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Abstract 

Background: Drinking water can be an important source of exposure to nitrate and disinfection by-products, including trihalome
thanes (THMs) and haloacetic acids (HAAs). N-nitroso compounds formed endogenously after nitrate ingestion are animal carcino
gens, and THM and HAA exposures increase the risk of some cancers. Our objectives were to evaluate associations of drinking water 
nitrate and disinfection byproducts with total and aggressive (distant stage, poorly differentiated grade, fatal, or Gleason score ≥7) 
prostate cancer in the Agricultural Health Study cohort.

Methods: Male participants who were cancer free and used private wells or public water supplies (PWS) for drinking water at enroll
ment (1993-1997, n¼ 40 403) were followed through 2021 (mean¼ 21.9 years). Average nitrate-nitrogen (nitrate-N) concentrations 
were estimated for private well users based on state-specific geologic and meteorologic factors. We used monitoring data to compute 
average nitrate-N, THMs, and HAAs for PWS users. We estimated hazard ratios (HRs, 95% CIs) per doubling and categories of expo
sure for total (n¼3625) and aggressive (n¼2200) prostate cancer using Cox proportional hazards regression.

Results: Median (interquartile range) average water nitrate-N was 1.49 (0.76-3.01) mg L−1; 6% >10 mg L−1 (PWS maximum contami
nant level). Compared to nitrate-N≤1 mg L−1, exposures >10 mg L−1 were significantly positively associated with total (1.16, 1.01- 
1.35; P¼ .10 for trend) and aggressive disease (1.22, 1.02-1.47; P¼ .03 for trend). We observed weak associations between higher 
nitrate-N (Q4 vs Q1) and total (1.05, 0.95-1.16) and aggressive (1.13, 0.99-1.27) disease. We did not observe associations with total 
THMs or HAAs.

Conclusions: These findings suggest that drinking water nitrate-N exposure, at average levels> 10 mg L−1, is a risk factor for prostate 
cancer, particularly aggressive disease.

Introduction
Prostate cancer is the second most commonly diagnosed cancer 
among men globally,1 and the lifetime risk of developing prostate 
cancer in the United States is approximately 12.9%.2 Risk factors 
are mostly unknown but family history and certain hereditary 
syndromes have been associated with increased risk,3-6 and obe
sity may be a risk factor for aggressive disease.6,7 There are dis
parities in the disease burden with the highest incidence and 
mortality among African American men, and those with low soci
oeconomic status (SES).8-10 Elevated rates of prostate cancer 
have been observed among farmers.11 While specific pesticides 

have been associated with increased prostate cancer risk, espe
cially aggressive disease,12 the role of other environmental expo
sures, such as drinking water contaminants, is poorly 
understood. There have been few studies of drinking water 
nitrate and prostate cancer.13-15

The International Agency for Research on Cancer classified 
nitrate and nitrite as probable human carcinogens when ingested 
under conditions that result in endogenous formation of N- 
nitroso compounds (NOCs), most of which are carcinogens.16

Drinking water can be a major source of exposure to nitrate, par
ticularly in agricultural areas due to runoff from nitrogen 

Received: June 12, 2025. Revised: September 01, 2025. Accepted: November 17, 2025 
Published by Oxford University Press 2025.  
This work is written by (a) US Government employee(s) and is in the public domain in the US. 

JNCI: Journal of the National Cancer Institute, 2025, 00(00), 1–11  

https://doi.org/10.1093/jnci/djaf350 
Advance Access Publication Date: December 5, 2025 

Article   

D
ow

nloaded from
 https://academ

ic.oup.com
/jnci/advance-article/doi/10.1093/jnci/djaf350/8371916 by rtc1 user on 27 February 2026

https://orcid.org/0000-0002-4578-5513
https://orcid.org/0000-0001-5294-5485
https://orcid.org/0000-0001-8932-5028
https://orcid.org/0000-0002-5795-1216
https://orcid.org/0000-0002-7902-128X
https://orcid.org/0000-0001-5303-5109
https://orcid.org/0000-0001-9951-5458
https://orcid.org/0000-0002-5734-3456
https://orcid.org/0000-0003-1658-1068
https://orcid.org/0000-0002-6776-0018
https://orcid.org/0000-0002-1043-5812
https://orcid.org/0000-0003-1294-4124
https://orcid.org/0000-0003-1294-1679
https://orcid.org/0000-0001-7584-8856


fertilizer use and animal feeding operations into ground and sur
face waters.17,18 Private wells, which serve approximately 10% of 
the US population, are not federally regulated and can have 
higher nitrate levels than public water supplies (PWS).19 The US 
Environmental Protection Agency (EPA) has established a maxi
mum contaminant level (MCL) of 10 mg L−1 for PWS effective in 
1992, for nitrate as nitrogen (nitrate-N) based on risk of methe
moglobinemia in infants.20 Epidemiological evidence suggests 
that exposure to nitrate at levels below the MCL is associated 
with specific cancers (eg, colorectal, gastric) and birth defects.15

