05 (0.89, 1.22) 107 1.04 (0.83, 1.30) 
Q3 223 0.98 (0.84, 1.14) 108 1.05 (0.84, 1.31) 
Q4 223 0.97 (0.83, 1.13) 108 0.99 (0.79, 1.24) 
p-trend  0.78  0.96 

2,4-D     
Nonexposed 392 Ref 186 Ref 
Q1 369 0.99 (0.85, 1.15) 173 0.95 (0.76, 1.18) 
Q2 366 0.97 (0.83, 1.14) 173 0.85 (0.67, 1.07) 
Q3 367 1.01 (0.87, 1.18) 173 0.88 (0.71, 1.10) 
Q4 367 0.95 (0.82, 1.11) 172 0.96 (0.76, 1.20) 
p-trend  0.52  0.79 

Glyphosate
Nonexposed 385 Ref 188 Ref
Q1 366 0.91 (0.79, 1.06) 170 0.93 (0.74, 1.16)
Q2 366 0.96 (0.83, 1.12) 169 0.91 (0.73, 1.13)
Q3 366 1.01 (0.87, 1.17) 170 1.01 (0.82, 1.25)
Q4 366 0.99 (0.86, 1.15) 169 0.94 (0.75, 1.18)
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2,4,5-T     
Nonexposed 744 Ref 343 Ref 
Q1 62 1.32 (1.02, 1.71) 31 1.15 (0.78, 1.70) 
Q2 62 1.09 (0.84, 1.42) 31 1.20 (0.81, 1.77) 
Q3 60 0.96 (0.73, 1.25) 29 1.00 (0.68, 1.46) 
Q4 61 0.82 (0.63, 1.06) 30 0.87 (0.59, 1.26) 
p-trend  0.10  0.42 

Permethrin crop     
Nonexposed 1468 Ref 693 Ref 
Q1 49 0.93 (0.69, 1.23) 22 0.95 (0.60, 1.49) 
Q2 49 1.07 (0.80, 1.43) 22 1.07 (0.69, 1.66) 
Q3 49 0.86 (0.64, 1.16) 22 0.65 (0.41, 1.03) 
Q4 49 1.05 (0.79, 1.40) 21 1.33 (0.86, 2.05) 
p-trend  0.85  0.38 

Permethrin animal     
Nonexposed 1529 Ref 709 Ref 
Q1 45 0.98 (0.69, 1.37) 24 1.07 (0.67, 1.70) 
Q2 44 1.16 (0.83, 1.63) 23 1.11 (0.71, 1.74) 
Q3 44 1.11 (0.81, 1.51) 24 1.09 (0.72, 1.64) 
Q4 44 0.84 (0.62, 1.13) 23 1.11 (0.73, 1.68) 
p-trend  0.32  0.58 

Carbofuran     
Nonexposed 1128 Ref 508 Ref 
Q1 140 0.97 (0.81, 1.16) 69 1.11 (0.85, 1.44) 
Q2 127 1.23 (1.02, 1.47) 66 1.11 (0.87, 1.43) 
Q3 134 1.13 (0.94, 1.36) 64 1.13 (0.86, 1.47) 
Q4 133 0.88 (0.74, 1.05) 66 1.22 (0.95, 1.58) 
p-trend  0.24  0.12 

Carbaryl     
Nonexposed 483 Ref 237 Ref 
Q1 140 1.04 (0.86, 1.26) 67 1.05 (0.78, 1.42) 
Q2 139 1.13 (0.92, 1.38) 60 1.03 (0.76, 1.40) 
Q3 140 1.25 (1.02, 1.53) 64 1.19 (0.88, 1.60) 
Q4 139 0.91 (0.73, 1.13) 63 0.99 (0.71, 1.39) 
p-trend  0.18  0.85 

Aldicarb     
Nonexposed 913 Ref 436 Ref 
Q1 23 0.95 (0.62, 1.44) 10 0.87 (0.39, 1.93) 
Q2 23 1.73 (1.13, 2.65) 10 2.99 (1.52, 5.87) 
Q3 23 0.98 (0.63, 1.53) 10 1.06 (0.50, 2.27) 
Q4 23 1.00 (0.64, 1.56) 9 0.72 (0.33, 1.57) 
p-trend  0.97  0.47 

Methyl bromide     
Nonexposed 1570 Ref 750 Ref 
Q1 72 0.94 (0.73, 1.20) 30 1.17 (0.80, 1.71) 
Q2 69 0.90 (0.70, 1.16) 30 0.79 (0.53, 1.18) 
Q3 70 0.94 (0.73, 1.21) 30 1.10 (0.74, 1.63) 
Q4 70 0.94 (0.73, 1.21) 29 0.93 (0.63, 1.38) 
p-trend  0.66  0.78 

Aluminum Phosphide     
Nonexposed 959 Ref 445 Ref 
T1 10 1.07 (0.57, 1.99) 10 1.58 (0.84, 2.96) 
T2 11 0.64 (0.35, 1.17) 8 0.78 (0.39, 1.57) 
T3 9 0.85 (0.44, 1.65)   
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p-trend  0.49  0.53 
Mix 80/20     

Nonexposed 912 Ref 425 Ref 
Q1 25 1.73 (1.16, 2.58) 10 1.71 (0.88, 3.32) 
Q2 24 1.15 (0.76, 1.73) 9 1.54 (0.79, 2.99) 
Q3 23 1.05 (0.69, 1.59) 9 0.84 (0.42, 1.69) 
Q4   9 1.44 (0.74, 2.79) 
p-trend  0.79  0.33 

Ethylene Dibromide     
Nonexposed 953 Ref 447 Ref 
T1 13 1.16 (0.67, 2.01) 7 0.89 (0.39, 2.00) 
T2 13 1.18 (0.68, 2.05) 7 0.56 (0.26, 1.20) 
T3 11 0.44 (0.24, 0.81)   
p-trend  0.009  0.13 

Benomyl     
Nonexposed 904 Ref 424 Ref 
Q1 21 1.06 (0.69, 1.64) 10 1.33 (0.71, 2.50) 
Q2 20 1.00 (0.64, 1.57) 9 0.93 (0.47, 1.81) 
Q3 21 1.36 (0.88, 2.12) 10 1.20 (0.61, 2.35) 
Q4 20 0.71 (0.45, 1.11) 9 1.18 (0.62, 2.24) 
p-trend  0.19  0.59 

Chlorothalonil     
Nonexposed 1720 Ref 797 Ref 
Q1 37 0.87 (0.61, 1.24) 18 1.09 (0.63, 1.89) 
Q2 34 1.25 (0.88, 1.76) 17 1.82 (1.09, 3.03) 
Q3 36 0.86 (0.62, 1.21) 17 1.00 (0.61, 1.65) 
Q4 35 0.88 (0.62, 1.23) 17 1.09 (0.67, 1.79) 
p-trend  0.39  0.72 

Captan     
Nonexposed 1508 Ref 692 Ref 
Q1 44 1.07 (0.78, 1.45) 23 0.86 (0.57, 1.32) 
Q2 41 1.05 (0.77, 1.44) 23 1.90 (1.21, 2.98) 
Q3 43 1.10 (0.81, 1.49) 23 1.39 (0.91, 2.12) 
Q4 42 0.96 (0.70, 1.33) 23 1.35 (0.87, 2.08) 
p-trend  0.86  0.14 

Maneb/Mancozeb     
Nonexposed 907 Ref 425 Ref 
Q1 20 0.86 (0.54, 1.36) 11 1.14 (0.62, 2.10) 
Q2 20 0.89 (0.55, 1.42) 8 1.10 (0.54, 2.23) 
Q3 20 0.84 (0.54, 1.31) 9 1.59 (0.81, 3.14) 
Q4 19 0.83 (0.52, 1.32) 9 0.67 (0.34, 1.31) 
p-trend  0.41  0.29 

Metalaxyl     
Nonexposed 791 Ref 379 Ref 
Q1 50 0.96 (0.72, 1.28) 23 1.04 (0.68, 1.58) 
Q2 49 1.01 (0.74, 1.37) 22 1.04 (0.65, 1.66) 
Q3 49 1.11 (0.82, 1.51) 22 1.19 (0.75, 1.88) 
Q4 49 1.03 (0.76, 1.40) 22 1.13 (0.70, 1.82) 
p-trend  0.78  0.59 

Abbreviations: Agricultural Health Study (AHS); Prostate Cancer (PCA); quartile 1 (Q1); quartile 2 (Q2); quartile 3 (Q3); 
quartile 4 (Q4). 
aDistant Stage OR Poorly differentiated (after 1/1/2003 Gleason 7-10) OR Gleason ≥7 OR Fatal (underlying cause-
prostate cancer) 
bNumbers do not sum to total due to missing data. 
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cAdjusted for age, state, race, family history of prostate cancer, smoking, fruit servings, and leisure time physical activity 
in the winter 
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Web Table 3. Cumulative Lifetime Pesticide Exposure and Risk of Total Prostate Cancer by Family History of Prostate 
Cancer in the Agricultural Health Study 

 Intensity Weighted Days Intensity Weighted Days  
FAMILY HISTORY NO YES  

 Casesa RRb (95% CI) Casesa RRb (95% CI) p-interaction 
Dicamba      

Nonexposed 638 Ref 122 Ref  
Q1 163 0.97 (0.81, 1.17) 42 1.17 (0.80, 1.71)  
Q2 163 0.93 (0.76, 1.13) 37 0.90 (0.60, 1.33)  
Q3 154 0.88 (0.73, 1.07) 44 1.02 (0.70, 1.49)  
Q4 160 1.05 (0.87, 1.27) 42 1.20 (0.82, 1.75)  
p-trend  0.55  0.37 0.22 

Chlorimuron      
Nonexposed 530 Ref 114 Ref  
Q1 58 0.99 (0.75, 1.32) 17 1.29 (0.77, 2.15)  
Q2 53 0.98 (0.74, 1.30) 18 1.56 (0.92, 2.62)  
Q3 56 1.02 (0.76, 1.37) 9 0.65 (0.32, 1.32)  
Q4 54 0.90 (0.68, 1.20) 11 0.79 (0.43, 1.48)  
p-trend  0.51  0.32 0.11 

