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Abstract

Background: The herbicide dicamba has been commonly used agriculturally and resi-

dentially. Recent approval of genetically engineered dicamba-resistant crops is expected

to lead to increased dicamba use, and there has been growing interest in potential hu-

man health effects. A prior analysis in the Agricultural Health Study (AHS) suggested

associations between dicamba and colon and lung cancer. We re-evaluated dicamba use

in the AHS, including an additional 12 years and 2702 exposed cancers.

Methods: The AHS is a prospective cohort of pesticide applicators in Iowa and North

Carolina. At enrollment (1993–1997) and follow-up (1999–2005), participants reported

dicamba use. Exposure was characterized by cumulative intensity-weighted lifetime

days, including exposure lags of up to 20 years. We estimated relative risks (RR) and 95%

confidence intervals (CI) using multivariable Poisson regression for incident cancers

diagnosed from enrollment through 2014/2015.

Results: Among 49 922 applicators, 26 412 (52.9%) used dicamba. Compared with appli-

cators reporting no dicamba use, those in the highest quartile of exposure had elevated

risk of liver and intrahepatic bile duct cancer (nexposed ¼ 28, RRQ4 ¼ 1.80, CI: 1.26–2.56,

Ptrend < 0.001) and chronic lymphocytic leukaemia (CLL, nexposed ¼ 93, RRQ4 ¼ 1.20, CI:

0.96–1.50, Ptrend ¼ 0.01) and decreased risk of myeloid leukaemia (nexposed ¼ 55, RRQ4 ¼
0.73, CI: 0.51–1.03, Ptrend ¼ 0.01). The associations for liver cancer and myeloid leukaemia

remained after lagging exposure of up to 20 years.

Conclusions: With additional follow-up and exposure information, associations with

lung and colon cancer were no longer apparent. In this first evaluation of liver and intra-

hepatic bile duct cancer, there was an association with increasing use of dicamba that

persisted across lags of up to 20 years.
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Introduction

Dicamba is a selective benzoic acid herbicide that has been

used in agricultural, industrial, and residential settings

since the 1960s for post-emergent control of broadleaf

weeds and woody plants. Historically, dicamba has been

widely used in US agriculture on corn, soybeans, cotton

and wheat.1 Though use has waned over the last two deca-

des, as recently as 2012 dicamba was ranked among the

top 20 most commonly used agricultural pesticides and the

top ten most commonly used residential pesticides.2

Dicamba is water soluble and mobile in the environment.1

It can volatilize following application, in certain conditions

migrating as far as 200 feet from the site of initial

application.3

In a 2006 review, the US Environmental Protection

Agency (EPA) did not find evidence that dicamba is carci-

nogenic to humans, based on feeding studies in rats, mice,

dogs and rabbits.1 A dietary risk assessment of dicamba

conducted jointly by the World Health Organization

(WHO) and the Food and Agriculture Organization of the

United Nations found limited evidence of carcinogenicity

in rats, specifically lymphoma and thyroid C-cell carci-

noma.4 A previous analysis in the Agricultural Health

Study (AHS) cohort found suggestive associations for lung

and colon cancer, though the lung cancer finding was not

robust across different exposure metrics.5 A recent pooled

analysis utilizing data from three cohorts in the

AGRICOH consortium, which includes the AHS cohort,6

found that dicamba use was associated with a suggestive

elevated risk of multiple myeloma.7 A Canadian case-

control study of lymphoid malignancies found that di-

camba use was associated with non-Hodgkin lymphoma

(NHL);8 no associations were observed for multiple mye-

loma or Hodgkin lymphoma.9–11 A US case-control study

found a positive association between dicamba and NHL

among farmers who reported at least 15 years since last ex-

posure, but no association with leukaemia.12,13 Another

case-control study in Canada using a job-exposure matrix

to determine pesticide exposure found a positive associa-

tion between dicamba use and prostate cancer.14 The AHS

reported no association between dicamba and risk of NHL

or prostate cancer,5,15 whereas the relationship between di-

camba use and leukaemia has not been evaluated in the

cohort.

With the recent approval of genetically engineered

dicamba-resistant cotton and soybean crops,16 and the po-

tential for increased use, there has been growing interest in

the potential human health effects of this pesticide.

Although there is no clear consensus in the epidemiologic

literature regarding the potential for carcinogenic effects of

dicamba, with case-control studies suggesting an associa-

tion with NHL and prospective studies suggesting associa-

tions with multiple myeloma, lung cancer and colon

cancer, further information is needed. In this study, we

conducted an updated evaluation of the association be-

tween dicamba use and cancer incidence in the prospective

AHS cohort. This analysis included a total of 3770 incident

dicamba-exposed cancer cases, with an additional 2702 in-

cident exposed cases and more than 12 additional years of

follow-up compared with the previous evaluation.5

Methods

Study population

The AHS is described elsewhere.17 Briefly, the AHS is a

prospective cohort that includes 57 310 licensed private

and commercial pesticide applicators enrolled during

1993–1997 in Iowa (IA) and North Carolina (NC).