In addition to drinking water, dietary sources of nitrate/nitrite 
include processed meats, fruits, and vegetables.21

Drinking water can also be a source of exposure to disinfection 
byproducts (DBPs) created by the interaction of disinfectants 
with naturally occurring organic compounds. Higher DBP con
centrations are observed in PWS reliant on surface water or shal
low groundwater supplies due to elevated organic matter.19

While over 700 DBPs have been identified, the most abundant 
classes are trihalomethanes (THM: chloroform, dibromochloro
methane, bromodichloromethane, bromoform), regulated as the 
sum total (TTHM; MCL¼80 µg L−1), and haloacetic acids (HAA5, 
regulated as the sum of dichloroacetic acid, trichloroacetic acid, 
monochloroacetic acid, bromoacetic acid, and dibromoacetic 
acid; MCL¼ 60 µg L−1).20,22 Certain DBPs are associated with spe
cific cancers (eg, bladder, colorectal).23,24 Animal studies have 
found evidence for cytotoxicity, genotoxicity, and male reproduc
tive toxicity of THMs and HAAs.25-28

To our knowledge, only 1 individual-level epidemiologic study, 
a case-control study in Spain, evaluated drinking water contami
nant exposures and prostate cancer risk. With a focus on nitrate 
and DBPs, waterborne ingested nitrate was associated with 
increased odds of aggressive prostate cancer (defined as Gleason 
score ≥8) but there was no association with waterborne ingested 
THMs.13 Dietary nitrite/nitrate and heme iron were associated 
with prostate cancer risk in several prior studies, though evi
dence is inconsistent.29,30

Our objectives were to evaluate prostate cancer risk in rela
tion to drinking water nitrate, TTHM, and HAA5 exposures in the 
Agricultural Health Study (AHS), a prospective cohort of licensed 
pesticide applicators (mostly farmers) and their spouses in Iowa 
(IA) and North Carolina (NC).

Methods
Study population
The AHS (n¼ 89 655) was designed to investigate health risks of 
pesticides and other agricultural exposures and enrolled individ
uals applying for restricted-use pesticide licenses and their 
spouses between 1993 and 1997. Among all males (n¼ 55 966), we 
excluded those with prevalent cancer at baseline (n¼1080), with 
no person-time (eg, enrolled out of state and thus not subject to 
the IA or NC cancer registry follow-up (n¼ 336), and missing 
information on prostate cancer Gleason score (n¼ 109).31 At 
enrollment, participants provided demographic (race and ethnic
ity, educational attainment), lifestyle (smoking), anthropometric 
(height and weight used to calculate body mass index [BMI, 
kg m−2]), and pesticide use information.

Prostate cancer ascertainment
Incident cases of prostate cancer including stage and grade were 
obtained through linkages to the IA and NC cancer registries 
through December 2021. We assessed total and aggressive pros
tate cancer cases, as risk factors often differ.6,32 Aggressive 

prostate cancer was defined as having at least one of the follow
ing tumor characteristics: distant stage, poorly differentiated 
grade, Gleason score of ≥7, or fatal prostate cancer (underlying 
cause of death was prostate cancer). In supplemental analyses, 
we alternatively evaluated aggressive prostate cancers as a 
Gleason score ≥8 in combination with the other factors listed 
above.12,33 Participants were censored at the earliest time of 
when they moved out of state, were diagnosed with any cancer, 
or death. Informed consent was obtained from all participants 
following procedures approved by the Institutional Review Board.

Drinking water exposure assessment
Residential drinking water source at enrollment, and additional 
details on the drinking water exposure assessment, are described 
in the Supplementary Material. We excluded participants with 
no drinking water source information (n¼ 12 561) or with bottled 
water (n¼ 486) or some other source (n¼ 991), leaving 40 403 with 
a private well or PWS source for analysis.

For private well users, nitrate concentrations were previously 
estimated and validated using state-specific random forest mod
els using well depth, nitrogen inputs, geologic, and meteorologic 
predictors at the geocoded address at enrollment (n¼26 666) 
(Supplementary Material).34,35 Private well users were assumed 
to have no exposure to TTHM and HAA5 (assigned as 0 µg L−1).