Metolachlor      
Nonexposed 716 Ref 134 Ref  
Q1 137 0.94 (0.78, 1.13) 40 1.43 (0.99, 2.08)  
Q2 151 1.05 (0.87, 1.25) 30 0.99 (0.65, 1.51)  
Q3 140 0.92 (0.76, 1.10) 41 1.15 (0.78, 1.69)  
Q4 144 0.86 (0.72, 1.03) 37 1.04 (0.72, 1.52)  
p-trend  0.10  0.96 0.53 

EPTC      
Nonexposed 1064 Ref 207 Ref  
Q1 60 1.03 (0.79, 1.34) 14 0.95 (0.55, 1.64)  
Q2 54 1.16 (0.88, 1.53) 21 1.70 (1.08, 2.68)  
Q3 50 0.86 (0.65, 1.15) 20 1.12 (0.70, 1.79)  
Q4 50 0.81 (0.61, 1.08) 20 1.28 (0.80, 2.03)  
p-trend  0.12  0.29 0.22 

Alachlor      
Nonexposed 587 Ref 105 Ref  
Q1 172 0.92 (0.77, 1.09) 45 1.21 (0.85, 1.73)  
Q2 175 1.01 (0.85, 1.20) 47 1.26 (0.89, 1.79)  
Q3 186 1.04 (0.88, 1.22) 30 0.82 (0.54, 1.24)  
Q4 165 0.92 (0.77, 1.09) 49 1.38 (0.98, 1.94)  
p-trend  0.46  0.16 0.11 

Metribuzin      
Nonexposed 469 Ref 87 Ref  
Q1 67 0.90 (0.69, 1.18) 18 1.05 (0.62, 1.78)  
Q2 65 1.07 (0.82, 1.40) 24 1.61 (1.00, 2.58)  
Q3 70 0.94 (0.73, 1.22) 18 0.88 (0.51, 1.49)  
Q4 69 1.03 (0.79, 1.33) 20 1.43 (0.87, 2.37)  
p-trend  0.85  0.27 0.33 

Paraquat      
Nonexposed 618 Ref 146 Ref  
Q1 37 1.08 (0.77, 1.52) 5 0.62 (0.25, 1.52)  
Q2 31 0.93 (0.64, 1.35) 4 **  
Q3 28 0.83 (0.56, 1.24) 9 1.13 (0.56, 2.28)  
Q4 32 0.96 (0.65, 1.40) 6 1.13 (0.48, 2.66)  
p-trend  0.74  0.67 0.59 
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Petroleum Oil      
Nonexposed 587 Ref 124 Ref  
Q1 34 0.81 (0.56, 1.16) 13 1.39 (0.78, 2.48)  
Q2 40 1.15 (0.83, 1.59) 10 1.31 (0.68, 2.51)  
Q3 38 1.02 (0.73, 1.41) 10 1.14 (0.60, 2.18)  
Q4 36 1.11 (0.80, 1.56) 9 0.97 (0.49, 1.91)  
p-trend  0.49  0.89 0.66 

Pendimethalin      
Nonexposed 483 Ref 101 Ref  
Q1 76 0.86 (0.67, 1.10) 22 0.92 (0.54, 1.55)  
Q2 73 0.87 (0.67, 1.13) 21 1.19 (0.73, 1.94)  
Q3 76 0.87 (0.66, 1.14) 13 0.70 (0.38, 1.28)  
Q4 69 1.03 (0.80, 1.33) 21 1.61 (1.00, 2.60)  
p-trend  0.78  0.07 0.62 

Imazethapyr      
Nonexposed 796 Ref 153 Ref  
Q1 122 0.97 (0.79, 1.19) 32 1.09 (0.72, 1.65)  
Q2 127 1.07 (0.87, 1.31) 26 0.92 (0.59, 1.43)  
Q3 112 1.04 (0.84, 1.28) 41 1.26 (0.87, 1.84)  
Q4 127 1.01 (0.82, 1.23) 27 0.91 (0.58, 1.43)  
p-trend  0.90  0.81 0.99 

Glyphosate      
Nonexposed 280 Ref 48 Ref  
Q1 255 0.89 (0.75, 1.06) 61 1.00 (0.65, 1.53)  
Q2 251 0.93 (0.77, 1.12) 65 1.01 (0.68, 1.50)  
Q3 270 1.01 (0.85, 1.20) 61 1.00 (0.68, 1.48)  
Q4 280 1.02 (0.86, 1.21) 60 0.95 (0.64, 1.40)  
p-trend  0.27  0.71 0.86 

2,4,5-TP      
Nonexposed 687 Ref 157 Ref  
T1 11 0.64 (0.34, 1.20) 6 1.10 (0.45, 2.68)  
T2 15 1.20 (0.72, 2.01) 3 **  
T3 13 0.92 (0.54, 1.57) 1 **  
p-trend  0.82  0.19 0.33 

Butylate      
Nonexposed 561 Ref 110 Ref  
Q1 42 0.66 (0.48, 0.91) 16 1.02 (0.60, 1.74)  
Q2 51 1.05 (0.78, 1.40) 7 0.48 (0.22, 1.02)  
Q3 35 1.01 (0.72, 1.43) 21 2.20 (1.35, 3.56)  
Q4 46 1.23 (0.91, 1.66) 9 1.03 (0.52, 2.04)  
p-trend  0.14  0.40 0.01 

Trifluralin      
Nonexposed 611 Ref 112 Ref  
Q1 172 0.95 (0.80, 1.13) 41 1.01 (0.69, 1.47)  
Q2 170 1.06 (0.88, 1.26) 41 1.00 (0.69, 1.45)  
Q3 170 1.04 (0.87, 1.24) 41 0.85 (0.58, 1.23)  
Q4 161 0.93 (0.78, 1.12) 43 1.04 (0.72, 1.49)  
p-trend  0.52  0.92 0.69 

2,4-D      
Nonexposed 290 Ref 43 Ref  
Q1 262 0.93 (0.78, 1.11) 60 1.21 (0.80, 1.82)  
Q2 256 0.88 (0.74, 1.05) 68 1.29 (0.85, 1.95)  
Q3 287 1.03 (0.86, 1.22) 51 0.86 (0.56, 1.31)  
Q4 260 0.87 (0.73, 1.03) 73 1.17 (0.78, 1.75)  

Glyphosate
Nonexposed 280 Ref 48 Ref
Q1 255 0.89 (0.75, 1.06) 61 1.00 (0.65, 1.53)
Q2 251 0.93 (0.77, 1.12) 65 1.01 (0.68, 1.50)
Q3 270 1.01 (0.85, 1.20) 61 1.00 (0.68, 1.48)
Q4 280 1.02 (0.86, 1.21) 60 0.95 (0.64, 1.40)
p-trend 0.27 0.71 0.86
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p-trend  0.25  0.90 0.42 
2,4,5-T      

Nonexposed 544 Ref 121 Ref  
Q1 43 1.23 (0.90, 1.68) 18 2.03 (1.22, 3.37)  
Q2 45 1.05 (0.77, 1.43) 11 1.13 (0.61, 2.10)  
Q3 45 0.96 (0.71, 1.30) 10 0.93 (0.48, 1.78)  
Q4 50 0.90 (0.68, 1.21) 6 0.49 (0.21, 1.11)  
p-trend  0.43  0.06 0.22 

Permethrin crop      
Nonexposed 1141 Ref 239 Ref  
Q1 37 0.93 (0.66, 1.29) 11 0.92 (0.47, 1.81)  
Q2 40 1.12 (0.82, 1.54) 7 0.77 (0.32, 1.87)  
Q3 36 0.79 (0.56, 1.11) 11 1.30 (0.69, 2.44)  
Q4 33 0.91 (0.64, 1.29) 11 1.52 (0.83, 2.78)  
p-trend  0.46  0.15 0.16 

Permethrin animal      
Nonexposed 1183 Ref 246 Ref  
Q1 37 1.10 (0.76, 1.58) 6 0.52 (0.19, 1.41)  
Q2 32 1.16 (0.80, 1.67) 10 1.27 (0.61, 2.64)  
Q3 33 1.14 (0.80, 1.62) 9 1.05 (0.52, 2.14)  
Q4 35 0.86 (0.61, 1.21) 7 0.69 (0.34, 1.40) 0.78 
p-trend  0.48  0.35  

Carbofuran      
Nonexposed 891 Ref 169 Ref  
Q1 112 1.00 (0.82, 1.22) 20 0.75 (0.46, 1.22)  
Q2 91 1.10 (0.89, 1.36) 28 1.79 (1.21, 2.66)  
Q3 102 1.13 (0.92, 1.39) 29 1.33 (0.89, 1.99)  
Q4 98 0.88 (0.71, 1.08) 32 1.11 (0.76, 1.61)  
p-trend  0.30  0.49 0.28 

Carbaryl      
Nonexposed 357 Ref 86 Ref  
Q1 100 1.04 (0.83, 1.31) 30 1.08 (0.70, 1.67)  
Q2 107 1.15 (0.91, 1.47) 23 1.09 (0.67, 1.76)  
Q3 100 1.23 (0.96, 1.56) 22 1.32 (0.79, 2.18)  
Q4 101 0.98 (0.75, 1.27) 12 0.49 (0.25, 0.97)  
p-trend  0.59  0.03 0.19 

Aldicarb      
Nonexposed 674 Ref 154 Ref  
Q1 16 0.87 (0.53, 1.44) 3 **  
Q2 17 1.65 (1.01, 2.72) 1 **  
Q3 17 0.98 (0.59, 1.63) 3 **  
Q4 15 0.83 (0.47, 1.45) 3 **  
p-trend  0.56    

Methyl bromide      
Nonexposed 1166 Ref 245 Ref  
Q1 48 0.88 (0.65, 1.19) 16 1.58 (0.92, 2.73)  
Q2 48 0.84 (0.62, 1.14) 11 1.22 (0.64, 2.34)  
Q3 45 0.81 (0.60, 1.11) 13 2.00 (1.10, 3.67)  
Q4 55 1.00 (0.75, 1.33) 10 1.10 (0.55, 2.17)  
p-trend  0.97  0.79 0.10 

Aluminum Phosphide      
Nonexposed 710 Ref 157 Ref  
T1 6 0.82 (0.37, 1.84) 4 **  
T2 8 0.60 (0.29, 1.23) 3 **  
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T3 6 0.83 (0.37, 1.86) 1 **  
p-trend  0.50    