Applicators were recruited when they applied for or

renewed their restricted-use pesticide license. They com-

pleted a self-administered questionnaire providing detailed

information about lifetime pesticide use, agricultural prac-

tices, demographic characteristics, behavioural factors,

and personal and family medical history. We conducted

follow-up via computer-assisted telephone interview �5

years after enrollment during 1999–2005. AHS

Key Messages

• Dicamba is an herbicide that has been commonly used in agricultural and residential settings.

• The recent approval of genetically engineered dicamba-resistant cotton and soybean crops is expected to lead to in-

creased agricultural use of dicamba in the years to come, and there has been growing interest in the potential human

health effects of this chemical.

• In a large (n ¼ 49 922) prospective US cohort of pesticide applicators, dicamba was associated with increased risk of

liver and intrahepatic bile duct cancer.

• This association was robust to exposure lags of up to 20 years.

International Journal of Epidemiology, 2020, Vol. 49, No. 4 1327



questionnaires are available at https://aghealth.nih.gov/col

laboration/questionnaires.html. The study protocol, in-

cluding implied consent for completion of questionnaires,

was approved by all relevant institutional review boards.

Case ascertainment and classification

We obtained incident cancer information via linkage with

IA and NC state cancer registries. We analysed first pri-

mary cancers diagnosed from enrollment through date of

death, movement out of state or last study follow-up (31

December 2015 for IA, 31 December 2014 for NC),

whichever was earliest. Cancer site was classified accord-

ing to the International Classification of Diseases for

Oncology, 3rd revision (ICD-O-3).18 Solid tumours were

grouped according to the Surveillance, Epidemiology, and

End Results (SEER) Site Recode ICD-O-3/WHO 2008

Definition. Lymphoma subtypes were grouped per the

2008 SEER Lymphoma Subtype Recode.19 Lung cancer

subtypes were grouped using ICD-O-3 histology based on

the International Agency for Research on Cancer classifica-

tions: small cell carcinoma, squamous cell carcinoma, ade-

nocarcinoma.20 We defined aggressive prostate cancer as

meeting one or more of the following conditions: distant

stage, poorly differentiated, Gleason score �7 or fatal.15

Exposure assessment

On the enrollment questionnaire, applicators provided in-

formation on duration (years) and frequency (average

days/year) of dicamba use in categories. The midpoints of

the categories were multiplied to obtain an estimate of cu-

mulative days of exposure at enrollment. At the follow-up

interview, applicators provided updated information re-

garding dicamba days/year applied in the last year they

farmed. If the last year the applicator farmed was after

study enrollment, we assumed that he/she applied dicamba

for the number of days/year reported at follow-up inter-

view for each year from enrollment through the last year

farmed. We used multiple imputation to estimate pesticide

exposures at follow-up for individuals who did not com-

plete the interview (n¼20 968, 37%); these methods have

been described.21 To address issues related to latency, we

lagged dicamba use by 10 and 20 years, and for lympho-

haematopoietic cancers we additionally evaluated 5-year

exposure lags. To determine exposure lags, we calculated

cumulative exposure for each year of follow-up until can-

cer diagnosis, death, movement out of state or end of co-

hort cancer incidence follow-up; we then subtracted the

lag interval of 5, 10 or 20 years.

We evaluated cumulative intensity-weighted days of di-

camba use through AHS follow-up interview. Intensity-

weighted days is cumulative lifetime days multiplied by an

intensity-weighting factor, which incorporates information

on factors that influence pesticide exposure, including re-

pair and cleaning of equipment, application method,

whether the applicator mixed pesticides and personal pro-

tective equipment use.22 Lifetime intensity-weighted days

were categorized as no exposure or quartiles of exposure

among all incident cancer cases for sites with 20 or more

exposed. For analyses of rarer cancer sites and subtypes

with 10–20 exposed cases, intensity-weighted days were

categorized as no, low or high exposure based on the

median.

Statistical analysis

We excluded applicators enrolled out of state (n¼ 341), di-

agnosed with cancer prior to enrollment (n¼ 1096) and

those with missing dicamba intensity-weighted days at en-

rollment and follow-up (n¼ 5951), leaving 49 922

applicators.

Relative risks (RR) and 95% confidence intervals (CIs)

were estimated using Poisson regression for each category

of dicamba use compared with no use, with follow-up time

considered prospectively in 2-year intervals. All models

were adjusted for attained age (continuous, time-varying in

2-year increments), state (IA, NC), applicator type (pri-

vate, commercial), race (White, other/missing), sex (male,

female), cigarette smoking history at enrollment [never,

former smoker (�100 lifetime cigarettes), current smoker,

missing], family history of cancer (yes, no, missing; specific

site where available), education (high school or less, more

than high school, missing) and use of imazethapyr, the pes-

ticide ingredient most correlated with dicamba (Spearman

P¼ 0.49), classified as no, low, high or missing based on

median intensity-weighted days of use (10–708.8, >708.8,

missing). We further adjusted cancer-specific models for

known risk factors including detailed smoking history

(never, tertiles of pack-years among former smokers:

<3.75, 3.75–15, >15, tertiles of pack-years among current

smokers: <11.5, 11.5–28.5, >28.5, missing), smokeless to-

bacco use (ever, never), frequency of alcohol consumption

(never, up to four times/week, every day or almost every

day, missing) and body mass index (BMI; <25 , 25–29.9,

30þ kg/m2, missing). We considered adjustment for addi-

tional correlated pesticides including 2,4-D (P¼ 0.45), tri-

fluralin (P¼ 0.40), atrazine (P¼ 0.39) and cyanazine

(P¼ 0.38); the results were similar and only imazethapyr

was included in the final models to avoid over-

stratification. We also conducted a sensitivity analysis in-

cluding only intensity-weighted days of dicamba exposure

reported at enrollment (no imputed data). To evaluate the

robustness of our findings, we compared selected results
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from Poisson models to those fitting Cox proportional haz-

ard models; results were nearly identical.

Analyses were performed using SAS version 9.4 (SAS

Institute, Inc., Cary, NC). All statistical tests were two-

sided with a¼ 0.05.

Results

Table 1 displays selected characteristics of 49 922 AHS

applicators stratified by dicamba never use and intensity-

weighted days of dicamba use in quartiles. Applicators

reporting dicamba use were more likely to be younger,

from IA, commercial applicators, male, White and more

highly educated compared with non-users. Dicamba users

were less likely to report current smoking and more likely

to report occasional and frequent alcohol consumption.

BMI did not differ substantially based on dicamba use.

Dicamba use was associated with higher self-reported ever

use of imazethapyr, 2,4-D, trifluralin, atrazine and cyana-

zine. Dicamba users were more likely to report beef, hogs,

field corn and soybeans as a major source of income.

Among applicators who reported using dicamba at enroll-

ment, 80% first used dicamba in the 1970s or 1980s. 31%

continued to use dicamba at study follow-up, whereas

among never users at enrollment, only about 7% reported

use at study follow-up (results not shown).

There was no association between intensity-weighted

days of dicamba use and all cancer sites combined (Ptrend ¼
0.57); however, we did note some site-specific associations.

Results for cancers with at least 20 dicamba-exposed cases

(quartiles of intensity-weighted days) are presented in

Table 2; results for cancers with 10–19 exposed cases

(�median, >median intensity-weighted days) are presented

in Table 3. Tonsil cancer was positively associated with

low use of dicamba and inversely associated with high use

of dicamba compared with unexposed (n¼ 16, RRlow ¼
1.86, CI: 1.19–2.88, RRhigh ¼ 0.64, CI: 0.39–1.04, Ptrend

< 0.001). Increasing intensity-weighted days of dicamba

use was associated with cancers of the liver and intrahe-

patic bile duct (C22.0–C22.1; RRQ4 ¼ 1.80, CI: 1.26–

2.56, Ptrend < 0.001). This association was driven by a rel-

atively small number (n¼10 of 28 total exposed cases) of

intrahepatic bile duct cancers (RRhigh ¼ 2.92, CI: 1.71–

5.01, Ptrend < 0.001). Dicamba use was inversely associ-

ated with lung cancer among low-exposed applicators

(RRQ1 ¼ 0.67, CI: 0.47–0.94, RRQ2 ¼ 0.74, CI: 0.55–

1.01) compared with unexposed; however, there was no

evidence of an exposure–response trend for all lung cancers

(Ptrend ¼ 0.22) or any subtype. Dicamba use was associated

with lower risk of myeloid leukaemia (RRQ4 ¼ 0.73, CI:

0.51–1.03, Ptrend ¼ 0.01). High dicamba use was positively

associated with acute/other lymphocytic leukaemia

(n¼ 13, RRhigh ¼ 4.59, CI: 2.11–19.98, Ptrend < 0.001).

Chronic lymphocytic leukaemia (CLL), a common lym-

phoid malignancy, was associated with increasing dicamba

use (RRQ4 ¼ 1.20, CI: 0.96–1.50, Ptrend ¼ 0.01). Dicamba

use was also associated with mantle cell lymphoma (MCL,

RRhigh ¼ 3.47, CI: 2.06–5.85) with 18 exposed cases, al-

though there was no evidence of a monotonic trend. Risk

was weakly elevated in the fourth quartile of dicamba ex-

posure for all lymphoid malignancies combined, as well as

for diffuse large B-cell lymphoma (DLBCL), follicular lym-

phoma and multiple myeloma. Results evaluating cumula-

tive days of dicamba use were similar to intensity-weighted

days (Supplementary Table 1, available as Supplementary

data at IJE online). Modelling results including only pesti-

cide exposure information reported at enrollment (no im-

puted data) were generally similar in magnitude and

direction to imputed results (Supplementary Table 2, avail-

able as Supplementary data at IJE online).

