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Abstract: A secondary analysis of 1999-2002 Nebraska case-control data was conducted to assess the risk of non-Hodgkin lymphoma
(NHL) associated with exposure to nitrate- and atrazine-contaminated drinking water. Water chemistry data were collected and weighted
by well contribution and proximity of residence to water supply, followed by logistic regression to determine odds ratios (OR) and 95%
confidence intervals (CI). We found no association between NHL risk and exposure to drinking water containing atrazine or nitrate
alone. Risk associated with the interaction of nitrate and atrazine in drinking water was elevated (OR, 2.5; CI, 1.0-6.2). Risk of indolent
B-cell lymphoma was higher than risk of aggressive B-cell lymphoma (indolent: OR, 3.5; CI, 1.0-11.6 vs. aggressive: OR, 1.9; CI,
0.6-5.58). This increased risk may be due to in vivo formation and subsequent metabolism of N-nitrosoatrazine. A larger study is war-
ranted to confirm our findings.
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Introduction

In recent years, the incidence of non-Hodgkin
lymphoma (NHL) has increased more rapidly in
rural areas than in urban areas and has been consis-
tently higher in Nebraska than the United States as
a whole."? In 2008, the Centers for Disease Control
reported NHL incidence in Nebraska’s 93 counties
ranged from 17/100,000 to 32/100,000 people.? Agri-
cultural practices,’® ingestion of nitrate-contaminated
drinking water,*'? and pesticide exposure''* have all
been linked to an increased incidence of NHL.

Substantial nitrate and atrazine contamination of
groundwater has occurred in Nebraska, mainly attrib-
uted to application of atrazine and nitrogen-based
fertilizers, and exacerbated by irrigation.!*!” Ground-
water provides more than 85% of Nebraska’s drinking
water and median nitrate-N concentrations in Nebraska
groundwater rose an average of 0.16 mg/L/year from
1978 to 1998.'® Atrazine (6-chloro-N-ethyl-N'-(1-
methylethyl)-1,3,5-triazine-2,3-diamine) is a triaz-
ine herbicide widely used since its introduction in
the 1960s, with peak application rates during the
1980s.'®!? Atrazine is one of the most prevalent corn
herbicides and is the most common pesticide detected
in US waters.”**! A 1997 study reported co-occurrence
of high nitrate-N concentrations in 70 drinking water
wells testing positive for atrazine.??

Exposure to drinking water contaminated with both
nitrate and atrazine may increase the risk of develop-
ing NHL due to in vivo nitrosamine formation.?> %
Many nitrosamines are known carcinogens* and
some are on the Environmental Protection Agency’s
Unregulated Contaminant Monitoring Rule 2 list,
raising concerns that nitrosamines may be related to
drinking water toxicity. During digestion nitrate is
reduced to nitrite and many secondary amines are nit-
rosated in the presence of nitrite under acidic condi-
tions thatare similar to those of the human stomach.?”°
Atrazine is a secondary amine that nitrosates to form
N-nitrosoatrazine (NNAT), which has been shown to
significantly increase chromosomal abnormalities in
lymphocytes in vitro at low concentrations.*!

Apositive association between atrazine in drinking
water and stomach cancer and a negative association
between stomach cancer and nitrate in drinking water
has been reported in an ecological study conducted
in Canada. An evaluation of the interaction was not
reported in that study.> An association between

nitrate in drinking water and an increased risk of NHL
in Nebraska men and women has been reported,’” but
there was no association with risk of any cancer,
NHL, leukemia, melanoma or cancers of the colon,
breast, lung, pancreas or kidney in lowa women,'® or
in case control studies conducted in lowa and Min-
nesota.’’ These discrepancies may be due to differ-
ences in study design, methodology used to determine
exposure, analytical techniques, confounding due to
other drinking water contaminants, or uncontrolled
confounding due to other causes. To our knowledge,
these studies did not control for exposure to atrazine,
which may be a confounder in the Nebraska study,
thereby showing a positive association between
nitrate and NHL risk.

The methodologies used to determine exposure
differ among studies and exposure data may be unre-
liable, leading to misclassification of exposure. Like
many cancers, NHL has a long latency period and
assessing risk associated with environmental expo-
sures using historical data is difficult at best. Many
study participants consume water from a complex
public water supply (PWS) infrastructure. Based on
the pathways of nitrosamine formation, metabolism
and subsequent carcinogenicity, we hypothesized that
exposure to both atrazine and nitrate would increase
risk of NHL. The associations between risk factors
and NHL histological subtypes are reportedly stron-
ger than associations between the same risk factors
and NHL in aggregate.*® Therefore we further hypoth-
esized that differences would be observed based on
NHL subtype (aggressive B-cell, indolent B-cell, and
T-cell). The aims of our analysis were to: (1) estimate
each subject’s exposure to the contaminants of con-
cern from municipal wells that directly contribute to a
subject’s exposure to atrazine and nitrate from his/her
drinking water supply; (2) evaluate the association
between NHL and drinking water contaminated with
atrazine and/or nitrate; and (3) assess the association
of exposure to nitrate- and/or atrazine-contaminated
drinking water by NHL subtype.