Mix 80/20      
Nonexposed 675 Ref 147 Ref  
T1 18 1.71 (1.07, 2.74) 7 2.34 (1.08, 5.06)  
T2 17 0.98 (0.61, 1.59) 6 2.07 (0.90, 4.72)  
T3 16 0.98 (0.60, 1.62) 4 0.96 (0.35, 2.67)  
p-trend  0.93  0.92 0.69 

Ethylene Dibromide      
Nonexposed 699 Ref 160 Ref  
T1 10 1.22 (0.65, 2.28) 3 **  
T2 11 1.50 (0.82, 2.75) 0 **  
T3 8 0.46 (0.23, 0.93) 2 **  
p-trend  0.04    

Benomyl      
Nonexposed 665 Ref 156 Ref  
Q1 15 1.02 (0.61, 1.71) 2 **  
Q2 14 0.98 (0.57, 1.67) 1 **  
Q3 16 1.33 (0.80, 2.20) 2 **  
Q4 16 0.76 (0.46, 1.26) 3 **  
p-trend  0.37    

Chlorothalonil      
Nonexposed 1262 Ref 275 Ref  
Q1 27 0.86 (0.57, 1.30) 8 1.92 (0.91, 4.03)  
Q2 24 1.21 (0.80, 1.82) 6 1.69 (0.74, 3.87)  
Q3 23 0.75 (0.49, 1.15) 8 1.41 (0.68, 2.92)  
Q4 28 0.96 (0.65, 1.40) 3 **  
p-trend  0.65  0.29 0.16 

Captan      
Nonexposed 1174 Ref 246 Ref  
Q1 37 1.11 (0.79, 1.54) 7 0.88 (0.39, 1.99)  
Q2 31 0.98 (0.68, 1.41) 7 1.25 (0.61, 2.54)  
Q3 33 1.14 (0.81, 1.62) 7 0.96 (0.44, 2.12)  
Q4 32 1.00 (0.69, 1.45) 8 0.96 (0.47, 1.96)  
p-trend  0.93  0.90 0.84 

Maneb/Mancozeb      
Nonexposed 663 Ref 155 Ref  
Q1 17 1.04 (0.63, 1.73) 2 **  
Q2 15 0.92 (0.53, 1.60) 3 **  
Q3 15 0.88 (0.53, 1.47) 4 **  
Q4 14 0.93 (0.54, 1.60) 3 **  
p-trend  0.75    

Metalaxyl      
Nonexposed 588 Ref 142 Ref  
Q1 34 0.9 (0.63, 1.27) 9 1.1 (0.56, 2.18)  
Q2 37 1.12 (0.78, 1.61) 4 **  
Q3 36 1.13 (0.79, 1.63) 5 0.86 (0.34, 2.20)  
Q4 35 1.07 (0.74, 1.54) 6 0.95 (0.40, 2.25)  
p-trend  0.66  0.89 0.67 

Abbreviations: quartile 1 (Q1); quartile 2 (Q2); quartile 3 (Q3); quartile 4 (Q4). 
aNumbers do not sum to total due to missing data. 
bAdjusted for age, state, race, smoking, fruit servings, and leisure time physical activity in the winter 
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Abstract

Background: In the developed world, occupational exposures are a leading cause of
bladder cancer. A few studies have suggested a link between pesticide exposures among
agricultural populations and bladder cancer.
Methods: We used data from the Agricultural Health Study, a prospective cohort study
which includes 57310 pesticide applicators with detailed information on pesticide use, to
evaluate the association between pesticides and bladder cancer. We used Poisson regres-
sion to calculate rate ratios (RRs) and 95% confidence intervals (CIs) to estimate the associ-
ation between each of 65 pesticides and 321 incident bladder cancer cases which accrued
over the course of follow-up (1993–2011), adjusting for lifestyle and demographic and non-
pesticide farm-related exposures, including those previously linked to bladder cancer. We
conducted additional analyses stratified by smoking status (never, former, current).
Results: We observed associations with bladder cancer risk for two imidazolinone herbi-
cides, imazethapyr and imazaquin, which are aromatic amines. Ever use of imazaquin
(RR¼1.54, 95% CI: 1.05, 2.26) was associated with increased risk whereas the excess risk
among users of imazethapyr was evident among never smokers (RR in highest quartile
vs non-exposed¼ 3.03, 95% CI: 1.46, 6.29, P-interaction¼ 0.005). We also observed
increased risks overall and among never smokers for use of several chlorinated pesti-
cides including chlorophenoxy herbicides and organochlorine insecticides.
Conclusions: Several associations between specific pesticides and bladder cancer risk
were observed, many of which were stronger among never smokers, suggesting that
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possible risk factors for bladder cancer may be more readily detectable in those unex-
posed to potent risk factors like tobacco smoke.

Key words: Pesticides, bladder cancer, epidemiology

Introduction

In the developed world, bladder cancer is the fourth and

twelfth most common cancer in men and women, respect-

ively.1 The leading risk factors are cigarette smoking and

occupational exposures.2 Aromatic amines, including

2-naphthylamine, 4-aminobiphenyl, benzidine, ortho-

toluidine and others, are established bladder carcinogens

that have been described in the occupational setting.3

Agricultural populations have a lower prevalence of

smoking than the general population,4–6 which may ex-

plain why several studies have found either no association

or a decreased risk of bladder cancer in this occupational

group.7–13 On the other hand, two studies have shown a

link between farming and bladder cancer among non-

smokers,14,15 which suggests a complexity in interpreting

the effect of other exposures in the presence of smoking,

the primary risk factor for bladder cancer. In addition,

some studies have suggested a link between farming, herbi-

cide exposure or specific agricultural settings and risk of

bladder cancer.14–22 Bladder cancer risk might be ex-

plained by the urogenous contact hypothesis which

proposes that active carcinogens dissolved in urine come

into contact with and transform cells of the bladder epithe-

lium.23 Many pesticides and their metabolites are readily

excreted from the body via the urine. Thus, the potential

exists for pesticides to adversely affect the bladder. We pre-

viously reported an increased risk of bladder cancer24 in a

cohort of farmers occupationally exposed to the aromatic

amine herbicide, imazethapyr. Other specific pesticides,

however, have been little explored as possible risk factors

for bladder cancer. Thus, we used data from the

Agricultural Health Study (AHS), a large prospective co-

hort study of pesticide applicators with detailed pesticide

use data, to evaluate the association between several

specific pesticides and bladder cancer risk.

Methods

Study population

The AHS is a prospective cohort study that includes 52 394

licensed private pesticide applicators in Iowa and North

Carolina and 4916 licensed commercial applicators in

Iowa. The cohort has been described in detail.6,24,25

Briefly, individuals seeking licenses for restricted-use pesti-

cides were recruited from December 1993 through

December 1997 (82% of the target population enrolled).

The protocol was approved by all relevant institutional re-

view boards. We obtained cancer incidence information by

regular linkage to cancer registry files in Iowa and North

Carolina. In addition, the cohort is matched to state mor-

tality registries and the National Death Index to identify

vital status, and to home address records of the Internal

Revenue Service, motor vehicle registration files and pesti-

cide license registries of state agricultural departments to

determine residence in Iowa or North Carolina. The cur-

rent analysis included all incident bladder cancers (invasive

and in situ) diagnosed from enrolment (1993–97) through

31 December 2010 in North Carolina and 31 December

2011 in Iowa. We censored follow-up at the date of cancer

diagnosis, time of death, movement out of state or at the

end of the current follow-up time. Because there was only

one case of bladder cancer diagnosed among female appli-

cators, we excluded women from the analysis (n¼ 1562),

as well as 1071 individuals with prevalent cancer at enrol-

ment and 333 with no follow-up information, leaving

Key Messages

• Occupational exposures are a leading cause of bladder cancer, but occupational pesticide exposure has been little

explored as a possible risk factor.

• We observed increased risks for two aromatic amine herbicides, chlorophenoxy herbicides and organochlorine

insecticides.

• Several associations were more apparent among never smokers, suggesting that pesticide exposure may be an over-

looked exposure in bladder carcinogenesis.

• Our results highlight the difficulty in trying to understand the impact of other exposures on smoking-related cancers.
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54344 men for analysis among whom a total of 321 inci-

dent bladder cancers were diagnosed.

Exposure assessment

Information on use of individual pesticides was captured

in two self-administered questionnaires [http://www.

aghealth.nih.gov/collaboration/questionnaires.html] com-

pleted during cohort enrolment. All applicators completed

the first enrolment questionnaire, which enquired about

ever/never use of 50 pesticides, as well as duration (years)

and frequency (average days/year) of use for a subset of 22

pesticides. In addition, 44.1% of the applicators returned

the second (take-home) enrolment questionnaire, which

enquired about duration and frequency of use for the re-

maining 28 additional pesticides and ever/never use of add-

itional pesticides. A follow-up questionnaire, which

ascertained pesticide use since enrolment and last year

applied, was administered 5 years after enrolment and

completed by 36 342 (63%) of the original participants.

For participants who did not complete a follow-up ques-

tionnaire (20 968 applicators, 37%), a data-driven mul-

tiple imputation procedure was used to impute use of

specific pesticides at follow-up. A detailed description of

the imputation process and validation is described by

Heltshe et al.26 Enrolment and follow-up information were

combined to generate cumulative lifetime days of use and

intensity-weighted lifetime days of use.

We restricted analyses to those pesticides with 10 or

more exposed cases (n¼ 65). Among these, 44 had detailed

data to explore associations between cumulative exposure

and bladder cancer risk, using two exposure metrics: (i)

lifetime days of pesticide use, that is the product of years of

use of a specific pesticide and the number of days used per

year; and (ii intensity-weighted lifetime days of use, which

is the product of lifetime days of use and a measure of ex-

posure intensity. Intensity was derived from an algorithm

using questionnaire data on mixing status, application

method, equipment repair and use of personal protective

equipment.27 We also used 15-year lagged cumulative ex-

posure, discounting the most recent 15 years of use.

Supplementary Table 1 (available as Supplementary data

at IJE online) provides the complete list of pesticides eval-

uated and their prevalence of use. Data were obtained

from Agricultural Health Study data release versions

P1REL201209.00 and P2REL201209.00.