Public water supplies monitoring data for nitrate (measured 
as nitrate-nitrogen) and DBPs were obtained from the Center for 
Health Effects of Environmental Contamination (CHEEC) at the 
University of Iowa and the North Carolina Department of 
Environmental Quality.31 Public water supplies data were linked 
to PWS users’ enrollment address (n¼ 11 312) based on town 
name and other information, including rural water system boun
daries.31 We computed average PWS nitrate (1990-2000, 
n¼10 668) and TTHM and HAA5 concentrations (1990-2009). We 
computed alternative average PWS metrics using monitoring 
data corresponding to the years lived at the enrollment address 
prior to enrollment (Supplementary Material). We also calculated 
the daily intake of nitrate from tap water (mg/day) using stand
ard intake rates of daily tap water consumption in US popula
tions.36

Dietary exposure assessment
A subset of participants in the drinking water analyses com
pleted the National Cancer Institute Diet History Questionnaire 
(DHQ)37 at Phase 2 (1999-2005, n¼ 16 090). Nitrate (mg NO3/day), 
nitrite (mg NO2/day), total heme iron (mg/1000 kilocalories), and 
vitamin C intake (mg/1000 kilocalories) were estimated using the 
144-item DHQ, as previously described21,38 (Supplementary 
Material).

Statistical analyses
We described participant characteristics and drinking water con
taminant exposures overall, and for participants diagnosed with 
prostate cancer separately. We used Cox proportional hazards 
regression to calculate hazard ratios (HRs) and 95% confidence 
intervals (CIs), with person-years as the time scale to evaluate 
associations between drinking water nitrate, TTHM, HAA5, and 
prostate cancer risk. All statistical analyses were conducted in R 
version 4.3.1.39 We evaluated the statistical significance of the 
associations based on the 95% CIs, and used P< .05 (2-sided) as 
the threshold for tests of statistical trend and interactions.

We modeled drinking water nitrate per 2-fold (log2 transfor
mation) and per 5 mg L−1 (half the nitrate MCL) increase, and in 
quartiles. We tested for linear trend using the median of each 
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quartile parameterized as a continuous variable. We evaluated 

regulatory-based thresholds (≤1, >1-10, and >10 mg L−1) of drink
ing water nitrate, and used cubic regression splines to further 
examine nonlinear associations. We parameterized TTHM and 

HAA5 exposures as follows: private well users with assumed 
0 µg L−1 (reference), and tertiles of PWS DBP concentrations. 
Among PWS users, we also modeled DBPs per 2-fold increase and 

quartiles. We evaluated individual THMs and haloacetic acids. 
We adjusted for baseline age, baseline age2, and strata for state 
(model 1), with further adjustment for potential confounders: 

smoking status (never, former, current, missing), BMI category 
(<25 kg m−2, 25-<30 kg m−2, ≥30 kg m−2, or missing), and educa

tion (less than high school, high school or equivalent, vocational 
education or some college, college or above, missing) (model 2). 
In ad hoc analyses, we evaluated associations per continuous 

and tertiles of daily contaminant intake (mg/day) from tap water.
In dietary analyses, follow-up started at the phase 2 comple

tion date. We evaluated potential interaction by vitamin C and 

heme iron intake using stratified models and likelihood 
ratio tests for interaction. Prior evidence suggests that higher 
vitamin C intake may inhibit the effect of water nitrate exposure 

on carcinogenesis,13,16 while red meat and heme iron intake may 
promote endogenous nitrosation.16,29,40-43 We evaluated associa
tions with dietary nitrate and nitrite overall, and separately from 

plant, animal, and processed meat sources, based on prior lim
ited evidence for dietary nitrate/nitrite and processed meat as 
potential risk factors for prostate cancer.29,44 In ad hoc analyses, 

we evaluated the association between drinking water nitrate and 
prostate cancer risk among the dietary subpopulation (follow-up 
starting at phase 2) to confirm our findings were robust in this 

subgroup.

Sensitivity analyses
We examined whether the associations were different by state 
and education. Higher educational attainment is correlated with 

higher SES, which is associated with prostate cancer incidence 
likely due to increased access to screening.9 We also evaluated 

potential bias by access to screening for prostate-specific antigen 
(PSA), a protein produced by the prostate gland that is used to 
detect prostate cancer via a blood test. We used logistic regres

sion to study associations between water nitrate and PSA screen
ing among participants eligible for prostate cancer screening (ie, 
50þ years of age) who responded “yes” or “no” to PSA screening at 

phase 3 (2005-2010) and who did not have a prior prostate cancer 
diagnosis (n¼ 14 316). Model covariates were the same as those 
described above, with additional adjustment for phase 3 comple

tion year, marital status, and family history of prostate cancer.
We evaluated models that separately adjusted for intensity- 

weighted lifetime days of use of pesticides (aldrin, malathion, 

fonofos, and terbufos, collected at enrollment) previously associ
ated with aggressive prostate cancer risk.12 We explored poten
tial confounding by water arsenic, based on evidence that arsenic 

was associated with prostate cancer incidence rates from eco
logic studies in IA and IL.45,46 We assigned probabilities that pri
vate well water arsenic concentrations were >5 and >10 μg L−1, 

generated for 1-km2 grids nationwide using boosted regression 
tree models.47 For PWS users in NC, we used population- 
weighted average concentrations (2006-2011) from the US EPA 

Contaminants Occurrence Database.48 For PWS users in IA, we 
used concentration data (1989-2001) from CHEEC to compute a 

PWS-specific average concentration.