Methods
Study population

The sample of participants for this analysis was
selected from a population-based sample of 389 NHL
cases and 535 controls recruited between January of
1999 and December of 2002.3* Participants included
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males and females of white, black, Hispanic, Asian,
and Native American origin, aged 21 to 75, and resid-
ing in Nebraska. Cases were identified using a rapid-
reporting system through the Nebraska Lymphoma
Registry and Tissue Bank and were eligible for the
study if they met the following criteria: (1) diagnosed
with NHL; (2) resided in one of 66 counties in eastern
Nebraska at the time of diagnosis; (3) between 20 and
75 years of age; (4) alive at the time of initial contact;
(5) had histologic and microscopic confirmation of the
diagnosis; (6) had no history of other cancer or HIV
infection; and (7) mentally competent to participate. Of
949 cases identified, 529 met eligibility requirements
and were administered a telephone interview (for the
non-dietary part of the questionnaire) and mailed a
questionnaire (for collection of dietary information).
Three hundred eighty-nine subjects were enrolled in
the study (73.4% participation rate). Outright refus-
als by subjects and physicians accounted for 21% and
the remaining 5.5% could not be contacted. All tumor
cases were classified according to the NHL classifica-
tion system of the World Health Organization.®

Eligible controls were identified by two-stage
random-digit dialing by the lowa State University
Center for Survey Statistics and Methodology. Con-
trols without a history of HIV infection and cancer
were randomly selected from the same geographical
areaas cases with frequency matching by age (five-year
age groups) and sex using a 1.5 to 1 matching ratio.
Controls also needed to meet the following eligibility
criteria: (1) a resident in one of 66 counties in east-
ern Nebraska; (2) alive at the time of initial contact;
and (3) mentally competent to give informed consent.
Of 697 eligible controls, 535 participated in the study
(76.8% participation rate). The main reasons for non-
participation were subject refusal (n = 116), concern
regarding blood collection (n = 10), subject could not
be contacted (n = 28), or illness (n = 8).**

After obtaining informed consent, 924 Nebraska
residents aged 21 to 75 were interviewed by telephone.
Information on basic demographics, tobacco use, and
family history of cancer was obtained, as well as addi-
tional information about city and state of residence
between 1970 and the interview date, the number
of years lived at each residence, and past sources of
drinking water.’*

Exact addresses were collected for the most recent
residence whereas previous residences included only

city and state. It was imperative for identifying the
associated water source(s) that the exact location of
all residences be known. A subgroup of participants
from the original study was included in the analysis.
This subgroup included those subjects who reported
one residence between 1978 and recruitment. Tumor
classes were categorized as aggressive B-cell
lymphoma, indolent B-cell lymphoma, or T-cell
lymphoma. The protocol for use of human subjects
in this research was approved by the Institutional
Review Board at the University of Nebraska Medical
Center (IRB# 318-05-EP).

Water data: assessment and variables
For each PWS represented in this study, the manager
was contacted to confirm that the address of interest
was connected to the PWS during the time period of
interest. Fifty-nine participants listing private well
as their water supply were excluded for lack of well
water quality data. Private wells are not subject to
mandatory testing under the Safe Drinking Water Act
(SDWA). One hundred and forty cases and 192 con-
trols were eligible to participate in this study, repre-
senting 98 PWSs.

Archived records of nitrate and pesticide concen-
trations were obtained from the Nebraska Department
of Health and Human Services and PWS managers.
Data extracted and transcribed for 1967 through
1998 included the date the well went into service,
annual well production during the time period of inter-
est, contaminant concentrations, and geographical loca-
tion of residence respective to the well(s) or storage
reservoir of interest. Not all wells contribute an equal
amount of water to the PWS. Pumping volumes for
PWS wells are calculated and reported annually. From
these data, we calculated yearly exposure concentra-
tions for each contaminant per study subject. For each
subject, total annual production of each well contrib-
uting to the subject’s residence was multiplied by the
average contaminant concentration for that well, then
weighted based on the percentage of that well’s con-
tribution relative to the total contribution of all wells
pumping into the distribution system, for the residence
of interest. These annual exposure concentrations were
then averaged to give a final exposure concentration
of each contaminant per participant.’*® For those list-
ing purified or bottled water as their water supply,
concentrations were entered as 0, as were PWS values
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reported as “no detect” or “< MDL” (less than method
detection limit). All nitrate and pesticide analyses were
performed at the State of Nebraska’s Department of
Public Health Environmental Laboratory in Lincoln.
The analytical method used for the majority of pesti-
cide analyses was USEPA 525 (GC-MS) and nitrate-N
was analyzed using automated cadmium reduction.
MDLs are determined on an annual basis. Reporting
limits are determined from method detection limits and
are 3 to 5 times greater than the MDL. We elected not
to use censored data because reporting limits varied
slightly from year to year. Therefore the use of 0 for
non-detects simplified the methodology.