To address issues related to latency, we lagged dicamba

exposure by 5-, 10- and 20-year increments. The results for

lymphohaematopoietic cancers lagging dicamba exposure

5 years were similar in magnitude and direction to the

unlagged analyses (Supplementary Table 3, available as

Supplementary data at IJE online). Associations with tonsil

cancer, liver and intrahepatic bile duct cancer, myeloid leu-

kaemia and MCL remained after lagging dicamba expo-

sure up to 20 years (Table 4). We also noted elevated risk

of kidney cancer lagging exposure by 20-years (RRQ4 ¼
1.61, CI: 1.04–2.50, Ptrend ¼ 0.04). The association be-

tween dicamba and CLL in unlagged analyses was not ap-

parent after lagging exposure 10 (RRQ4 ¼ 0.95, CI: 0.77–

1.17, Ptrend ¼ 0.98) and 20 (RRQ4 ¼ 0.89, CI: 0.71–1.12,

Ptrend ¼ 0.27) years.

Discussion

This updated analysis of dicamba use and cancer incidence

in the AHS cohort adds 2702 incident dicamba-exposed

cancer cases and >12 additional years of follow-up. We

observed elevated risk of liver and intrahepatic bile duct

cancers, acute/other lymphocytic leukaemia, CLL and

MCL. Conversely, we observed a decreased risk of tonsil

cancer and myeloid leukaemia among applicators exposed

to high levels of dicamba. None of these associations has

been previously reported in the epidemiologic literature.

We observed increased risk of liver and bile duct cancer

with increasing dicamba use among relatively few exposed

cases (n¼ 28). Looking separately at liver cancer and intra-

hepatic bile duct cancer, only intrahepatic bile duct cancer

(n¼ 10) demonstrated elevated risk with dicamba use, al-

though there was a positive trend for liver cancer after a

20-year exposure lag. These findings were robust to
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Table 1. Selected characteristics of Agricultural Health Study pesticide applicators (n¼ 49 922), stratified by lifetime intensity-

weighted days of dicamba use

Participant characteristics Intensity-weighted days of dicamba use

No use �449.5 449.6–1260 1260.1–3689 >3689

n ¼ 23510 n ¼ 6292 n ¼ 6522 n ¼ 6896 n ¼ 6702

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

Attained age, years

<50 3336 (14.2) 713 (11.3) 683 (10.5) 673 (9.8) 611 (9.1)

50–59 5924 (25.2) 1725 (27.4) 1888 (28.9) 2053 (29.8) 2105 (31.4)

60–69 6645 (28.3) 1982 (31.5) 2076 (31.8) 2265 (32.8) 2298 (34.3)

70þ 7605 (32.3) 1872 (29.8) 1875 (28.7) 1905 (27.6) 1688 (25.2)

State

Iowa 10 193 (43.4) 5537 (88) 5918 (90.7) 6341 (92) 5979 (89.2)

North Carolina 13 317 (56.6) 755 (12) 604 (9.3) 555 (8) 723 (10.8)

Applicator type

Private 21 847 (92.9) 5861 (93.2) 6108 (93.7) 6219 (90.2) 5357 (79.9)

Commercial 1663 (7.1) 431 (6.8) 414 (6.3) 677 (9.8) 1345 (20.1)

Gender

Male 22 434 (95.4) 6222 (98.9) 6465 (99.1) 6852 (99.4) 6657 (99.3)

Female 1076 (4.6) 70 (1.1) 57 (0.9) 44 (0.6) 45 (0.7)

Race

White 22 545 (95.9) 6222 (98.9) 6450 (98.9) 6841 (99.2) 6636 (99)

Other 965 (4.1) 70 (1.1) 72 (1.1) 55 (0.8) 66 (1)

Education

High school or less 13 501 (57.4) 3257 (51.8) 3341 (51.2) 3551 (51.5) 3483 (52)

At least some college 9336 (39.7) 2885 (45.9) 3044 (46.7) 3223 (46.7) 3101 (46.3)

Missing/other 673 (2.9) 150 (2.4) 137 (2.1) 122 (1.8) 118 (1.8)

Smoking status at enrolment

Never 11 344 (48.3) 3657 (58.1) 3828 (58.7) 3937 (57.1) 3594 (53.6)

Former 7250 (30.8) 1745 (27.7) 1840 (28.2) 1992 (28.9) 1957 (29.2)

Current 4627 (19.7) 829 (13.2) 804 (12.3) 920 (13.3) 1111 (16.6)

Missing 289 (1.2) 61 (1) 50 (0.8) 47 (0.7) 40 (0.6)

Alcohol consumption frequency at enrolment

Never 9567 (40.7) 1555 (24.7) 1434 (22) 1374 (19.9) 1270 (18.9)

Occasional (<1 day/month to 4 days/week) 12 169 (51.8) 4247 (67.5) 4542 (69.6) 4924 (71.4) 4689 (70)

Every day or almost every day 1276 (5.4) 353 (5.6) 433 (6.6) 513 (7.4) 671 (10)

Missing 498 (2.1) 137 (2.2) 113 (1.7) 85 (1.2) 72 (1.1)

Body mass index (kg/m2)