Results
Among the 40 403 participants in our drinking water analysis, 
3625 men developed prostate cancer, with 2200 aggressive cases 
and 909 more aggressive (Gleason≥ 8) cases (mean follow- 
up¼ 21.9 years). The overall median baseline age was 46 years, 
whereas prostate cancer cases were older: 54 years among total 
prostate cancer cases, and 53 years among aggressive cases 
(Table 1). Most participants were White (96%), followed by Black 
(2%), American Indian (<1%), Asian (<1%), and Other (<1%); 
prostate cancer cases overall followed a similar pattern. Most 
participants were non-Hispanic (93%), had a BMI <30 kg m−2, 
were never smokers, had a high school education or below, and 
used private wells, with similar proportions among total and 
aggressive prostate cancer cases. Median average water nitrate 
levels were higher among cases compared to overall (Table 1). 
Participant characteristics were generally similar across quartiles 
of drinking water nitrate concentration (Table 2) and water 
source (Table S1). Median water nitrate concentrations were 
mostly below the MCLs for both private well and PWS users but 
were higher among private well users; 75th percentile concentra
tions were higher in IA compared to NC (Figure S1).

In fully adjusted models, we observed a positive and border
line significant association with total prostate cancer per two- 
fold increase in water nitrate (HR¼1.02, 95% CI¼ 1.00 to 1.03), 
and per 5 mg L−1 increase (HR¼1.04, 95% CI¼ 0.99 to 1.08) 
(Table 3). The risk of aggressive prostate cancer was similar per 
continuous increase in water nitrate. Hazard ratios tended to 
increase with increasing quartiles of exposure (HRQ4 vs Q1 ¼ 1.05, 
95% CI¼0.95 to 1.16 [total]; 1.13, 95% CI¼0.99 to 1.27 [aggres
sive]) but HRs and trends were not statistically significant (P¼ .16 
and .09 for trend, respectively). Comparing water nitrate catego
ries >10-≤1 mg L−1 nitrate, we observed a positive and statisti
cally significant association with the risk of total prostate cancer 
(HR¼ 1.16, 95% CI¼1.01 to 1.35, P¼ .10 for trend) and aggressive 
disease (HR¼ 1.22, 95% CI¼ 1.02 to 1.47, P¼ .03 for trend). 
Exposure response patterns using cubic splines showed a positive 
linear association for total and aggressive prostate cancer risk, 
though the CIs included the null and were wide at the highest 
concentrations where the numbers exposed were sparse 
(Figure 1). Nitrate >10 mg L−1 (vs ≤1 mg L−1) was associated with 
increased risk of aggressive prostate cancer (HR¼ 1.23, 95% 
CI¼ 1.01 to 1.49, P¼ .03 for trend) among private well users. We 
could not evaluate this category in PWS users due to the lower 
distribution of nitrate exposures. Findings for PWS users were 
generally similar but attenuated in quartile and categorical anal
yses (Table 3). We did not observe an association between TTHM 
and HAA5 concentrations and prostate cancer risk (Table 4). The 
findings for nitrate, TTHM, and HAA5 were similar in models 
evaluating more aggressive (Gleason≥8) disease (Tables S2 and 
S3) and adjusted only for age and state (model 1, Tables S4 and 
S5). Individual DBPs were not associated with prostate cancer 
risk, except for chloroacetic acid and Gleason≥ 8 disease (HRlog2 

¼ 1.22, 95% CI¼1.03 to 1.44) (Table S6). A doubling and higher 
tertiles of water nitrate intake (mg/day) were positively associ
ated with aggressive prostate cancer risk (Gleason≥ 7, HRlog2 ¼

1.03, 95% CI¼1.01 to 1.05, and HRT3 vs T1 ¼ 1.14, 95% CI¼ 1.02 to 
1.27, P¼ .03 for trend), with weak positive associations for total 
prostate cancer (Table S7). No association was observed for esti
mated HAA5 or TTHM intake (Table S8).

In the dietary subpopulation, water nitrate increased total 
and aggressive prostate cancer risk (HRQ4 vs Q1 ¼ 1.21, 95% 
CI¼ 1.04 to 1.42, and 1.28, 95% CI¼1.05 to 1.55, respectively; 
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P< .05 for trend) (Table S9). Water nitrate increased aggressive 
prostate cancer risk in tertiles 2 and 3 of heme iron intake (HRQ4 

vs Q1 ¼ 1.72, 95% CI¼ 1.21 to 2.45, and 1.36, 95% CI¼0.99 to 1.86, 
respectively; P< .05 for trend, P¼ .002 for interaction) (Table 5). In 
contrast to expectation, total and aggressive prostate cancer risk 
was strongest in the third tertile of vitamin C intake (HRQ4 vs Q1 ¼

1.38, 95% CI¼1.07 to 1.79, and 1.67, 95% CI¼ 1.19 to 2.35), with 
statistical interaction for total and aggressive prostate cancer 
risk (P< .05 for interaction) (Table 6). Higher quartiles of water 
nitrate were associated with more aggressive (Gleason≥8) dis
ease in the top 2 tertiles of heme iron (P<.05 for trend), with no 
clear pattern by tertile of vitamin C (Table S10).