Atrazine and nitrate-N were the primary contami-
nants of interest but we also obtained information on
methoxychlor, 2,4-D, simazine, and alachlor in order
to eliminate confounding due to exposure to other
pesticides in drinking water. Nitrate-N and pesticide
concentrations were recorded together with month
and year of the test result, well number, and well usage
for the time period of interest. PWSs are required to
monitor based on contaminant concentration but at a
minimum the PWS must test annually for nitrate-N.
The maximum contaminant level (MCL) for nitrate-N
is 10 mg/L and has been an enforceable standard since
1992, when the Phase Il rule was implemented by the
EPA. If the concentration is greater than 5 mg/L, the
PWS must increase the monitoring to quarterly inter-
vals. The reporting limit for nitrate-N is 0.05 mg/L.
Regulation of atrazine in drinking water began in
1992 following the 1986 amendment to the SDWA
addressing synthetic organic compounds. The MCL
for atrazine is 3 pg/L and monitoring must be per-
formed every three years and increased to annually if
atrazine is detected at or above the 0.08 pg/L reporting
limit. Based on groundwater monitoring reports and
research conducted in Nebraska evaluating atrazine
application and irrigation trends, an assumption was
made that the period of greatest exposure would
occur during the latency period for NHL, believed to
be 1020 years before contracting the disease.!>*¢37 If
this assumption results in misclassification, it would
likely underestimate exposure and bias the study
toward the null hypothesis that there is no association
between NHL risk and exposure to nitrate and atra-
zine in drinking water.

To estimate “lifetime exposure dose” for each
subject, data generated from a 1989 report was used

to estimate total tap water intake based on age and
gender.’® The average yearly contaminant exposure
for each participant was then multiplied by their total
tap water intake and the yearly exposures summed for
a lifetime dose.

Outcome and covariates

The primary outcomes of interest were all NHL
cases and three subtypes of NHL: aggressive B-cell
(mantle cell, diffuse large cell, Burkett, other B-cell,
other), indolent B-cell (chronic lymphocytic/small
lymphocytic, marginal zone, follicular), and T-cell
(peripheral T-cell, other T-cell). Covariates assessed
included adult body mass index (BMI), years of educa-
tion, gender, ethnicity (white, Hispanic, black, Asian,
Indian), family history of cancer (none, cancer other
than NHL, cancer of unknown type, hematopoietic
other than NHL, NHL), age, marital status (married,
single, separated, divorced, widowed), smoking his-
tory (never, ever), and water supply (private well,
community system, bottled water, other). Six partici-
pants in the subgroup and 43 participants in the origi-
nal study group reported their drinking water source
as “other”, which we were able to classify as PWS or
bottled water. Agrichemical covariates assessed were
methoxychlor, 2,4-D, simazine, alachlor, nitrate-N,
and atrazine. The agrichemicals were evaluated ini-
tially as individual compounds and then as mixtures.

Statistical analysis
Analyses were conducted using SPSS (Statistical
Package for Social Sciences version 17.0, IBM,
Chicago, IL). Because we were analyzing a subset of
the original sample, we examined whether restricting
the analysis to those with only one residence might
have selected for those at greater risk of NHL.
Descriptive statistics were used to summarize
participant characteristics. Covariates and exposures
to nitrate, atrazine, methoxychlor, 2,4-D, simaz-
ine and alachlor in cases and controls were com-
pared using the odds ratio (OR) and 95% confidence
intervals (CI) from univariate logistic regression
models. Multivariable logistic regression was con-
ducted; covariates identified in the univariate analy-
sis and shown to be associated with case-control
status and associated with the contaminant of inter-
est were used to adjust the logistic regression model.
For pesticides, exposed was defined as the pesticide
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ever being detected in the drinking water supply at a
concentration above the method detection limit. The
United States Geographical Survey classified 2 mg/L
as being the background concentration for nitrate-
N in groundwater in the USA.* Thus, in this study,
participants were dichotomized as either exposed
to =2 mg nitrate-N/L or >2 mg/L. Multivariable
models were then reduced using manual backward
regression. To test whether the interaction of atra-
zine and nitrate in drinking water may be associated
with increased risk of NHL, we calculated the effects
of atrazine, nitrate, and the interaction of atrazine
and nitrate using multivariable logistic regression.
Adjusted ORs and Cls were calculated maintaining
only those confounders and interaction terms with a
two-sided P-value = 0.05.