Statistical analyses

For each pesticide, we categorized exposure based on the

distribution of use among exposed cases. Depending on

the prevalence of exposure, we created categories based

on the median exposure, tertiles or quartiles. We used

Poisson regression to calculate rate ratios (RRs) and 95%

confidence intervals (CIs) and used the MIANALYZE pro-

cedure in SAS, version 9.3 (SAS Institute, Inc., Cary, NC,

USA) to obtain the appropriate variance for the imputed

data. Analyses were conducted using ever/never use, the

lifetime days, intensity-weighted lifetime days and the

15-year lagged metrics. We evaluated several lifestyle,

demographic and non-pesticide farm-related exposures,

including those previously linked to bladder cancer (diesel

exhaust exposure, welding, painting, grinding metal) as

possible confounders of the relationship between pesticides

and bladder cancer, and ultimately included the following

variables which were independently related to bladder can-

cer in our population for adjustment of all models: attained

age (10-year intervals), race (White, other), cigarette smok-

ing (status, pack-years among former and current smokers)

and pipe smoking (ever/never). Smoking status [never, for-

mer (smoked at least 100 cigarettes in the past], current)

was ascertained at enrolment and subsequently upon co-

hort follow-up. Duration (years) and intensity (cigarettes/

day) of smoking were assessed at enrolment. To fully ex-

plore possible confounding due to smoking, we explored

adjusting for smoking in two ways: (i) status (never, for-

mer, current) and pack-years smoked; and (ii) status and

duration (years) of smoking. We also conducted analyses

stratified by smoking status (never, former, current). We

also explored adjustment for ever use of pesticides most

highly associated with a given individual pesticide in

multivariate models, as well as mutual adjustment for

pesticides that were associated with bladder cancer risk.

Likelihood ratio tests were used to assess differences be-

tween strata (P-interaction). All tests were two-sided and

conducted at the a¼ 0.05 level. Tests for trend used the

midpoint value of each exposure category in regression

models.

Results

In all, 321 cases of bladder cancer were diagnosed among

male applicators through the current follow-up period. Of

these, 96% (n¼ 307) were urothelial carcinomas and the

majority of these were localized tumours (n¼ 272) (data

not shown); 83 cancers were diagnosed among never

smokers, 161 among former smokers and 69 among cur-

rent smokers (Table 1); 13% of cases also reported a his-

tory of pipe use (Table 1); and all of these men were

former cigarette smokers at enrolment.

Table 2 shows the rate ratios of bladder cancer associ-

ated with ever use of specific herbicides, insecticides, fumi-

gants and fungicides. Increased risks of bladder cancer

were observed among ever users of the herbicides bentazon

794 International Journal of Epidemiology, 2016, Vol. 45, No. 3

For participants who did not complete a follow-up ques-

tionnaire (20 968 applicators, 37%), a data-driven mul-

tiple imputation procedure was used to impute use of

specific pesticides at follow-up.

We restricted analyses to those pesticides with 10 or

more exposed cases (n¼ 65). Among these, 44 had detailed

data to explore associations between cumulative exposure

and bladder cancer risk, using two exposure metrics: (i)

lifetime days of pesticide use, that is the product of years of

use of a specific pesticide and the number of days used per

year; and (ii intensity-weighted lifetime days of use, which

is the product of lifetime days of use and a measure of ex-

posure intensity. Intensity was derived from an algorithm

using questionnaire data on mixing status, application

method, equipment repair and use of personal protective
27equipment.2
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(RR¼1.55, 95% CI: 1.10, 2.19), bromoxynil (RR¼ 1.51,

95% CI: 1.04, 2.20), chloramben (RR¼ 1.56, 95% CI:

1.10, 2.22), diclofop-methyl (RR¼ 1.85, 95% CI: 1.01,

3.42) and imazaquin (RR¼ 1.54, 95% CI: 1.05, 2.26).

Additional associations were observed between ever use

of 2,4-D (RR¼1.46, 95% CI: 0.98, 2.18) and ever use of

sethoxydim (RR¼ 0.65, 95% CI: 0.43, 1.00), with a posi-

tive and an inverse association observed, respectively. The

organochlorine insecticides dichlorodiphenyltrichloro-

ethane (DDT) and heptachlor were positively associated

with bladder cancer risk (RR¼ 1.40, 95% CI: 1.10, 1.80

and RR¼ 1.30, 95% CI: 0.98, 1.74, respectively).

Table 3 shows the associations between cumulative in-

tensity-weighted lifetime days of herbicide use and risk of

bladder cancer overall and stratified by smoking status.

We observed positive trends for 2,4,5-T [RR in tertile 3

(T3) vs non-exposed¼ 2.64, 95% CI: 1.23, 5.68,

P-trend¼0.02], 2,4-D [RR in quartile 4 (Q4) vs non-

exposed¼1.88, 95% CI: 0.94, 3.77, P-trend¼ 0.02], gly-

phosate (RR in Q4 vs non-exposed¼ 1.93, 95% CI: 0.95,

3.91, P-trend¼ 0.03), and imazethapyr (RR in Q4 vs. non-

exposed¼3.03, 95% CI: 1.46, 6.29, P-trend¼ 0.004)

among never smokers. There was evidence of effect modifi-

cation by smoking on the relationship between cumulative

intensity-weighted days of imazethapyr and bladder cancer

(P-interaction¼ 0.005). An inverse trend with 2,4,5-T

among former smokers, and a borderline inverse

trend with dicamba among current smokers, were also

observed.

Table 4 shows the associations between cumulative in-

tensity-weighted lifetime days of insecticide use and risk of

bladder cancer overall and stratified by smoking status.

Overall, there were no positive trends in risk with increas-

ing levels of insecticide use. Among never smokers, positive

gradients in risk were observed with increasing use of two

carbamate insecticides, aldicarb [RR high (M2) vs non-

exposed¼4.04, 95% CI: 1.20, 13.57, P-trend¼ 0.03] and

carbofuran (RR in T2 vs non-exposed¼ 1.99, 95% CI:

1.06, 3.75, P-trend¼ 0.03), two organochlorine insecti-

cides, chlordane (RR T3 vs non-exposed¼ 2.83. 95% CI:

1.16, 6.90, P-trend¼ 0.02) and toxaphene (RR high vs

non-exposed¼ 3.75, 95% CI: 1.57, 8.97, P-trend¼ 0.003),

one organophosphate insecticide, fonofos (RR T3 vs non-

exposed¼2.01, 95% CI: 1.01, 4.00, P-trend¼0.05) and

one pyrethroid insecticide, permethrin use (RR high vs

non-exposed¼ 2.28, 95% CI: 1.08, 4.82, P-trend¼ 0.04).

No trends were observed between bladder cancer and

pesticides among former or current smokers. The inter-

action between exposure and smoking was only evident

for carbofuran (P-interaction¼0.04) and chlorpyrifos

(P-interaction¼ 0.01).

There were no associations overall or among any of the

smoking strata for use of any fumigants or fungicides eval-

uated (Supplementary Table 2, available as Supplementary

data at IJE online) and bladder cancer, with the exception

of a positive association among smokers using carbon

tetrachloride/carbon disulfide, which was based on only

three exposed cases. In addition, Supplementary Table 3

(available as Supplementary data at IJE online) provides

stratified risks of bladder cancer by smoking status for

those pesticides with no cumulative use information. No

notable differences in observed associations emerged from

analyses of lifetime days or from lagged exposures and

these are, therefore, not shown.

Table 1. Characteristics of incident bladder cancer cases

among men in the Agricultural Health Study

Characteristic Cohort Person-years

(total¼802,905.7)

Total Bladder Cancer

n¼321n (%)a

Age at the end of current follow-up

<60 402510.437 (50.1) 57 (17.8)

60–69 203258.327 (25.3) 100 (31.2)

70–79 138180.408 (17.2) 114 (35.5)

80þ 58956.5777 (7.3) 50 (15.6)

Mean (SD) 69.6 (10.4)

State

Iowa 534349.517 (66.6) 185 (57.6)

North Carolina 268556.233 (33.4) 136 (42.4)

Applicator Type

Private/farmer 729393.3 (91.0) 300 (93.5)

Commercial 70440.4 (8.8) 21 (6.5)

Exposed to engine exhaust

No 268975.2 (33.5) 123 (38.3)

Yes 80786.8 (10.1) 50 (15.6)

Missing 450071.6 (56.1) 148 (46.1)

Paint at least once a year

No 257887.4 (32.2) 153 (47.7)

Yes 541946.2 (67.5) 168 (52.3)

Missing

Grind metal in summer and/or winter

Monthly 93414.5 (11.6) 57 (17.8)

Weekly 145398.4 (18.2) 63 (19.6)

Other 68232.9 (8.5) 36 (11.1)

Missing 490545.0 (61.1) 165 (51.4)

Race

White 767652.107 (95.6) 317 (98.8)

Black/Other 35253.6427 (4.4) 4 (1.2)

Smoking Statusb

Never 416616.101 (51.9) 83 (25.9)

Former 231281.971 (28.8) 161 (50.2)

Current 130657.717 (16.3) 69 (21.5)

Missing 24349.9603 (3.0) 8 (2.5)

Pipe Smoker

Never 764677.153 (95.2) 278 (86.6)

Ever 38228.5969 (4.8) 43 (13.4)

aPercents may not sum to 100 due to rounding.
bAssessed at enrolment and follow-up.
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Discussion

In this analysis, we saw associations between two imidazo-

linone herbicides, imazethapyr and imazaquin which are

aromatic amines, and bladder cancer risk. Ever use of other

herbicides, including the general use pesticides bentazon

and bromoxynil, the chlorophenoxy herbicide diclofop-

methyl and another chlorinated herbicide chloramben,

were also associated with bladder cancer. Increased risks

of bladder cancer were also observed with regard to use of

the chlorinated insecticide DDT; however, no consistent

exposure-response relationship was observed in expanded

analyses.