We did not observe any associations for total intakes of diet
ary nitrate or nitrite, or for nitrite from plant, animal, and proc
essed meat sources separately, with total or aggressive prostate 
cancer (Table S11). Higher tertiles of heme iron intake were asso
ciated with increased risk of total and aggressive (Gleason ≥7) 
prostate cancer risk (P< .05 for trend); we observed no associa
tions between vitamin C and prostate cancer risk (Table S12).

Sensitivity analyses
Results adjusting for use of fonofos and terbufos were consistent 
with the main findings (Table S13). Adjusting for aldrin or mala
thion use made the HRs stronger, particularly for aggressive 

Table 1. Descriptive characteristics of Agricultural Health Study (AHS) participants in drinking water analyses at enrollment, overall, 
and among incident prostate cancer cases.a

All AHS  
participants

All prostate  
cancers

Aggressive  
(Gleason ≥7)

Aggressive  
(Gleason ≥8)

No. 40 403 3625 2200 909
Age (years), median (IQR) 46 (38-57) 54 (46-61) 53 (45-60) 56 (48-63)
Race, No. (%)

White 38 919 (96) 3477 (96) 2126 (97) 873 (96)
Black 677 (2) 115 (3) 54 (2) 27 (3)
American Indian 158 (<0.1) 30 (1) 18 (1) 8 (1)
Asian 9 (<0.1) 1 (<0.1) 1 (<0.1) 1 (<0.1)
Other 38 (<0.1) 0 (0) 0 (0) 0 (0)
Not reported 602 (1) 2 (<0.1) 1 (<0.1) 0 (0)

Ethnicity, No. (%)
Non-Hispanic 37 689 (93) 3579 (99) 2175 (99) 901 (99)
Hispanic 406 (1) 31 (1) 19 (1) 5 (1)
Not reported 2308 (6) 15 (<0.1) 6 (<0.1) 3 (<0.1)

Education, No. (%)
Less than high school 3531 (9) 401 (11) 226 (10) 108 (12)
High school 18 678 (46) 1776 (49) 1080 (49) 457 (50)
Some college 9627 (24) 746 (21) 466 (21) 180 (20)
College and above 7005 (17) 546 (15) 337 (15) 125 (14)
Missing 1562 (4) 156 (4) 91 (4) 39 (4)

Smoking status, No. (%)
Never smoker 20 786 (51) 1834 (51) 1119 (51) 445 (49)
Former smoker 12 434 (31) 1297 (36) 787 (36) 341 (38)
Current smoker 6034 (15) 389 (11) 240 (11) 96 (11)
Missing 1149 (3) 105 (3) 54 (2) 27 (3)

Body mass index (BMI, 
kg m−2), median (IQR)

27.2 (25.0-29.8) 27.1 (25.1-29.7) 27.2 (25.1-29.8) 27.3 (25.1-30.0)

BMI category (kg m−2), No. (%)
<25 8811 (22) 769 (21) 446 (20) 167 (18)
25-<30 18 016 (45) 1741 (48) 1037 (47) 434 (48)
≥30 8326 (21) 699 (19) 444 (20) 198 (22)
Missing 5250 (13) 416 (11) 273 (12) 110 (12)

State, No. (%)
Iowa 26 565 (66) 2335 (64) 1504 (68) 578 (64)
North Carolina 13 838 (34) 1290 (36) 696 (32) 331 (36)

Water source, No. (%)
Private well 29091 (72) 2721 (75) 1633 (74) 666 (73)
Public water supply 11312 (28) 904 (25) 567 (26) 243 (27)

Water concentration, median (IQR)b

Overall (n ¼ 40 599)
Nitrate-N, mg L−1 1.49 (0.76-3.01) 1.55 (0.78-3.09) 1.53 (0.80-3.22) 1.53 (0.80-3.11)
TTHM, µg L−1 0 (0-1.35) 0 (0-0) 0 (0-0) 0 (0-0.89)
HAA5, µg L−1 0 (0-2.40) 0 (0-0) 0 (0-0) 0 (0-1.20)

Private well (n ¼ 29 091)
Nitrate-N, mg L−1 1.74 (0.98-3.20) 1.80 (1.00-3.25) 1.81 (1.02-3.41) 1.80 (1.05-3.29)