<25 4679 (19.9) 1253 (19.9) 1231 (18.9) 1278 (18.5) 1058 (15.8)

25–29.9 8005 (34.0) 2378 (37.8) 2670 (40.9) 2753 (39.9) 2547 (38.0)

30þ 3787 (16.1) 1044 (16.6) 1102 (16.9) 1262 (18.3) 1284 (19.2)

Missing 7039 (29.9) 1617 (25.7) 1519 (23.3) 1603 (23.2) 1813 (27.1)

Ever use of correlated pesticides

Imazethapyr 4655 (19.8) 3455 (54.9) 3964 (60.8) 4742 (68.8) 4685 (69.9)

2,4-D 14 318 (60.9) 5526 (87.8) 5912 (90.6) 6393 (92.7) 6299 (94)

Trifluralin 7692 (32.7) 3756 (59.7) 4234 (64.9) 4797 (69.6) 4820 (71.9)

Atrazine 12 801 (54.4) 5181 (82.3) 5579 (85.5) 6102 (88.5) 5992 (89.4)

Cyanazine 5139 (21.9) 3214 (51.1) 3427 (52.5) 3917 (56.8) 4105 (61.3)

Major income-producing crops and animals at enrolmentb

Beef cattle 7222 (30.7) 2569 (40.8) 2758 (42.3) 2877 (41.7) 2706 (40.4)

Hogs 5061 (21.5) 2469 (39.2) 2766 (42.4) 3013 (43.7) 2589 (38.6)

Poultry 988 (4.2) 202 (3.2) 186 (2.9) 189 (2.7) 205 (3.1)

Field corn 12 874 (54.8) 5326 (84.6) 5673 (87) 5967 (86.5) 5280 (78.8)

Cotton 1779 (7.6) 119 (1.9) 74 (1.1) 83 (1.2) 101 (1.5)

Soybeans 12 589 (53.5) 4863 (77.3) 5191 (79.6) 5559 (80.6) 4964 (74.1)

Wheat 3643 (15.5) 423 (6.7) 379 (5.8) 377 (5.5) 477 (7.1)

aPercentages may not sum to 100 due to rounding.
bCategories are not mutually exclusive.
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sensitivity analyses and exposure lags of up to 20 years.

The association between dicamba and liver and/or intrahe-

patic bile duct cancer has not been reported in the epidemi-

ologic literature. In the AHS, the herbicide metolachlor has

been associated with liver cancer risk;23 the association

with dicamba remained unchanged after adjustment for

metolachlor use in our analysis. Liver cancer is rare, and

incidence is lower than expected in farming populations in-

cluding the AHS,24,25 possibly due to the healthy worker

effect and/or behavioural factors, such as lower alcohol

consumption. Where appropriate, we controlled for

known risk factors that may confound the relationship be-

tween dicamba and liver cancer, including gender, tobacco

use, alcohol consumption and body size. We did not have

data on certain medical risk factors, including chronic hep-

atitis infection and cirrhosis, but have no reason to assume

these conditions would be associated with dicamba use.

Experimental studies have demonstrated a potential link

between dicamba and liver cancer. Dicamba is considered

a peroxisome proliferator in vivo,26 with the potential to

increase peroxisomal enzyme activity in the liver and even-

tually cause liver tumours.27 Additionally, in a study of fe-

male rats dicamba was associated with increased risk of

liver tumours when administered in combination with

other carcinogens.28

Dicamba has previously been associated with NHL

overall8,12 and suggestively associated with multiple

myeloma,29 a non-Hodgkin lymphoid malignancy.30 Our

study was the first to evaluate aetiologically distinct NHL

subtypes while also using detailed exposure assessment

that utilized time-varying and intensity-weighted metrics.

Our analysis is the first prospective study to demonstrate

increased risk of CLL among pesticide applicators report-

ing use of dicamba. We did not observe strong associations

with any category of exposure for multiple myeloma or ev-

idence of an exposure–response trend. The positive associ-

ation with CLL in unlagged and 5-year lagged analyses,

and the absence of an association with longer exposure

lags may suggest a relatively short latency or a promoting

effect. Dicamba may potentially influence progression

from monoclonal B-cell lymphocytosis, a CLL precursor,

to clinical CLL.31 CLL has been associated with living or

working on a farm and occupation as a crop farmer in a

large pooled study,32 but the lack of information on spe-

cific pesticides did not allow risk to be directly linked to di-

camba. Though there is limited experimental evidence for

the carcinogenicity of dicamba in vivo, a single study found

increased lymphoma risk among rats fed dicamba over a 2

year period.33 We observed a positive association with di-

camba use and another lymphoid malignancy, MCL.