Results

Subgroup cases and controls tend to be older than
original study participants (Table 1). The distribution
of gender, race, and marital status was similar between
the subgroup and the original study group, as was
the distribution of smokers and nonsmokers, family
history of cancer, BMI, and water supply. Participants
in the original study group were slightly more edu-
cated than the subgroup. Both groups had a similar
distribution of NHL type among cases; 47% of the
original study group and 49% of the subgroup were
diagnosed with diffuse large cell (aggressive B-cell).
Of the original group, 48% were diagnosed with
follicular lymphoma (indolent B-cell), as were 46%
of the subgroup. T-cell lymphoma represents 5% of
cancers in both the original study and the subgroup.
There was no association between the number of
residences and disease status, water supply, gender,
race or marital status.

The subgroup included 78 controls and 101 cases
reporting a family history of cancer. In the univariate
analysis, family history of cancer was not associated
with increased risk of developing NHL and risk of
NHL was not associated with BMI, smoking history,
or education. There was no association between NHL
risk and nitrate or atrazine, as well as no increased risk
of developing NHL associated with methoxychlor,
2,4-D, simazine, or alachlor exposure (Table 2).

Thirty-six percent of Nebraska’s population
resides in the state’s two major cities, Lincoln and
Omaha; in this analysis 51% (n = 163) of participants

listed Omaha or Lincoln as their city of residence. We
excluded participants from Lincoln and Omaha and
repeated the analysis to ensure that our results were
not biased toward residences in these cities. NHL risk
associated with nitrate exposure was unchanged. The
same sample showed risk of NHL in those exposed
to atrazine as slightly elevated (OR, 1.3; CI, 0.9-1.9)
but not significantly (P = 0.20).

Multivariable logistic regression showed the rela-
tionship between the log odds and atrazine increased
by 0.916 (SE = 0.48) when nitrate-N exposure was
greater than 2 mg/L as opposed to nitrate-N exposure
of 2 mg/L or less. After transforming into odds, our
statistical model resulted in the odds of developing
NHL being 2.9 times greater when subjects were
exposed to both nitrate- and atrazine-contaminated
drinking water (OR, 2.9; CI, 1.1-7.4) (P = 0.025) as
opposed to when only atrazine or nitrate was present.
After adjusting for age (by adding age as an addi-
tional continuous independent variable in the model),
the risk of developing NHL remained elevated (OR,
2.5; CI, 1.0-6.2) (P =0.047) (Table 3).

We investigated the association of nitrate and
atrazine with risk of NHL by subtypes. After adjusting
for age, the risk of indolent B-cell lymphoma (n = 64)
was significantly greater (OR, 3.5; CI, 1.0-11.6)
(P=0.04) for those exposed to drinking water contain-
ing both nitrate and atrazine than those not exposed.
There was also an elevated, but non-significant risk
(OR, 1.9; CI, 0.6-5.6, P=0.26), for aggressive B-cell
lymphoma (n = 68). Analysis by subtype strongly
suggests that those exposed to nitrate- and atrazine-
contaminated drinking water may be at greater risk
for indolent B-cell lymphoma than aggressive B-cell
lymphoma. The number of T-cell lymphoma cases
was small (n = 8) and therefore not included in this
analysis.

Approximately 30% of controls and 27% of cases
were exposed to average nitrate-N concentrations
greater than the background level of 2 mg/L while still
not showing an association with increased risk of NHL
in the univariate analysis. Similarly, no associated risk
of NHL was found when cutoff values were lowered
to 1 mg/L or 0 mg/L modeled as binary variables.
Atrazine exposure occurred in 51% of controls and
57% of cases but there was no NHL risk associated
with drinking water contaminated with atrazine.
There was no difference in mean nitrate exposure or
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Table 1. Characteristics of the original Nebraska study population and subgroup* included in this study.t

Original study population

Controls (n = 535)

Cases (n = 387)

Subgroup study population

Controls (n = 192)

Cases (n = 140)

(58%) (42%) (58%) (42%)
Age (years) 59 (48-68) 61 (54-76) 65 (565-70) 65 (56-72)
Median (IQR)*
n (%) n (%) n (%) n (%)

Education

=12 241 (45) 164 (43) 95 (49) 69 (50)

13-15 141 (26) 122 (32) 49 (26) 37 (27)

16+ 153 (29) 97 (25) 49 (25) 32 (23)
Water supply

Private 71 (13) 75 (20) 0 (0) 0 (0)

Community 417 (78) 284 (74) 181 (94) 134 (96)

Bottled 16 (3) 11 (3) 7 (4) 4 (3)