Imazethapyr is an imidazolinone herbicide used to con-

trol weeds in corn, soybean, dry bean, alfalfa and other

crops.28 Imazaquin is a general-use pesticide used to con-

trol grasses and broadleaf weeds.29 In a previous analysis

in the AHS focusing on risk of all cancer in a subcohort of

applicators that used imazethapyr, we reported a relation-

ship between imazethapyr and bladder cancer based on 41

exposed cases. In this analysis, which includes 6–7 years of

additional follow-up and an additional 100 exposed cases,

we did not observe an overall association with imazetha-

pyr. An exposure-response relationship, however, was

observed (P-trend¼0.004) among never smokers, with the

highest category of exposure experiencing a 3-fold risk.

Table 2. Ever use of pesticides and risk of bladder cancer in

the Agricultural Health Study

Pesticide Exposed

Cases

RRa

(95% CI)

Herbicides

2,4,5-Tb 91 1.15 (0.84, 1.59)

2,4,5-TPb,c 40 1.07 (0.74, 1.56)

2,4-D 245 1.46 (0.98, 2.18)

Acifluorfen, sodium saltc 28 1.21 (0.79, 1.85)

Alachlor 158 1.15 (0.86, 1.52)

Atrazine 220 1.22 (0.88, 1.69)

Bentazonc 67 1.55 (1.10, 2.19)

Bromoxynilc 51 1.51 (1.04, 2.20)

Butylate 86 0.86 (0.63, 1.19)

Chlorambenb,c 46 1.56 (1.10, 2.22)

Chlorimuron-ethyl 91 0.85 (0.62, 1.17)

Clomazonec 24 0.99 (0.64, 1.54)

Cyanazine 101 0.90 (0.67, 1.21)

Dicamba 125 0.84 (0.62, 1.14)

Diclofop-methylc 11 1.85 (1.01, 3.42)

EPTC 49 0.98 (0.70, 1.37)

Ethalfluralinc 10 0.77 (0.40, 1.45)

Fluazifop-butylb,c 26 1.06 (0.68, 1.64)

Glyphosate 248 1.17 (0.78, 1.77)

Imazaquinc 38 1.54 (1.05, 2.26)

Imazethapyr 104 1.03 (0.76, 1.40)

Linuronc 21 0.97 (0.60, 1.55)

Metolachlor 113 0.86 (0.65, 1.13)

Metribuzin 107 0.75 (0.54, 1.04)

Propachlorb,c 27 1.20 (0.78, 1.83)

Paraquat 71 0.86 (0.61, 1.20)

Pendimethalin 113 0.75 (0.55, 1.02)

Petroleum Oil/Petroleum

Distillates

130 0.88 (0.65, 1.21)

Sethoxydimc 28 0.65 (0.43, 1.00)

Simazineb,c 16 1.04 (0.61, 1.77)

Thifensulfuron-methylc 14 1.04 (0.59, 1.82)

Trifluralin 139 1.08 (0.80, 1.45)

Insecticides

Acephatec 21 0.91 (0.55, 1.50)

Aldicarb 35 0.88 (0.59, 1.32)

Aldrinb 88 1.20 (0.92, 1.57)

Carbaryl 192 1.04 (0.70, 1.54)

Carbofuran 67 0.86 (0.63, 1.16)

Chlordaneb 97 0.95 (0.74, 1.22)

Chlorpyrifos 108 0.88 (0.67, 1.14)

Coumaphos 19 0.95 (0.59, 1.54)

DDTb 136 1.40 (1.10, 1.80)

DDVPb 25 1.01 (0.65, 1.55)

Diazinon 98 0.74 (0.54, 1.02)

Dieldrinb,c 32 1.19 (0.82, 1.72)

Disulfotonb,c 15 0.94 (0.54, 1.65)

Ethopropc 11 0.73 (0.39, 1.37)

Fonofosb 53 1.09 (0.78, 1.52)

Heptachlorb 72 1.30 (0.98, 1.74)

(continued)

Table 2. Continued

Pesticide Exposed

Cases

RRa

(95% CI)

Lindaneb 69 1.08 (0.82, 1.42)

Malathion 223 1.01 (0.65, 1.58)

Methomylc 13 1.17 (0.64, 2.12)

Parathionb 62 1.14 (0.81, 1.61)

Permethrin 44 0.75 (0.53, 1.07)

Phorate 96 0.99 (0.72, 1.37)

Terbufos 92 1.05 (0.79, 1.41)

Toxapheneb 56 0.96 (0.72, 1.30)

Fumigants

Aluminum Phosphide 20 1.13 (0.70, 1.83)

Carbon Tetrachloride/Carbon

Disulfideb
32 1.39 (0.93, 2.09)

Ethylene Dibromideb,c 17 0.86 (0.51, 1.46)

Methyl Bromide 48 0.86 (0.60, 1.23)

Fungicides

Benomylb 42 1.09 (0.74, 1.60)

Captan 32 1.19 (0.81, 1.74)

Chlorothalonil 27 1.09 (0.71, 1.66)

Maneb/Mancozeb 35 0.86 (0.57, 1.29)

Metalaxyl 65 0.66 (0.47, 0.94)

aModel adjusted for age, race, state, pack-years of cigarettes and pipe

smoking.
bNo longer registered for use in the USA.
cResults available on ever use only.
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We also observed that ever use of another imidazolinone

herbicide, imazaquin, was associated with bladder cancer

risk. Although neither herbicide has demonstrated evidence

of carcinogenicity in mice or rats, there is some plausibility

for a possible link between exposure to imazethapyr and

imazaquin and risk of bladder cancer because these herbi-

cides are aromatic amine compounds, a chemical class

which has been linked to bladder cancer, and animal me-

tabolism studies show that these pesticides are readily

excreted in the urine predominantly as the parent aromatic

compounds.28,29 The risk associated with imazethapyr ex-

posure, however, was predominantly observed only among

a smaller group of never smokers and it was not possible to

evaluate quantitative exposure for imazaquin, and thus

findings are unclear. Neither imazethapyr nor imazaquin

have undergone a complete evaluation for evidence of

human carcinogenic potential by the USA Environmental

Protection Agency (U.S. EPA) or the International Agency

for Research on Cancer (IARC). We are unaware of any

other epidemiological study outside the AHS that has eval-

uated exposure to these pesticides as possible risk factors

for cancer.

We also observed an increased risk of bladder cancer

associated with ever use of the herbicides bentazon and

bromoxynil. Bentazon and bromoxynil are used on a var-

iety of food crops but are also used on lawns, turfs and

golf courses. In our data, ever use of bentazon and bro-

moxynil were moderately correlated (r¼ 0.54). When we

mutually adjusted models for these two herbicides, the re-

sults for both became non-significant. However, whereas

the magnitude of the effect for bromoxynil diminished, the

effect of bentazon was similar to that observed overall, and

additional analyses stratified by smoking status also

showed a strong association between bentazon and bladder

cancer among never smokers (RR¼ 2.14, 95% CI: 1.09,

4.21, Supplementary Table 3, available as Supplementary

data at IJE online), suggesting the effect is unlikely to be

due to smoking and that bentazon might be more import-

ant in driving the observed bladder cancer risk than

bromoxynil. There are limited experimental data on benta-

zon as a bladder carcinogen. In a combined chronic

toxicity-carcinogenicity study in rats,30 bentazon was

found to result in increases in urine volume along with

reduced urinary specific gravity, which may be related to

bladder cancer risk.31 Although there are few other data to

support our findings regarding bentazon and bromoxynil,

the use of these pesticides in both agricultural and general-

use purposes indicates additional evaluation is warranted.

Bentazon has been classified as a Group E carcinogen,

evidence of non-carcinogenicity to humans, by the U.S.

EPA based on animal models30 and bromoxynil has been

classified as a Group C, possible human carcinogen, based

on observed liver tumours in animals;32 neither have been

evaluated by IARC.

Several chlorinated pesticides were also shown to influ-

ence bladder cancer risk in our analyses. Chloramben is an

herbicide used to control weeds on soybean and other

crops. No information is available on the carcinogenic

effects of chloramben in humans, although a US study re-

ported that oral exposure to chloramben caused liver

tumours in mice but not in rats.33 We also found that ever

use of the organochlorine insecticide DDT increased blad-

der cancer risk, but no trend in risk with increasing use

was observed. This may be due, in part, to the lack of

detailed information from more than half of those report-

ing being ever exposed to DDT (only 46% reported days

and years of use). Two other organochlorine insecticides,

chlordane and toxaphene, showed evidence of increased

bladder cancer risk but only among never smokers.

Organochlorine insecticides have been linked to several

cancer sites,34 but we are unaware of any studies suggest-

ing a link with bladder cancer.

In subgroup analyses, we also observed some interesting

associations between several herbicides and insecticides

and bladder cancer among never smokers. Never smoking

applicators with the highest use of the chlorophenoxy

herbicides 2,4,5-T and 2,4-D had higher risk of bladder

cancer, and heavy users of the herbicide glyphosate had

increased risk as well. Recently, a cohort of chlorophenoxy

herbicide manufacturing workers in The Netherlands was

observed to have excess bladder cancer mortality, in par-

ticular among workers involved in the manufacture of

2,4,5-T.35 Because the numbers of observed bladder cancer

deaths in this and other manufacturing cohorts was

small,36,37 it is difficult to draw a definitive conclusion.

Observational studies in dogs showed that exposure to

herbicide-treated lawns, in particular those treated with

phenoxy herbicides, was associated with higher bladder

cancer risk.38,39 Interestingly we also observed a positive

association between another chlorophenoxy herbicide,

diclofop-methyl, and bladder cancer, albeit among few

exposed cases (n¼ 11). Diclofop-methyl is classified as

likely to be carcinogenic to humans by the U.S. EPA40 and

IARC ranks chlorophenoxy herbicides as possibly carcino-

genic to humans (Group 2B). Taken together, these data

suggest a possible link between chlorophenoxy herbicide

exposure and bladder cancer. Several insecticides showed

higher risk of bladder cancer among the never smokers as

well, but power was limited to draw conclusions as the

numbers of exposed cases were often small, given their

lower prevalence of use.