However, this association was based on relatively few ex-

posed cases (n¼ 18) and there was limited evidence of a

monotonic exposure–response trend in all but the 20-year

lagged analysis. MCL is rare, with only 0.8 cases diagnosed

Table 3. Multivariable Poisson regression models estimating adjusteda rate ratios (RR) and 95% confidence intervals (CI) for low

(�median) and high dicamba intensity-weighted days of use compared with no use. Results for cancer sites with 10–19 exposed

cases

Cancer site No use 5.0–1260.0 >1260.0 Ptrend
b

n n RR (95% CI) n RR (95% CI)

Tonguec,d 18 10 0.93 (0.36–2.38) 6 0.50 (0.17–1.45) 0.17

Tonsilc 9 11 1.86 (1.19–2.88) 5 0.64 (0.39–1.04) <0.001

Liver and intrahepatic bile duct

Livere,f 37 5 0.53 (0.19–1.48) 13 1.04 (0.46–2.34) 0.64

Intrahepatic bile ducte,f 6 5 1.74 (0.99–3.08) 5 2.92 (1.71–5.01) <0.001

Leukaemia

Chronic myeloid leukaemia 12 7 0.97 (0.24–3.94) 3 0.81 (0.20–3.31) 0.76

Acute/other lymphocytic leukaemia 3 3 2.60 (1.13–5.96) 10 4.59 (2.11–9.98) <0.001

Hodgkin lymphoma 14 9 1.06 (0.40–2.82) 4 0.50 (0.12–2.07) 0.29

Non-Hodgkin lymphoid malignancies

Marginal zone lymphoma 6 6 2.07 (0.54–7.96) 4 1.28 (0.27–5.97) 0.90

Mantle cell lymphoma 7 10 5.29 (3.41–8.18) 8 3.47 (2.06–5.85) 0.12

aAdjusted for age, race, sex, state, applicator type, education, imazethapyr, smoking (current, former, never), family history of cancer.
bP-value for trend using a Wald test.
cAdditionally adjusted for pack-years smoked (tertiles by smoking status).
dAdditionally adjusted for non-combustible tobacco use.
eAdditionally adjusted for alcohol consumption.
fAdditionally adjusted for body mass index.
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Table 4. Multivariable Poisson regression models estimating adjusteda rate ratios (RR) and 95% confidence intervals (CI) for

each category of cumulative dicamba intensity-weighted days of use lagged 10 and 20 years, compared with no exposure, for

selected cancer sites

Cancer site 10-Year exposure lag 20-Year exposure lag

n RR (95% CI) n RR (95% CI)

All sitesb

0 3945 1.00 (ref) 0 4848 1.00 (ref)

5.0–396.0 882 0.99 (0.91–1.07) 5.0–315.0 668 1.04 (0.96–1.14)

396.1–1120.0 884 0.98 (0.90–1.07) 315.1–937.5 627 0.97 (0.89–1.06)

1120.1–3315.0 880 0.97 (0.89–1.05) 937.6–2800.0 646 0.99 (0.91–1.08)

>3315.0 881 1.04 (0.96–1.13) >2800.0 644 1.09 (1.00–1.19)

Ptrend
c 0.28 Ptrend 0.08

Tonsilb

0 11 1.00 (ref) 0 14 1.00 (ref)

5.0–1120.0 7 1.17 (0.79–1.73) 5.0–937.5 6 1.09 (0.71–1.67)

>1120.0 5 0.60 (0.38–0.96) >937.5 3 0.49 (0.28–0.87)

Ptrend 0.01 Ptrend 0.01

Colond

0 275 1.00 (ref) 0 335 1.00 (ref)

5.0–396.0 56 0.90 (0.66–1.23) 5.0–315.0 53 1.21 (0.89–1.65)

396.1–1120.0 56 0.87 (0.63–1.21) 315.1–937.5 41 0.93 (0.67–1.31)

1120.1–3315.0 64 1.01 (0.75–1.36) 937.6–2800.0 39 0.88 (0.62–1.24)

>3315.0 60 1.04 (0.76–1.42) >2800.0 41 1.01 (0.71–1.42)

Ptrend 0.59 Ptrend 0.84

Liver and bile ductd,e

0 45 1.00 (ref) 0 46 1.00 (ref)

5.0–396.0 2 0.45 (0.27–0.75) 5.0–315.0 2 0.65 (0.39–1.09)

396.1–1120.0 6 1.23 (0.87–1.75) 315.1–937.5 8 1.31 (0.89–1.92)

1120.1–3315.0 6 1.34 (0.96–1.86) 937.6–2800.0 4 1.76 (1.26–2.45)

>3315.0 12 1.80 (1.32–2.43) >2800.0 11 1.91 (1.39–2.63)

Ptrend <0.001 Ptrend <0.001

Liverd,e

0 38 1.00 (ref) 0 39 1.00 (ref)

5.0–1120.0 4 0.52 (0.17–1.57) 5.0–937.5 4 0.82 (0.28–2.44)

>1120.0 13 1.18 (0.54–2.58) >937.5 12 1.88 (0.89–3.99)

Ptrend 0.44 Ptrend 0.08

Bile ductd,e

0 7 1.00 (ref) 0 7 1.00 (ref)

5.0–1120.0 4 1.49 (0.88–2.53) 5.0–937.5 6 1.13 (0.65–1.96)

>1120.0 5 2.49 (1.49–4.15) >937.5 3 2.71 (1.66–4.42)