Other 30 (6) 13 (3) 4 (2) 2(2)
Gender

Males 281 (52) 214 (55) 94 (49) 70 (50)

Females 254 (48) 173 (45) 98 (51) 70 (50)
Race

White 512 (96) 370 (96) 188 (98) 131 (94)

Hispanic 3(<1) 6 (2) 0 (0) 2(1)

Black 11 (2) 7 (2) 4 (2) 4 (3)

Asian 4 (<1) 3(<1) 0 (0) 2(1)

Indian 5(<1) 1(<1) 0 (0) 1(<1)
Marital status

Married 362 (68) 294 (76) 125 (65) 100 (71)

Single 59 (11) 23 (6) 21 (11) 7 (5)

Separated 3(<1) 2 (<1) 2(1) 0 (0)

Divorced 51 (10) 33 (8) 16 (8) 9 (6)

Widowed 60 (11) 34 (9) 28 (15) 24 (17)
Smoking status

Ever 219 (49) 156 (47) 72 (44) 55 (48)

Never 226 (51) 173 (53) 92 (56) 60 (52)
Family history

None 260 (49) 173 (45) 60 (43) 90 (47)

Other 224 (42) 161 (42) 61 (44) 84 (44)

Unknown 8 (1) 7(2) 1(<1) 3(2)

Hematopoietic 20 (4) 24 (6) 9(7) 9 (5)

(not NHL)

NHL 21 (4) 19 (5) 7 (5) 5(2)
BMI

<24 133 (25) 85 (22) 47 (25) 31(23)

24 1-27 142 (27) 95 (25) 43 (23) 36 (26)

27.1-30 121 (23) 78 (21) 50 (26) 23 (17)

>30 134 (25) 120 (32) 50 (26) 46 (34)
NHL type

Aggressive B-cell 181 (47) 68 (49)

Indolent B-cell 187 (48) 64 (46)

T-cell 19 (5) 8 (5)

Notes: *Those who reported living at one residence between 1978 and recruitment; Tpercentages may not always total 100% due to missing data;

*Interquartile range.
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Table 2. Univariate risk of NHL associated with BMI, smoking, education, family history of cancer, and drinking water

contaminants.

Controls (n =192)* Cases (n =140)t OR 95% CI
BMI 190 136 1.0 referent
1.0 (1.0-1.1)
Smoking 163 116
No 92 60 1.0 referent
Yes 71 56 1.2 (0.8-2.0)
Education 190 136
=12 95 69 1.0 referent
13-15 49 37 1.0 (0.6-1.8)
=16 49 32 1.1 (0.6-2.1)
Family history of cancer 190 136
None 90 (47%) 61 (44%) 1.0 referent
Other cancer 83 (43%) 61 (44%) 0.5 (0.2-1.7)
Unknown cancer 2 (2%) 1(<1%) 0.5 (0.2-1.7)
Heme, not NHL 9 (5%) 9 (6%) 0.2 (0.0-3.0)
NHL 5 (5%) 7 (5%) 0.7 (0.2-1.0)
Contaminants
Nitrate
Nitrate (=2 mg) 135 (70%) 102 (73%) 1.0 referent
(>2 mg/L) 57 (30%) 38 (27%) 0.9 (0.5-1.4)
Atrazine
Never 93 (48%) 58 (41%) 1.0 referent
Ever 97 (51%) 80 (57%) 1.2 (0.8-1.7)
Methoxychlor 189 137
Never 142 (75%) 104 (76%) 1.0 referent
Ever 47 (25%) 33 (24%) 1.0 (0.7-1.3)
2,4-D 169 138
Never 93 (55%) 76 (55%) 1.0 referent
Ever 76 (45%) 62 (45%) 1.1 (0.9-1.8)
Simazine 190 138
Never 162 (85%) 122 (88%) 1.0 referent
Ever 28 (15%) 16 (12%) 0.8 (0.4-1.5)
Alachlor 189 138
Never 161 (85%) 120 (87%) 1.0 referent
Ever 28 (15%) 18 (13%) 0.9 (0.5-1.6)

Notes: “Controls may not sum to 192 due to missing data; fcases may not sum to 140 due to missing data.

mean atrazine exposure over time between cases and
controls. When mean nitrate and mean atrazine expo-
sures were multiplied, the resulting median exposure
was eight times greater for cases than controls (0.42
for cases and 0.05 for controls respectively).