An interesting element of this analysis is the observed

differences in risk among never smokers for multiple chem-

icals. Since cigarette smoking is the major risk factor for

International Journal of Epidemiology, 2016, Vol. 45, No. 3 797

Case 3:16-md-02741-VC   Document 1216-7   Filed 03/14/18   Page 6 of 14



Table 3. Cumulative intensity-weighted days for herbicide use and risk of bladder cancer, overall and stratified by smoking

status

Pesticide OVERALL NEVER FORMER CURRENT

n¼321 cancers n¼83 cancers n¼161 cancers n¼69 cancers

Cases RRa (95% CI) Cases RRb (95% CI) Cases RRc (95% CI) Cases RRb (95% CI) p-interaction

2,4,5-Td

Non-exposed 122 Ref 28 Ref 70 Ref 22 Ref

T1 14 1.35 (0.77, 2.36) 4 1.73 (0.60, 4.99) 8 1.16 (0.56, 2.43) 1 **

T2 14 0.99 (0.56, 1.73) 2 0.63 (0.15, 2.66) 9 1.00 (0.50, 2.02) 3 1.54 (0.46, 5.23)

T3 15 0.83 (0.48, 1.42) 9 2.64 (1.23, 5.68) 3 0.25 (0.08, 0.81) 3 1.12 (0.33, 3.77)

p-trend 0.45 0.02 0.02 0.82 0.02

2,4-D

Non-exposed 61 Ref 13 Ref 31 Ref 17 Ref

Q1 60 1.25 (0.86, 1.82) 13 0.99 (0.44, 2.25) 34 1.26 (0.74, 2.14) 13 1.41 (0.67, 2.94)

Q2 61 1.01 (0.70, 1.47) 18 1.19 (0.58, 2.44) 30 0.87 (0.51, 1.48) 13 1.16 (0.54, 2.48)

Q3 61 0.89 (0.61, 1.30) 16 0.90 (0.42, 1.90) 30 0.75 (0.43, 1.31) 15 1.30 (0.63, 2.69)

Q4 62 1.25 (0.87, 1.81) 23 1.88 (0.94, 3.77) 31 1.12 (0.66, 1.91) 8 0.83 (0.33, 2.04)

p-trend 0.31 0.02 0.69 0.45 0.65

Alachlor

Non-exposed 126 Ref 33 Ref 61 Ref 32 Ref

Q1 37 1.10 (0.75, 1.60) 10 1.10 (0.54, 2.25) 22 1.25 (0.76, 2.07) 5 0.71 (0.26, 1.91)

Q2 39 0.90 (0.63, 1.30) 12 1.06 (0.54, 2.06) 18 0.83 (0.49, 1.41) 9 0.94 (0.44, 2.03)

Q3 38 1.23 (0.85, 1.77) 11 1.33 (0.67, 2.63) 21 1.41 (0.85, 2.32) 6 0.82 (0.34, 1.97)

Q4 39 1.00 (0.70, 1.43) 14 1.43 (0.77, 2.68) 18 0.99 (0.59, 1.68) 7 0.67 (0.29, 1.51)

p-trend 0.94 0.25 0.99 0.37 0.84

Atrazine

Non-exposed 89 Ref 23 Ref 52 Ref 14 Ref

Q1 53 1.30 (0.91, 1.86) 23 1.04 (0.51, 2.11) 29 1.10 (0.68, 1.76) 11 2.39 (1.09, 5.27)

Q2 55 0.94 (0.65, 1.36) 22 0.63 (0.29, 1.36) 23 0.67 (0.40, 1.12) 21 2.72 (1.32, 5.62)

Q3 56 0.98 (0.69, 1.39) 26 0.95 (0.5,0 1.83) 28 0.78 (0.48, 1.27) 12 1.67 (0.77, 3.62)

Q4 55 0.95 (0.67, 1.34) 28 1.03 (0.54, 1.96) 27 0.80 (0.50, 1.29) 10 1.28 (0.56, 2.89)

p-trend 0.46 0.69 0.43 0.52 0.13

Butylated

Non-exposed 115 Ref 35 Ref 58 Ref 19 Ref

Q1 16 1.29 (0.76, 2.19) 3 0.65 (0.20, 2.13) 11 1.81 (0.94, 3.49) 2 1.13 (0.26, 4.92)

Q2 15 1.44 (0.84, 2.49) 3 0.87 (0.26, 2.84) 10 1.84 (0.93, 3.64) 2 1.39 (0.32, 6.04)

Q3 16 0.98 (0.58, 1.66) 3 0.57 (0.18, 1.88) 10 1.38 (0.70, 2.73) 3 0.96 (0.28, 3.29)

p-trend 0.98 0.36 0.32 0.98 0.64

Chlorimuron-ethyld

Non-exposed 121 Ref 27 Ref 71 Ref 20 Ref

T1 15 1.07 (0.62, 1.83) 6 1.66 (0.68, 4.07) 6 0.75 (0.32, 1.73) 3 1.30 (0.38, 4.40)

T2 15 0.88 (0.51, 1.54) 3 0.76 (0.23, 2.52) 7 0.82 (0.37, 1.79) 5 1.31 (0.44, 3.89)

T3 17 0.79 (0.47, 1.31) 8 1.75 (0.79, 3.88) 6 0.54 (0.23, 1.24) 3 0.62 (0.18, 2.09)

p-trend 0.33 0.21 0.15 0.43 0.34

Cyanazine

Non-exposed 175 Ref 48 Ref 87 Ref 40 Ref

Q1 25 0.71 (0.46, 1.10) 6 0.59 (0.24, 1.46) 17 0.88 (0.51, 1.51) 2 0.33 (0.08, 1.40)

Q2 25 0.66 (0.42, 1.03) 9 0.90 (0.43, 1.89) 10 0.46 (0.23, 0.94) 6 0.87 (0.36, 2.09)

Q3 24 1.25 (0.80, 1.95) 5 0.90 (0.35, 2.31) 12 1.22 (0.65, 2.30) 7 1.90 (0.82, 4.40)

Q4 26 0.81 (0.53, 1.24) 9 1.03 (0.49, 2.15) 14 0.89 (0.49, 1.59) 3 0.42 (0.13, 1.37)

p-trend 0.59 0.76 0.94 0.31 0.27

Dicamba

Non-exposed 150 Ref 30 Ref 74 Ref 37 Ref

Q1 31 0.92 (0.61, 1.38) 9 0.83 (0.38, 1.78) 15 0.85 (0.47, 1.54) 7 1.14 (0.48, 2.74)

Q2 32 0.70 (0.45, 1.08) 7 0.56 (0.23, 1.34) 20 0.85 (0.49, 1.47) 5 0.54 (0.19, 1.58)

(continued)
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Table 3. Continued

Pesticide OVERALL NEVER FORMER CURRENT

n¼321 cancers n¼83 cancers n¼161 cancers n¼69 cancers

Cases RRa (95% CI) Cases RRb (95% CI) Cases RRc (95% CI) Cases RRb (95% CI) p-interaction

Q3 32 0.81 (0.54, 1.22) 9 0.84 (0.39, 1.83) 15 0.70 (0.39, 1.28) 8 1.05 (0.45, 2.42)

Q4 32 0.77 (0.51, 1.16) 13 1.12 (0.56, 2.27) 17 0.84 (0.48, 1.49) 2 0.23 (0.05, 0.98)

p-trend 0.31 0.50 0.62 0.05 0.32

EPTC

Non-exposed 226 Ref 66 Ref 116 Ref 44 Ref

T1 15 0.72 (0.42, 1.23) 3 0.50 (0.15, 1.60) 8 0.68 (0.33, 1.4) 4 1.29 (0.45, 3.70)

T2 15 1.33 (0.79, 2.27) 3 0.83 (0.26, 2.67) 5 0.86 (0.35, 2.13) 7 3.75 (1.64, 8.58)

T3 17 0.96 (0.58, 1.58) 5 1.02 (0.41, 2.55) 11 1.23 (0.65, 2.30) 1 **

p-trend 0.94 0.93 0.49 0.44 0.09

Glyphosate

Non-exposed 60 Ref 14 Ref 31 Ref 15 Ref

Q1 62 1.28 (0.86, 1.89) 19 1.64 (0.75, 3.58) 31 1.22 (0.72, 2.08) 12 1.00 (0.46, 2.13)

Q2 62 0.96 (0.65, 1.41) 11 0.79 (0.35, 1.77) 36 1.07 (0.64, 1.78) 15 0.88 (0.41, 1.87)

Q3 62 0.85 (0.58, 1.26) 14 0.85 (0.37, 1.95) 30 0.83 (0.49, 1.39) 16 0.86 (0.40, 1.82)

Q4 62 1.07 (0.73, 1.56) 23 1.93 (0.95, 3.91) 29 1.00 (0.58, 1.72) 10 0.58 (0.25, 1.34)

p-trend 0.99 0.03 0.67 0.17 0.19

Imazethapyr

Non-exposed 167 Ref 41 Ref 87 Ref 39 Ref

Q1 24 0.82 (0.51, 1.31) 7 1.00 (0.41, 2.27) 12 0.77 (0.40, 1.47) 5 0.79 (0.27, 2.32)

Q2 26 0.96 (0.61, 1.49) 13 1.88 (0.96, 3.71) 10 0.71 (0.35, 1.42) 3 0.51 (0.15, 1.74)

Q3 23 0.92 (0.58, 1.46) 3 0.46 (0.14, 1.53) 16 1.27 (0.72, 2.26) 4 0.70 (0.24, 2.05)

Q4 bottom 14 2.08 (1.18, 3.66) 4 2.12 (0.74, 6.10) 6 1.83 (0.78, 4.28) 4 0.76 (0.26, 2.23)

Q4 top 13 0.94 (0.52, 1.68) 10 3.03 (1.46, 6.29) 3 0.47 (0.15, 1.53) 0 **

p-trend 0.63 0.004 0.61 0.20 0.005

Metolachlor

Non-exposed 168 Ref 40 Ref 86 Ref 42 Ref

Q1 27 0.88 (0.58, 1.34) 8 0.99 (0.44, 2.20) 17 1.09 (0.63, 1.86) 2 0.28 (0.07, 1.17)

Q2 27 0.74 (0.49, 1.12) 6 0.69 (0.29, 1.64) 13 0.69 (0.38, 1.28) 8 0.92 (0.43, 1.99)