Ptrend <0.001 Ptrend <0.001

Lungb

0 464 0 517 1.00 (ref)

5.0–396.0 47 0.65 (0.47–0.92) 5.0–315.0 35 0.77 (0.54–1.10)

396.1–1120.0 57 0.79 (0.58–1.07) 315.1–937.5 41 0.84 (0.60–1.17)

1120.1–3315.0 60 0.79 (0.59–1.05) 937.6–2800.0 47 0.88 (0.64–1.21)

>3315.0 61 0.75 (0.56–1.02) >2800.0 43 0.79 (0.57–1.10)

Ptrend 0.17 Ptrend 0.21

Kidneyb,d

0 136 1.00 (ref) 0 157 1.00 (ref)

5.0–396.0 21 0.76 (0.47–1.22) 5.0–315.0 19 0.99 (0.60–1.61)

396.1–1120.0 34 1.09 (0.71–1.68) 315.1–937.5 33 1.76 (1.18–2.62)

1120.1–3315.0 33 1.12 (0.74–1.71) 937.6–2800.0 24 1.27 (0.81–2.00)

>3315.0 36 1.37 (0.91–2.06) >2800.0 27 1.61 (1.04–2.50)

Ptrend 0.08 Ptrend 0.04

(Continued)
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per 100 000 US adults, though it has been reported that

incidence is increasing.34 Pesticide exposure has been

implicated as a potential risk factor for MCL,35 but this

is the first study to evaluate MCL risk in relation to

dicamba use.

We noted an inverse association for increasing dicamba

use and myeloid leukaemia. In the AHS, the herbicides

glyphosate and alachlor have been associated with elevated

risks of AML,36,37 though adjusting for these herbicides

did not substantially alter the inverse association for

dicamba. A case-control study conducted in IA and

Minnesota in the early 1980s found that dicamba use was

associated with decreased risk of leukaemia.13 However,

caution should be taken comparing these results, as this

earlier study included CLL in the definition of leukaemia.

For lymphocytic leukaemias in our analysis [mostly acute

lymphocytic leukaemias (ALL)], dicamba use was associ-

ated with elevated risk of disease; however, there were few

exposed cases (n¼ 13) and these findings did not remain

after lagging exposure more than 5 years. This may indi-

cate a short latency of effect, or this may be a spurious

finding based on few cases. ALL is rare (1.7 cases per

100 000) especially in adults, as about 55% of cases are di-

agnosed in children.34,38 As such, certain environmental

risk factors for ALL are well characterized in children,39

but less so in adults.40

Table 4. Continued

Cancer site 10-Year exposure lag 20-Year exposure lag

n RR (95% CI) n RR (95% CI)

Myeloid leukaemia

0 53 1.00 (ref) 0 67

5.0–396.0 12 1.04 (0.81–1.34) 5.0–315.0 10 0.54 (0.39–0.77)

396.1–1120.0 14 0.70 (0.51–0.96) 315.1–937.5 10 0.65 (0.48–0.89)

1120.1–3315.0 14 0.67 (0.51–0.89) 937.6–2800.0 9 0.43 (0.30–0.62)

>3315.0 9 0.53 (0.39–0.73) >2800.0 6 0.50 (0.35–0.71)

Ptrend <0.001 Ptrend <0.001

Acute/other lymphocytic leukaemia

0 6 1.00 (ref) 0 8 1.00 (ref)

5.0–1120.0 3 0.64 (0.32–1.27) 5.0–937.5 2 0.22 (0.08–0.62)

>1120.0 7 1.25 (0.72–2.16) >937.5 6 0.97 (0.58–1.65)

Ptrend 0.12 Ptrend 0.50

Non-Hodgkin lymphoid malignancies

0 291 1.00 (ref) 0 369 1.00 (ref)

5.0–396.0 81 1.10 (0.85–1.44) 5.0–315.0 62 1.14 (0.86–1.51)

396.1–1120.0 84 1.15 (0.87–1.50) 315.1–937.5 63 1.16 (0.88–1.54)

1120.1–3315.0 81 1.13 (0.86–1.48) 937.6–2800.0 61 1.13 (0.85–1.50)

>3315.0 83 1.21 (0.92–1.60) >2800.0 60 1.25 (0.94–1.68)

Ptrend 0.24 Ptrend 0.16

Chronic/small lymphocytic leukaemia

0 65 1.00 (ref) 0 78 1.00 (ref)

5.0–396.0 16 0.81 (0.66–1.00) 5.0–315.0 17 0.86 (0.69–1.07)

396.1–1120.0 25 0.87 (0.72–1.06) 315.1–937.5 22 0.84 (0.68–1.04)

1120.1–3315.0 24 0.80 (0.66–0.99) 937.6–2800.0 18 0.70 (0.55–0.88)

>3315.0 25 0.95 (0.77–1.17) >2800.0 18 0.89 (0.71–1.12)

Ptrend 0.98 Ptrend 0.27

Mantle cell lymphoma

0 7 1.00 (ref) 0 13 1.00 (ref)