PWS (n ¼ 11 312)
Nitrate-N, mg L−1 0.57 (0.20-2.20) 0.55 (0.19-2.19) 0.65 (0.26-2.47) 0.49 (0.19-2.39)
TTHM, µg L−1 17.00 (5.50-39.61) 16.21 (5.47-39.25) 15.70 (5.10-38.61) 15.70 (4.70-38.33)
HAA5, µg L−1 6.50 (3.77-14.33) 7.00 (3.80-15.09) 6.06 (3.80-13.95) 7.19 (3.77-13.54)

a Aggressive prostate cancer was defined as having at least one of the following tumor characteristics: distant stage, poorly differentiated grade, Gleason score 
of ≥7, or fatal prostate cancer. Aggressive (Gleason ≥8) was alternatively defined as the aforementioned characters, and a Gleason score of ≥8.

b Water contaminant exposures were linked by address at enrollment and were assigned by the self-reported water source; 37 334 participants had water 
nitrate-N estimates; concentrations were modeled for private well users and were computed as 1990-2000 average concentrations for public water supply (PWS) 
users31; 39 959 participants had total trihalomethane (TTHM) estimates, and 39 910 participants had total haloacetic acids (HAA5) estimates; concentrations were 
assigned as 0 µg L−1 for private well users and were computed as 1990-2009 average concentrations for PWS users.
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cancers. We observed similar and slightly stronger associations 
in analyses adjusted for private well or PWS arsenic, respectively 
(Table S14). In analyses that assigned a residential duration 

weighted average exposure to PWS users (rather than the decadal 
average), the observed associations were generally consistent 
(Table S15).

Table 2. Descriptive characteristics of Agricultural Health Study participants at enrollment, by quartile of drinking water nitrate-N 
concentration.a

Nitrate-N concentration, range within quartiles (mg L−1)

Overall Quartile 1 Quartile 2 Quartile 3 Quartile 4
0-46.0 0-0.76 0.76-1.49 1.49-3.01 3.01-46.0

No. 37 334 9334 9333 9330 9337
All prostate cancers, No. 3367 815 825 864 863
Aggressive (Gleason ≥7), No.b 2042 477 527 485 553
Aggressive (Gleason ≥8), No.b 845 197 218 208 222
Age (years), median (IQR) 46 (38-57) 45 (37-56) 46 (38-57) 47 (38-58) 45 (38-56)
Race, No. (%)

White 36 076 (97) 8976 (96) 9070 (97) 8893 (95) 9137 (98)
Black 548 (1) 184 (2) 95 (1) 214 (2) 55 (1)
American Indian 139 (<0.1) 54 (1) 14 (<0.1) 50 (1) 21 (<0.1)
Asian 8 (<0.1) 2 (<0.1) 1 (<0.1) 1 (<0.1) 4 (<0.1)
Other 31 (<0.1) 5 (<0.1) 9 (<0.1) 7 (<0.1) 10 (<0.1)
Not reported 532 (1) 113 (1) 144 (2) 165 (2) 110 (1)

Ethnicity, No. (%)
Non-Hispanic 34 901 (93) 8772 (94) 8700 (93) 8561 (92) 8868 (95)
Hispanic 370 (1) 84 (1) 94 (1) 99 (1) 93 (1)
Not reported 2063 (6) 478 (5) 539 (6) 670 (7) 376 (4)

Education, No. (%)
Less than high school 3119 (8) 692 (7) 757 (8) 1020 (11) 650 (7)
High school 17 375 (47) 4061 (44) 4331 (46) 4275 (46) 4708 (50)
Some college 8991 (24) 2386 (26) 2321 (25) 2052 (22) 2232 (24)
College and above 6459 (17) 1871 (20) 1574 (17) 1546 (17) 1468 (16)
Missing 1390 (4) 324 (3) 350 (4) 437 (5) 279 (3)

Smoking status, No. (%)
Never smoker 19 367 (52) 4823 (52) 4950 (53) 4413 (47) 5181 (55)
Former smoker 11 467 (31) 2821 (30) 2836 (30) 3043 (33) 2767 (30)
Current smoker 5495 (15) 1464 (16) 1284 (14) 1557 (17) 1190 (13)
Missing 1005 (3) 226 (2) 263 (3) 317 (3) 199 (2)

Body mass index (BMI, kg m−2), median (IQR) 27.2 (25.0-29.8) 27.2 (25.1-29.9) 27.1 (25.0-29.8) 27.2 (25.0-29.8) 27.2 (25.1-29.8)
BMI category (kg m−2), No. (%)
<25 8111 (22) 1932 (21) 2120 (23) 2099 (22) 1960 (21)
25-<30 16 831 (45) 4106 (44) 4191 (45) 4317 (46) 4217 (45)
≥30 7804 (21) 1944 (21) 1944 (21) 1971 (21) 1945 (21)
Missing 4588 (12) 1352 (14) 1078 (12) 943 (10) 1215 (13)