Q3 28 0.66 (0.44, 0.99) 14 1.29 (0.69, 2.42) 14 0.65 (0.36, 1.17) 0 **

Q4 28 0.95 (0.63, 1.44) 10 1.50 (0.74, 3.01) 14 0.97 (0.54, 1.75) 4 0.47 (0.15, 1.46)

p-trend 0.73 0.18 0.78 0.12 0.01

Metribuzind

Non-exposed 108 Ref 29 Ref 63 Ref 15 Ref

Q1 12 1.09 (0.59, 2.01) 3 0.88 (0.26, 2.94) 5 0.72 (0.29, 1.83) 4 3.14 (1.00, 9.86)

Q2 15 0.85 (0.49, 1.48) 3 0.56 (0.16, 1.89) 7 0.64 (0.29, 1.43) 5 2.37 (0.82, 6.87)

Q3 10 0.89 (0.46, 1.72) 3 0.86 (0.26, 2.88) 6 0.89 (0.38, 2.09) 1 **

Q4 17 0.72 (0.43, 1.22) 6 0.89 (0.37, 2.19) 8 0.56 (0.27, 1.20) 2 0.73 (0.16, 3.32)

p-trend 0.21 0.86 0.17 0.48 0.44

Paraquatd

Non-exposed 130 Ref 33 Ref 70 Ref 24 Ref

T1 10 0.96 (0.49, 1.89) 3 1.30 (0.39, 4.26) 4 0.63 (0.20, 2.03) 3 1.66 (0.49, 5.67)

T2 13 1.64 (0.91, 2.96) 5 2.97 (1.10, 8.03) 8 1.96 (0.92, 4.19) 0 **

T3 12 1.29 (0.69, 2.40) 3 2.20 (0.71, 6.87) 7 1.45 (0.64, 3.28) 2 0.45 (0.06, 3.48) 0.08

p-trend 0.65 0.54 0.45 0.57

Pendimethalind

Non-exposed 106 Ref 26 Ref 61 Ref 17 Ref

T1 19 1.00 (0.60, 1.67) 3 0.59 (0.18, 1.96) 12 1.13 (0.58, 2.20) 3 0.97 (0.28, 3.35)

T2 22 0.62 (0.39, 0.99) 5 0.67 (0.25, 1.82) 12 0.58 (0.31, 1.09) 5 0.73 (0.25, 2.10)

T3 23 1.11 (0.67, 1.84) 10 2.08 (0.91, 4.75) 9 0.89 (0.42, 1.86) 4 0.92 (0.30, 2.82)

p-trend 0.67 0.11 0.80 0.93 0.49

(continued)

International Journal of Epidemiology, 2016, Vol. 45, No. 3 799

Glyphosate

Non-exposed 60 Ref 14 Ref 31 Ref 15 Ref

Q1 62 1.28 (0.86, 1.89) 19 1.64 (0.75, 3.58) 31 1.22 (0.72, 2.08) 12 1.00 (0.46, 2.13)

Q2 62 0.96 (0.65, 1.41) 11 0.79 (0.35, 1.77) 36 1.07 (0.64, 1.78) 15 0.88 (0.41, 1.87)

Q3 62 0.85 (0.58, 1.26) 14 0.85 (0.37, 1.95) 30 0.83 (0.49, 1.39) 16 0.86 (0.40, 1.82)

Q4 62 1.07 (0.73, 1.56) 23 1.93 (0.95, 3.91) 29 1.00 (0.58, 1.72) 10 0.58 (0.25, 1.34)

p-trend 0.99 0.03 0.67 0.17 0.19
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bladder cancer, it is perhaps not surprising that smoking

may obscure the effect of another exposure, particularly if

that effect is weaker than the smoking effect. Recently, a

study of agricultural workers in Egypt found that the asso-

ciations between farming and bladder cancer were more

evident among those who never smoked, and there are

other historical examples of positive risks for bladder

cancer in association with several factors among never

smokers.14,41–43 A common challenge in these studies, as

in ours, is the low precision of estimated associations and

lack of statistical interaction, given that the number of

never smokers who develop bladder cancer is small. Thus,

much larger studies will be needed to fully evaluate a rela-

tionship between pesticides, smoking and risk of bladder

cancer. Along the same lines, studies have also suggested

an interaction with smoking for some exposures, where

risk can either be potentiated42 or diminished44 across

smoking strata. These data and ours suggest that evaluat-

ing possible bladder cancer risk factors such as pesticides

across strata of smoking may provide valuable insights

into bladder cancer risk; however, large studies will be

needed to be able to detect risks among specific subgroups

and true interactions.

Our study had both strengths and limitations. Detailed

self-reported pesticide use information, at two points in

time, was used to evaluate cancer risk. Information on

pesticide use provided by farmers in the AHS has been

found to be accurate and reliable,45,46 allowing for this ex-

ploration of the relationship between specific pesticide

exposures and bladder cancer risk. Nonetheless, there is

potential for exposure misclassification though it is prob-

ably non-differential and would bias relative risks toward

the null, diminishing any real exposure-response gradi-

ents.47 Smoking status information was collected at enrol-

ment for use in analyses but also reconciled with data from

two follow-up questionnaires that allowed us to carefully

characterize this important bladder cancer risk factor. In

addition, we performed several sensitivity analyses related

to smoking, including exploring adjustment for status and

intensity and status and duration, which provided compar-

able results. We also had information on the ever use of

other tobacco products reported at enrolment. Using de-

tailed questionnaire data, we were also able to control for

several other suggested bladder cancer risk factors, includ-

ing exposure to diesel exhaust48 and grinding metal,49

none of which changed the estimates between pesticide ex-

posures and bladder cancer risk. In addition we were able

to take into consideration the use of pesticides that were

correlated with the pesticide of interest and, except for

where stated (bentazon and bromoxynil), we found only

weak correlation among pesticides, whcih did not influ-

ence the calculated risk estimates. Although we evaluated a

large number of pesticides (n¼ 65), we observed more

positive associations than would have been expected by

chance alone (6 observed less than P¼ 0.05 and 3 add-

itional borderline positive associations, wheras 3.25 (or

5%) would have been expected by chance, Table 2). Still,

we cannot rule out the possibility that some of our findings

Table 3. Continued

Pesticide OVERALL NEVER FORMER CURRENT

n¼321 cancers n¼83 cancers n¼161 cancers n¼69 cancers

Cases RRa (95% CI) Cases RRb (95% CI) Cases RRc (95% CI) Cases RRb (95% CI) p-interaction

Petroleum Oil/Petroleum Distillatesd

Non-exposed 132 Ref 36 Ref 73 Ref 20 Ref

T1 10 0.90 (0.46, 1.77) 2 0.68 (0.16, 2.84) 5 0.71 (0.26, 1.95) 3 2.17 (0.64, 7.33)

T2 10 0.70 (0.37, 1.34) 1 ** 6 0.78 (0.34, 1.80) 3 1.34 (0.39, 4.58)

T3 11 1.10 (0.59, 2.04) 3 1.17 (0.36, 3.80) 6 1.09 (0.47, 2.51) 2 1.40 (0.32, 6.03)

p-trend 0.78 0.82 0.83 0.70 0.63

Trifluralin

Non-exposed 133 Ref 36 Ref 71 Ref 26 Ref

Q1 34 1.23 (0.83, 1.81) 13 1.39 (0.68, 2.82) 14 1.02 (0.57, 1.84) 7 1.48 (0.60, 3.64)

Q2 33 0.76 (0.50, 1.17) 9 0.76 (0.34, 1.68) 16 0.64 (0.36, 1.15) 8 1.10 (0.49, 2.49)

Q3 35 0.89 (0.61, 1.30) 7 0.63 (0.28, 1.43) 21 0.95 (0.57, 1.58) 7 1.17 (0.50, 2.76)

Q4 34 0.86 (0.58, 1.27) 12 1.14 (0.59, 2.23) 15 0.72 (0.41, 1.29) 7 0.92 (0.37, 2.25)

p-trend 0.39 0.86 0.35 0.75 0.80

aModel adjusted for age, race, state, pack-years of cigarettes and pipe smoking.
bModel adjusted for age, race, state.
cModel adjusted for age, race, state, pipe smoking.
dDetailed information for these chemicals was collected on the take-home questionnaire at enrolment.
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Table 4. Cumulative intensity-weighted days for insecticide use and risk of bladder cancer, overall and stratified by smoking

status

Pesticide OVERALL NEVER FORMER CURRENT

n¼321 cancers n¼83 cancers n¼161 cancers n¼69 cancers

Cases RRa (95% CI) Cases RRb (95% CI) Cases RRc (95% CI) Cases RRb (95% CI) p-interaction

Aldicarbd,h

Non-exposed 153 Ref 39 Ref 85 Ref 26 Ref

M1 8 1.18 (0.56, 2.48) 2 1.75 (0.39, 7.94) 3 0.73 (0.22, 2.39) 2 1.42 (0.30, 6.65)

M2 8 1.25 (0.56, 2.79) 4 4.04 (1.20, 13.57) 2 0.71 (0.17, 2.98) 2 0.81 (0.09, 6.88)

p-trend 0.58 0.03 0.61 0.84 0.23

Aldrine,h

Non-exposed 113 Ref 30 Ref 59 Ref 21 Ref

T1 15 0.88 (0.50, 1.53) 6 1.38 (0.55, 3.48) 9 0.94 (0.46, 1.94) 0 **

T2 18 1.61 (0.96, 2.68) 1 ** 11 1.75 (0.90, 3.40) 6 2.98 (1.15, 7.71)

T3 17 1.51 (0.89, 2.55) 6 2.30 (0.92, 5.75) 9 1.44 (0.71, 2.96) 2 1.01 (0.23, 4.40)

p-trend 0.08 0.12 0.21 0.57 0.05

Carbaryld,h

Non-exposed 73 Ref 23 Ref 34 Ref 14 Ref

Q1 25 1.10 (0.68, 1.78) 6 0.82 (0.31, 2.17) 15 1.25 (0.66, 2.38) 4 1.25 (0.41, 3.82)

Q2 28 1.93 (1.21, 3.09) 5 1.06 (0.36, 3.12) 16 2.35 (1.25, 4.41) 7 2.77 (1.10, 7.00)

Q3 26 1.49 (0.92, 2.41) 6 1.50 (0.57, 3.91) 13 1.38 (0.68, 2.81) 6 1.94 (0.69, 5.42)