5.0–1120.0 12 3.12 (2.07–4.68) 5.0–937.5 4 0.94 (0.57–1.54)

>1120.0 6 1.75 (1.06–2.89) >937.5 7 1.65 (1.06–2.58)

Ptrend 0.63 Ptrend 0.02

aAdjusted for age, race, sex, state, applicator type, education, imazethapyr, smoking (current, former, never), family history of cancer.
bAdditionally adjusted for pack-years smoked (tertiles by smoking status).
cP-value for trend using a Wald test.
dAdditionally adjusted for body mass index.
eAdditionally adjusted for alcohol consumption.
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In laboratory animals there is limited evidence that di-

camba may be carcinogenic to rats, based on weakly ele-

vated risks for certain tumours (lymphomas and thyroid

parafollicular cell carcinomas).33 However, a number of

studies suggest that dicamba may be genotoxic. In vitro,

dicamba increases the frequency of sister chromatid

exchanges, alterations in cell cycle progression and

decreases in cell proliferation in human lymphocytes.41–43

Oxidative stress has been suggested as a mechanism by

which dicamba causes DNA damage.44 Furthermore, a sin-

gle study found that inert ingredients in commercial prod-

uct formulations containing dicamba, which due to the

proprietary nature of commercial formulations were not

known, may influence genotoxicity as well through an en-

tirely separate mechanism.44

An earlier analysis in the cohort noted associations with

lung and colon cancer,5 which we did not observe in this

updated analysis. Samanic et al.5 found that compared

with unexposed applicators, individuals in the highest ter-

tile of dicamba exposure had �50% greater risk of colon

and lung cancer. Our study added more than 12 years of

follow-up and included 250 dicamba-exposed colon cancer

cases and 240 exposed lung cancer cases, compared with

59 and 52, respectively. For lung cancer, an important

strength of our analysis is the evaluation of histopathologic

subtypes that may have distinct aetiologies and risk fac-

tors.45 Bonner et al. recently evaluated several pesticides

and risk of incident lung cancer in the AHS with follow-up

through 2011, and similarly did not observe an association

with dicamba.46 The slight inverse association with lung

adenocarcinoma could potentially be due to residual con-

founding of tobacco use, as dicamba users were less likely

to report being current smokers at study enrollment.

Outside the AHS, no other study has evaluated dicamba

exposure with these cancer sites.

One factor that makes interpretation of our results com-

plicated in the context of historical studies of dicamba and

lymphohaematopoietic cancers is the evolution of how

these tumours are classified. Prior to the use of current

standardized classifications of lymphoid malignancies in

epidemiologic studies,19 CLL was often classified as a leu-

kaemia, which makes comparison of historical studies to

our work challenging. In our analysis, we evaluated the fin-

est subtype classification possible in order to avoid group-

ing tumours with distinct aetiologies, with all historic cases

coded according to the SEER/World Health Organization

Lymphoma Subtype Recode (2008).19

We were not able to account for spatial autocorrelation

between farmer residences in our statistical analysis. This

could theoretically lead to residual confounding if an

unmeasured spatial covariate is related to the observed

associations between dicamba use and cancer; however,

we believe it is unlikely that such an unmeasured con-

founder exists that would meaningfully impact our risk

estimates. Spatial autocorrelation could also result in issues

with estimating variance if farmers in our population are

not truly independent. To account for this, in our interpre-

tation of results we evaluated not only CIs but also tests

for linear trend, effect size, and existing laboratory and epi-

demiologic literature.

Our exposure assessment extends through the first

follow-up of the AHS cohort (1999–2005), with 19.6% of

the cohort continuing to use dicamba at follow-up ques-

tionnaire. However, this assessment does not include the

period following approval of genetically engineered

dicamba-resistant crops in the USA in 2016,16 after which

use is expected to increase. Although it is unlikely that

these most recent exposures would be relevant with respect

to cancer outcomes, it would be of interest to know how

approval of these crops may change patterns of dicamba

use and exposure. For example, the newest dicamba prod-

ucts on the market have been formulated to be less volatile

than formulations applied historically.47

Conclusions

In a large prospective cohort, use of the herbicide dicamba

was associated with increased risk of liver and intrahepatic

bile duct cancers. Dicamba use was also inversely associ-

ated with myeloid leukaemia. Elevated risk of CLL was as-

sociated with high dicamba exposure, but this association

was only observed in unlagged analyses. We additionally

observed associations with tonsil cancer, lymphocytic leu-

kaemia and MCL, though these analyses were based on

fewer than 20 dicamba-exposed cases. With additional

follow-up, we did not see evidence for elevated risks for

lung and colon cancer that have been previously reported

in the cohort. Future work should focus on replication of

these findings and understanding whether the mechanisms

for carcinogenicity reported in animal models, such as oxi-

dative stress and DNA damage, are relevant in humans.

Rigorous epidemiologic studies of dicamba are necessary

given the potential for widespread agricultural exposures

with the introduction of dicamba-resistant crops.
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