Discussion

For many years, the risk of developing NHL has
been postulated to be associated with exposure to
nitrate-contaminated drinking water and to pesticides
such as the commonly used herbicide atrazine; how-
ever, studies have been inconsistent in confirming
these associations.®”!" To our knowledge, this is the

first case-control study to examine the risk of NHL
associated with exposure to both nitrate and atrazine in
drinking water. No association between NHL risk and
drinking water containing nitrate or atrazine alone was
observed; however our analysis suggests increased
NHL risk for subjects exposed to drinking water con-
taining both nitrate and atrazine. We hypothesize that
endogenous formation and subsequent metabolism of
N-nitrosoatrazine is responsible for carcinogenesis.
The atrazine molecule has two secondary amine
moieties and can form mono-N-nitrosoatrazine or
di-N-nitrosoatrazine. We synthesized mono-NNAT
according to the method of Mirvish et al** and found
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Table 3. Age adjusted odds ratios (ORs) and 95% confidence intervals (Cl) from univariate and multivariable main effects and
interaction models of nitrate, atrazine, and the interaction of nitrate and atrazine in assessing risk for NHL in Nebraska.

No. of controls*

No. of casest

Univariate
OR (95% CI)

Multivariable
OR (95% CI)

Nitrate 192
Never 135
Ever 57

Atrazine 190
Never 93
Ever 97

Atrazine + nitrate 190
Never 174
Ever

NHL in aggregate 16
Indolent B-cell NHL 16
Aggressive B-cell NHL 16

140

102 1.0* 1.0 referent
38 0.9 (0.5-1.4) 0.6 (0.3-1.1)
138

58 1.0* 1.0 referent
80 1.2 (0.8-1.7) 1.0 (0.7-1.4)
138

120

18 2.5(1.0-6.2)
7 3.5(1.0-11.6)
11 1.9 (0.6-5.6)

Notes: *Controls may not sum to 192 due to missing data; fcases may not sum to 140 due to missing data.

it very stable when stored at 0 °C in an amber vial. We
also found that NNAT formed readily in aqueous solu-
tion at a pH between 2 and 4, comparable to that of the
human stomach, and in soil at pH = 5.*! Di-nitrosated
atrazine is much less stable and readily decomposes
to mono-NNAT.* Both nitrosamines may be forming
during digestion and di-NNAT could be more toxic
than mono-NNAT. No di-NNAT was detected in the
soil and water experiments.

Many nitrosamines have been reported as carci-
nogenic in animal models.?*** Studies have shown
that nitrosamines act differently depending on chemi-
cal structure and physicochemical properties, and
that metabolism can vary among nitrosamines.***’
Meisner et al’' reported significant increases in
chromosome breakage in human lymphocytes
exposed to 0.1 ng NNAT/L, a 1,000 to 10,000-fold
smaller concentration than nitrate, nitrite, and/or
atrazine producing comparable damage.’' Contami-
nation of groundwater with atrazine and nitrate can
be chronic and nitrosamines are reportedly more
effective in tumor induction when administered
chronically than as a single large dose.* The spe-
cific mechanism of action for NNAT is not known,
but the mechanism most frequently attributed to
N-nitrosamine carcinogenicity requires metabolic
activation by a cytochrome P450 enzyme, most com-
monly CYP450 2E1. In this reaction, an intermediate
radical is generated and subsequently hydroxylated at
the a-carbon to produce a hydroxynitrosamine. The
hydroxynitrosamine is unstable and decomposes to

an alkyldiazonium ion, which is an aggressive alky-
lating agent.””* Alkyldiazonium ions can alkylate
DNA bases, especially at N-7 and O-6 of guanine and
0O-4 of thymine. Cancer initiation is thought to occur
when the O-6-alkylguanine pairs with thymine rather
than cytosine, producing G:C-A:T mutations.?’#4
Although the topic is controversial, researchers
have concluded that neither nitrate nor atrazine are
mutagenic or carcinogenic®*>* and the results of our
exploratory study are consistent with those reports.

For nitrosation to occur, the concentration of
available nitrite must be at least four times that of the
nitrosatable compound.* In the present study, subjects
exposed to both nitrate and atrazine were exposed to
nitrate at a concentration nearly 1000 times greater
than atrazine. Approximately 5% of ingested nitrate
is converted to nitrite in saliva.?” Simultaneous expo-
sure to 1 mg of nitrate and 1 pug of atrazine in 1 L
of drinking water would yield a nitrite concentration
50 times greater than atrazine, which is more than
adequate for nitrosation.