Q4 27 0.91 (0.55, 1.50) 6 0.90 (0.32, 2.53) 18 1.19 (0.60, 2.34) 2 0.34 (0.07, 1.61)

p-trend 0.29 0.84 0.90 0.08 0.45

Carbofurand

Non-exposed 206 Ref 50 Ref 110 Ref 46 Ref

T1 21 0.52 (0.33, 0.82) 4 0.39 (0.14, 1.09) 13 0.55 (0.31, 0.97) 4 0.62 (0.22, 1.73)

T2 23 0.98 (0.64, 1.51) 12 1.99 (1.06, 3.75) 8 0.65 (0.32, 1.33) 3 0.60 (0.19, 1.92)

T3 22 0.90 (0.58, 1.40) 11 1.81 (0.94, 3.50) 7 0.55 (0.26, 1.19) 4 0.73 (0.26, 2.05)

p-trend 0.77 0.03 0.12 0.51 0.04

Chlordanee,h

Non-exposed 120 Ref 33 Ref 60 Ref 24 Ref

T1 14 1.21 (0.69, 2.12) 1 0.35 (0.05, 2.56) 12 1.75 (0.94, 3.26) 1 **

T2 15 0.78 (0.45, 1.34) 3 0.62 (0.19, 2.03) 10 0.93 (0.47, 1.82) 2 0.66 (0.16, 2.83)

T3 15 1.46 (0.85, 2.52) 6 2.83 (1.16, 6.90) 8 1.34 (0.64, 2.84) 1 **

p-trend 0.24 0.02 0.55 ** 0.27

Chlorpyrifosf

Non-exposed 200 Ref 45 Ref 117 Ref 38 Ref

Q1 22 0.67 (0.43, 1.05) 8 1.02 (0.47, 2.21) 7 0.34 (0.16, 0.73) 7 1.34 (0.60, 3.00)

Q2 23 0.84 (0.54, 1.31) 6 0.86 (0.37, 2.01) 7 0.43 (0.18, 0.99) 10 2.08 (1.03, 4.17)

Q3 23 0.99 (0.64, 1.54) 11 1.86 (0.96, 3.61) 10 0.74 (0.37, 1.46) 2 0.55 (0.13, 2.31)

Q4 23 0.69 (0.45, 1.06) 10 1.23 (0.62, 2.44) 9 0.50 (0.25, 0.98) 4 0.54 (0.19, 1.53)

p-trend 0.14 0.42 0.06 0.19 0.01

Coumaphosf

Non-exposed 245 Ref 74 Ref 121 Ref 50 Ref

M1 8 0.49 (0.24, 0.99) 2 0.36 (0.09, 1.49) 4 0.46 (0.17, 1.25) 2 0.78 (0.19, 3.20)

M2 11 1.79 (0.98, 3.27) 0 ** 9 2.91 (1.48, 5.73) 2 1.66 (0.40, 6.86)

p-trend 0.09 ** 0.003 0.50 0.07

Diazinonf,h

Non-exposed 133 Ref 39 Ref 70 Ref 22 Ref

T1 11 0.76 (0.41, 1.40) 1 ** 8 0.99 (0.47, 2.06) 2 0.97 (0.23, 4.11)

T2 10 0.52 (0.26, 1.04) 1 ** 6 0.40 (0.14, 1.15) 3 1.56 (0.47, 5.21)

T3 13 1.03 (0.56, 1.90) 2 0.78 (0.18, 3.35) 7 1.06 (0.47, 2.37) 3 1.07 (0.24, 4.66)

p-trend 0.96 ** 0.95 0.86 0.34

(continued)
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Table 4. Continued

Pesticide OVERALL NEVER FORMER CURRENT

n¼321 cancers n¼83 cancers n¼161 cancers n¼69 cancers

Cases RRa (95% CI) Cases RRb (95% CI) Cases RRc (95% CI) Cases RRb (95% CI) p-interaction

DDTe,h

Non-exposed 102 Ref 31 Ref 48 Ref 21 Ref

Q1 15 0.96 (0.55, 1.66) 4 0.98 (0.34, 2.86) 11 1.19 (0.61, 2.32) 0 **

Q2 16 1.43 (0.84, 2.44) 1 ** 13 1.97 (1.05, 3.67) 2 1.25 (0.29, 5.41)

Q3 15 0.76 (0.43, 1.32) 4 0.80 (0.27, 2.34) 6 0.56 (0.24, 1.33) 4 1.24 (0.41, 3.72)

Q4 16 1.11 (0.64, 1.90) 4 1.29 (0.44, 3.79) 11 1.40 (0.71, 2.73) 1 **

p-trend 0.78 0.59 0.48 0.34 0.18

DDVPf

Non-exposed 253 Ref 69 Ref 129 Ref 55 Ref

M1 12 0.85 (0.47, 1.54) 3 0.65 (0.20, 2.08) 8 1.04 (0.51, 2.15) 1 **

M2 12 0.93 (0.52, 1.67) 4 1.05 (0.38, 2.89) 7 0.97 (0.45, 2.09) 1 **

p-trend 0.82 0.92 0.94 ** 0.77

Fonofosf

Non-exposed 220 Ref 57 Ref 116 Ref 47 Ref

T1 15 0.72 (0.42, 1.22) 5 0.88 (0.35, 2.23) 7 0.57 (0.26, 1.24) 3 0.93 (0.29, 3.05)

T2 17 0.92 (0.56, 1.53) 5 1.01 (0.40, 2.57) 9 0.86 (0.43, 1.71) 3 0.92 (0.28, 2.99)

T3 18 0.92 (0.57, 1.50) 10 2.01 (1.01, 4.00) 7 0.64 (0.30, 1.39) 1 **

p-trend 0.78 0.05 0.28 0.20 0.37

Heptachlore,h

Non-exposed 139 Ref 34 Ref 76 Ref 26 Ref

M1 14 0.82 (0.46, 1.44) 4 0.91 (0.31, 2.66) 7 0.65 (0.30, 1.44) 3 1.49 (0.44, 5.11)

M2 14 1.10 (0.63, 1.93) 6 1.91 (0.78, 4.70) 8 1.06 (0.51, 2.23) 0 **

p-trend 0.75 0.15 0.89 ** 0.21

Lindanee

Non-exposed 139 Ref 36 Ref 77 Ref 23 Ref

M1 12 0.77 (0.43, 1.37) 4 0.82 (0.29, 2.32) 5 0.56 (0.22, 1.39) 3 1.49 (0.44, 5.03)

M2 12 1.43 (0.78, 2.62) 4 2.00 (0.71, 5.63) 6 1.21 (0.53, 2.81) 2 1.62 (0.38, 6.97)

p-trend 0.27 0.20 0.72 0.45 0.54

Malathionf,h

Non-exposed 49 Ref 17 Ref 24 Ref 7 Ref

Q1 28 1.00 (0.62, 1.59) 4 0.35 (0.11, 1.11) 17 1.16 (0.62, 2.17) 6 1.88 (0.62, 5.67)

Q2 27 1.15 (0.71, 1.86) 9 1.09 (0.49, 2.43) 13 1.03 (0.52, 2.04) 5 1.80 (0.57, 5.72)

Q3 29 1.14 (0.71, 1.83) 9 1.05 (0.45, 2.44) 15 1.13 (0.59, 2.15) 4 1.26 (0.33, 4.90)

Q4 29 0.95 (0.60, 1.52) 6 0.66 (0.26, 1.71) 19 1.11 (0.60, 2.04) 4 1.17 (0.34, 4.01)

p-trend 0.73 0.63 0.85 0.82 0.44

Parathionf,h

Non-exposed 148 Ref 41 Ref 77 Ref 27 Ref

M1 7 1.05 (0.49, 2.26) 2 1.09 (0.26, 4.60) 5 1.28 (0.51, 3.19) 0 **

M2 8 1.13 (0.55, 2.36) 1 ** 5 1.39 (0.54, 3.54) 2 1.54 (0.35, 6.84)

p-trend 0.74 ** 0.90 ** 0.62

Permethring

Non-exposed 239 Ref 64 Ref 123 Ref 52 Ref

T1 13 0.92 (0.52, 1.61) 4 0.96 (0.36, 2.65) 7 0.90 (0.42, 1.93) 2 0.79 (0.19, 3.26)

T2 13 0.45 (0.25, 0.81) 4 0.46 (0.17, 1.28) 5 0.33 (0.13, 0.81) 4 0.75 (0.25, 2.25)

T3 15 1.11 (0.65, 1.87) 8 2.28 (1.08, 4.82) 5 0.72 (0.30, 1.77) 2 0.62 (0.15, 2.58)

p-trend 0.93 0.04 0.31 0.49 0.44

Phoratef,h

Non-exposed 115 Ref 30 Ref 62 Ref 21 Ref

T1 16 0.74 (0.43, 1.27) 4 0.61 (0.21, 1.76) 8 0.66 (0.31, 1.42) 4 1.24 (0.41, 3.73)

T2 16 0.99 (0.58, 1.69) 3 0.64 (0.19, 2.13) 10 1.13 (0.57, 2.26) 2 0.89 (0.21, 3.87)

(continued)
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might be due to chance, in particular in some of the strati-

fied analyses where the number of exposed cases is small.

Thus, future follow-up in the AHS to further evaluate the

relationship between pesticides and bladder cancer, and to

evaluate whether smoking modifies this relationship, are

anticipated.

In conclusion, we observed increased risk of bladder

cancer with two aromatic amine herbicides, the imidazoli-

none herbicides imazethapyr and imazaquin. The relation-

ship between bladder cancer and imazethapyr, as well as

for several other agricultural and general use herbicides,

was more apparent among never smokers and highlights

the complexity of trying to understand the impact of other

exposures on smoking-related cancers. Associations with

bladder cancer incidence and use of several chlorinated

pesticides, including chlorophenoxy herbicides and or-

ganochlorine insecticides, were observed for the first time.

Because farmers generally have lower rates of bladder can-

cer compared with the general population, few studies

have explored whether pesticides, which readily pass

through the bladder, might be risk factors for bladder can-

cer. Collectively, our data suggest that pesticide exposure

may be an overlooked exposure in bladder carcinogenesis.

Future studies with detailed pesticide information on spe-

cific active ingredients and those that explore risks across

smoking status are needed.
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Supplementary data are available at IJE online.
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