State, No. (%)
Iowa 25 321 (68) 6483 (69) 6744 (72) 3995 (43) 8099 (87)
North Carolina 12 013 (32) 2851 (31) 2589 (28) 5335 (57) 1238 (13)

Water source, No. (%)
Private well 26 666 (71) 3560 (38) 7797 (84) 8160 (87) 7149 (77)
Public water supply 10 668 (29) 5774 (62) 1536 (16) 1170 (13) 2188 (23)

Water concentration, median (IQR)
Overall

TTHM, µg L−1 0 (0-1.62) 1.79 (0-24.64) 0 (0-0) 0 (0-0) 0 (0-0)
HAA5, µg L−1 0 (0-2.73) 3.40 (0-8.50) 0 (0-0) 0 (0-0) 0 (0-0)

Private well
Nitrate-N, mg L−1 1.74 (0.98-3.20) 0.64 (0.57-0.70) 1.06 (0.89-1.26) 2.04 (1.75-2.44) 6.42 (3.97-11.03)

PWS
Nitrate-N, mg L−1 0.57 (0.20-2.20) 0.23 (0.09-0.39) 1.00 (0.86-1.19) 2.06 (1.68-2.53) 4.75 (3.83-5.94)
TTHM, µg L−1 16.65 (5.47-38.81) 13.88 (3.06-41.71) 35.31 (5.54-50.62) 17.45 (5.33-29.65) 15.17 (6.58-29.50)
HAA5, µg L−1 6.00 (3.74-13.81) 5.98 (3.78-14.14) 10.31 (4.05-24.60) 5.05 (3.58-14.00) 5.31 (3.73-9.32)

Iowa
Nitrate-N, mg L−1 1.38 (0.75-4.17) 0.54 (0.34-0.65) 0.99 (0.86-1.19) 2.05 (1.70-2.48) 6.19 (4.41-10.25)
TTHM, µg L−1 0 (0-2.34) 0 (0-7.00) 0 (0-0) 0 (0-2.34) 0 (0-2.26)
HAA5, µg L−1 0 (0-3.42) 0 (0-4.46) 0 (0-0) 0 (0-2.90) 0 (0-2.41)

North Carolina
Nitrate-N, mg L−1 1.60 (0.82-2.28) 0.12 (0.03-0.30) 1.19 (1.01-1.35) 2.04 (1.76-2.43) 3.50 (3.20-4.00)
TTHM, µg L−1 0 (0-0) 26.22 (3.98-54.14) 0 (0-0) 0 (0-0) 0 (0-0)
HAA5, µg L−1 0 (0-0) 9.52 (2.43-28.88) 0 (0-0) 0 (0-0) 0 (0-0)

a Water exposures were linked by address at enrollment and reported water source; 37 334 participants had water nitrate-N estimates; concentrations were 
modeled for private well users and were computed as 1990-2000 average concentrations for public water supply (PWS) users31; 39 959 participants had total 
trihalomethane (TTHM) estimates, and 39 910 participants had total haloacetic acids (HAA5) estimates; concentrations were assigned as 0 µg L−1 for private well 
users and were computed as 1990-2009 average concentrations for PWS users.

b Aggressive prostate cancer was defined as having at least one of the following tumor characteristics: distant stage, poorly differentiated grade, Gleason score 
of ≥7, or fatal prostate cancer. Aggressive (Gleason ≥8) was alternatively defined as the aforementioned characters of aggressive, and a Gleason score of ≥8.
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The association between water nitrate and total and aggres
sive prostate cancer risk did not differ substantially by state and 
education, with no statistical interaction (P> .05) (Table S16). We 
found an inverse association between water nitrate level (log2 
transformed) and having reported a prior PSA screening at phase 
3 (odds ratio¼ 0.97, 95% CI¼ .95 to 1.00) (Table S17). This suggests 
that participants with greater nitrate exposure were slightly less 
likely to undergo PSA screening.

Discussion
To our knowledge, this is the first prospective study to investigate 
the associations of drinking water nitrate and DBPs with incident 
prostate cancer in the US population. Although we did not 
observe clear evidence of an association with total prostate can
cer in continuous and quartile analyses, restricting to aggressive 
prostate cancer generally strengthened associations. We 

observed positive and statistically significant associations 
between average drinking water nitrate >10 mg L−1 and total and 
aggressive prostate cancer risk. These findings were robust in 
sensitivity analyses that accounted for additional environmental 
risk factors of prostate cancer (such as pesticide use), and some 
dietary factors involved in endogenous nitrosation. Drinking 
water TTHM and HAA5 were not associated with prostate cancer 
risk.