When conducting epidemiology studies assess-
ing disease risk due to drinking water exposure, the
contribution of water supply infrastructure must be
considered to limit misclassification. The 1996 study’
evaluating NHL risk associated with exposure to nitrate
in drinking water included all well and distribution data
which could have led to exposure misclassification, pro-
ducing a false positive finding (type I error). Many
PWS wells are routinely sampled but do not pro-
vide drinking water and are not decommissioned and
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remain available for fire protection, irrigation and for
uses other than human consumption. Data from these
wells are entered into the Nebraska Health and Human
Services drinking water database as an active well.
Unless a well is formally decommissioned and capped,
quarterly monitoring is required under the SDWA.
These wells may have higher nitrate concentrations
or detectable levels of atrazine, biasing results away
from the null hypothesis of no association between
exposure to nitrate and atrazine in drinking water and
the risk of developing NHL. To reduce misclassifica-
tion we investigated the PWS infrastructure and only
included wells contributing to a subject’s residence.
Furthermore, sampling from the distribution sys-
tem occurs at random locations within the PWS and
contaminant concentrations can differ depending on
where the sample was obtained. Since 1993, sampling
must be performed where the water enters the distri-
bution system. This point of entry (POE) may be a
treatment plant, reservoir, or well. Data in the current
study were from samples obtained at the POE and
water source inclusion/exclusion criteria were based
on contribution to the location of interest. Finally,
more water quality data have been compiled since the
last Nebraska study, resulting in a more exact assess-
ment of individual-specific drinking water exposures.
Although the exclusion of participants not living at the
same residence for the entire time period of interest
reduced sample size, it more importantly eliminated
exposure misclassification due to differences in drink-
ing water quality between residence locations and
exposure duration.

Consideration should be given to the limitations of
the study. Transcription of large amounts of water data
is not likely to be error-free but misclassification due
to transcription errors should be minimal. Secondly,
most environmental epidemiological datasets have
missing exposure data for many participants. In this
study, missing water data were generally due to data
being destroyed (PWSs are required to maintain
water quality records for only 10 years), frequency
of monitoring (which depends on previous concen-
trations as monitoring of nitrate-N is required only
yearly if the concentration is less than or equal to
5 mg/L and pesticide monitoring is required only
every three years if no detection), and when the PWS
implemented the SDWA (after passage of the SDWA,
PWSs were allowed a few years for compliance). We

generally assume that missing data alters the results
of the analysis and makes findings less meaning-
ful. In this analysis, results were unchanged using a
first-observation-carried-forward or a last-observa-
tion-carried-backward method of imputation. Third,
pesticide exposure history and occupational history,
neither of which was available for this secondary
analysis, could be confounding the results. The origi-
nal study found that farmers using insecticides had a
weak elevated risk of NHL (OR = 1.2; CI = 0.9-1.6)
as did farmers who used herbicides (OR = 1.1;
CI = 0.8-1.5), compared with non-farmers. Family
history of hematopoietic cancer among first-degree
relatives was significantly associated with increased
risk of NHL (OR = 1.5; CI = 1.0-2.5) in the original
study but not in this study. When the highest quartile
of intake was compared with the lowest, the original
study reported an increased risk of NHL associated
with total fat (OR = 1.6; CI = 0.8-3.0). No apparent
association between NHL and cigarette smoking was
found.*

Furthermore, farmers may live in areas where
water has higher nitrate and atrazine concentrations
and may, because of their occupation, also have other
modes of pesticide exposures. Alternatively, one
could assume that most farmers live in rural areas
and use private wells. This study included only sub-
jects who used public water systems and lived at one
residence during the latency period (1978—1998). It is
expected, however, that small town residents would
have increased exposure from application due to their
residence being closer to farm fields. Excluding the
two largest cities represented in this study (Lincoln
and Omaha) produced no change in our results. Water
quality may be a surrogate for some other factor in
the environment such as exposure to farm animals,>
another drinking water contaminant such as arsenic,
uranium or another agrichemical, or exposure to nit-
rosamines produced from drinking water disinfection
treatments.>® The data were not sufficient to evaluate
NHL risk associated with alachlor combined with
nitrate (3 cases, 3 controls) or simazine combined
with nitrate (1 case, 3 controls). Finally, because an
association was observed only after dichotomizing the
nitrate and atrazine data, it is possible that the posi-
tive finding is due to chance. The nitrate-N data have
a positively skewed distribution and mean exposure
concentrations range from 0.00 mg/L to 8.08 mg/L
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Figure 1. Mean nitrate exposure for cases and controls.

with a median concentration of 0.94 mg/L (Fig. 1).
The atrazine data have a bimodal distribution and
are zero-inflated, with mean exposure concentrations
ranging from 0.00 pg/L to 0.80 ng/L and a median
exposure concentration of 0.08 pug/L (Fig. 2). The
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Figure 2. Mean atrazine exposure for cases and controls.

second highest quartile of atrazine exposure showed
an association between exposure and risk of NHL
(OR, 4.8; CI, 1.2-19.9; P = 0.03; n = 56 cases and
64 controls) but the association was less strong for
the highest atrazine exposure quartile and NHL
risk (OR, 3.3; CI, 1.0-11.1; P = 0.06; n = 16 cases
and 28 controls). To evaluate the quantitative dose-
response relationship regarding the interaction of
atrazine and nitrate, we fit the logistic regression and
found that the relationship between log odds and atra-
zine increased as nitrate dose increased, although not
significantly (P = 0.168).

Confounding due to the t(14;18) translocation
typically seen in NHL patients with indolent B-cell
lymphoma could be a limiting factor.”” A study
evaluating the occurrence of t(14;18) in cases ver-
sus controls and exposure to nitrate and atrazine
in drinking water would be informative. An addi-
tional limitation is subject-specific water consump-
tion information. We could only estimate tap water
intake based on a 1989 report in which the investi-
gators evaluated total water and tap water intake in
the United States by age and gender.*® Incorporating
these data into the analysis did not elicit a discrep-
ancy with our original findings.

With just over 8% of controls exposed to nitrate
and atrazine, this study has a post-hoc power of 79%
to detect a true difference in risk of NHL in aggregate
and 97% power to detect a difference in risk of indolent
B-cell NHL between subjects exposed and subjects
not exposed to nitrate and atrazine in drinking water.
We recognize that dichotomization is less efficient
for statistical analysis and decreases power; however,
the finding of an increased risk of NHL in association
with exposure to nitrate and atrazine in drinking water
warrants reporting and should be confirmed in a larger
study. This could be accomplished with a historical
cohort study. Using water quality data from several
agricultural regions, subjects would be stratified
according to the occurrence of nitrate, atrazine, and the
combination of nitrate and atrazine. Then incidence of
NHL would be compared between the groups: high
nitrate:low nitrate; nitrate + atrazine:nitrate; nitrate +
atrazine:atrazine; atrazine:no atrazine. Alternatively,
a case control study could be repeated with a larger
number of participants to increase the power of the
findings. A crucial element to epidemiology studies that
evaluate cancer risk in association with environmental
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exposures such as drinking water contaminants is the
longevity at a residence. Most cancers have latency
periods of 10-20 years. Therefore, to eliminate
exposure misclassification, an investigator must be
able to estimate exposure retrospectively over a long
time period. Finally, the best possible study would be
a prospective cohort study. Subjects would be enrolled
and their drinking water sampled annually for 20 years.
Statistical analysis would then be conducted to
evaluate if those exposed to nitrate, atrazine, or nitrate
and atrazine together were more likely to develop
NHL than those not exposed, controlling for other
known risk factors and confounders. A cohort study
would offer subject-specific water data to determine
exposure rather than estimating exposure, as is the
protocol for retrospective studies. Analysis could also
be performed for drinking water contaminants not
regulated under the SDWA, such as deethylatrazine
and deisopropylatrazine, two degradation products
of atrazine which are also nitrosatable. Although
prospective cohort studies elicit the most reliable
information, these studies are very expensive and time-
consuming. Confirmation of our results in a larger
study would increase our confidence in generalizing
the results to people chronically exposed to these two
drinking water contaminants.

Conclusion

Our findings illustrate the potential significance of
evaluating mixtures of compounds for toxicity. To
our knowledge, this study is the first to evaluate NHL
risk associated with exposure to both nitrate- and
atrazine-contaminated drinking water. Our findings
suggest that exposure to drinking water containing
nitrate is associated with a nearly three-fold increase
in risk for developing NHL if atrazine is also pres-
ent in the drinking water. The mechanism by which
nitrosamines form and are metabolized makes it bio-
logically plausible that simultaneous exposure to
nitrate and atrazine in drinking water may increase
the risk of developing NHL. Atrazine is a relatively
persistent groundwater contaminant and has been
detected for the past 40 years.”**"** Groundwater
monitoring studies and exposure data suggest that
simultaneous exposure to nitrate and atrazine is prob-
ably not an acute event but rather one that can occur
over decades, depending on residential longevity.
Two atrazine degradation products (deethylatrazine

and deisopropylatrazine) are also nitrosatable and
relatively persistent in groundwater; however, they
were not evaluated in this study and are not rou-
tinely monitored. Deethylatrazine, the most impor-
tant degradate, could easily be quantified using EPA
method 525; however, quantification of deisopro-
pylatrazine would be difficult without employing
isotope dilution. If concentrations of these degrada-
tion products are included, total atrazine residues in
groundwater may be two to five times that of atrazine
alone." To our knowledge, studies evaluating the
toxicity of nitrosated atrazine degradation products
have not been conducted.

Future studies addressing nitrate in drinking water
as a risk factor for NHL should evaluate both concur-
rent exposure to atrazine and NHL subtype. When
exposed to a mixture of contaminants in drinking
water, there is potential for in vivo formation of a more
toxic compound. This is of particular concern when
biological plausibility exists, as in the case of exposure
to nitrate and secondary amines, many of which will
nitrosate under conditions similar to that of the human
stomach and form cancer-causing nitrosamines. The
importance of evaluating mixtures when assessing risk
has been underscored by the EPA, National Research
Council, and the US Geological Survey.®*¢!
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