Our findings are consistent with evidence from the only other 
study with individual-level exposure assessment, a case-control 
study in Spain, which found positive associations between life
time average waterborne ingested nitrate in public water (at 
slightly lower levels) and aggressive prostate cancer (Gleason 
scores ≥8).13 There is biological plausibility, including animal 
and cell evidence that DNA damage caused by NOCs can cause 
prostate cancer.16,49 We found no association between DBPs and 
prostate cancer risk, similar to no association for total 

Table 3. Adjusted hazard ratios (95% CIs) for the associations of prostate cancer with continuous and categories of water nitrate,a

among participants in the Agricultural Health Study (AHS).

All prostate cancers Aggressive (Gleason ≥7)

Nitrate-N (mg L−1) No. No. of cases HR (95% CI)b No. of cases HR (95% CI)b

Overall
Log2 37 334 3367 1.02 (1.00 to 1.03) 2042 1.02 (1.00 to 1.05)
Per 5 mg L−1 37 334 3367 1.04 (0.99 to 1.08) 2042 1.05 (0.99 to 1.10)

Quartiles (range)
<25% (0-0.76) 9334 815 1.0 (reference) 477 1.0 (reference)
25-<50% (0.76-1.49) 9333 825 0.98 (0.89 to 1.07) 527 1.07 (0.94 to 1.21)
50-<75% (1.49-3.01) 9330 864 1.01 (0.91 to 1.11) 485 1.01 (0.89 to 1.15)
≥75% (3.01-46.0) 9337 863 1.05 (0.95 to 1.16) 553 1.13 (0.99 to 1.27)
P for trendc 0.16 0.088

Categorical
≤1 mg L−1 13 409 1156 1.0 (reference) 691 1.0 (reference)
>1-10 mg L−1 21 830 1989 1.02 (0.95 to 1.10) 1207 1.07 (0.97 to 1.17)
>10 mg L−1 2095 222 1.16 (1.01 to 1.35) 144 1.22 (1.02 to 1.47)
P for trendd .103 .031

Private well users
Log2 26 666 2511 1.02 (0.99 to 1.05) 1511 1.04 (1.00 to 1.07)

Quartiles (range)
<25% (0.14-0.76) 3560 348 1.0 (reference) 199 1.0 (reference)
25-<50% (0.76-1.49) 7797 697 0.90 (0.79 to 1.03) 439 1.04 (0.88 to 1.23)
50-<75% (1.49-3.01) 8160 779 0.95 (0.83 to 1.09) 437 1.04 (0.87 to 1.24)
≥75% (3.01-46.0) 7149 687 0.99 (0.87 to 1.13) 436 1.12 (0.95 to 1.32)
P for trendc .301 .146

Categorical
≤1 mg L−1 6859 626 1.0 (reference) 371 1.0 (reference)
>1-10 mg L−1 17 728 1664 1.01 (0.92 to 1.11) 996 1.10 (0.97 to 1.24)
>10 mg L−1 2079 221 1.13 (0.97 to 1.32) 144 1.23 (1.01 to 1.49)
P for trendd .203 .03

PWS users
Log2 10 668 856 1.01 (0.98 to 1.05) 531 1.03 (0.99 to 1.08)

Quartiles (range)
<25% (0-0.75) 5774 467 1.0 (reference) 278 1.0 (reference)
25-<50% (0.77-1.49) 1536 128 1.08 (0.88 to 1.32) 88 1.20 (0.93 to 1.54)
50-<75% (1.51-3.01) 1170 85 0.96 (0.75 to 1.23) 48 0.88 (0.64 to 1.21)
≥75% (3.01-18.0) 2188 176 1.08 (0.89 to 1.30) 117 1.15 (0.91 to 1.46)
P for trendc .521 .371

Categorical
≤1 mg L−1 6550 530 1.0 (reference) 320 1.0 (reference)
>1-5 mg L−1 3250 257 1.02 (0.87 to 1.20) 166 1.05 (0.86 to 1.28)
>5 mg L−1 868 69 1.04 (0.80 to 1.36) 45 1.08 (0.78 to 1.49)
P for trendd .72 .575

Total person-years¼821 178.
a Water exposures were linked by address at enrollment and were assigned by the self-reported water source. Nitrate-N concentrations were modeled for 

private well users and represent 1990-2000 average concentrations for public water supply (PWS) users. For private well users, total person-years¼585 068. For 
PWS users, total person-years¼236 110.

b Model adjusts for age at enrollment, age at enrollment2, strata for state, smoking status (never, former, current, missing), education (less than high school, 
high school or equivalent, vocational education or some college, college or above, missing), body mass index (<25 kg m−2, 25-<30 kg m−2, ≥30 kg m−2, missing).

c P for trend was evaluated using the median of each quartile parametrized as a continuous variable.
d P for trend was evaluated using each category as a numeric variable.

6 | JNCI: Journal of the National Cancer Institute, 2025, Vol. 00, No. 00  

D
ow

nloaded from
 https://academ

ic.oup.com
/jnci/advance-article/doi/10.1093/jnci/djaf350/8371916 by rtc1 user on 27 February 2026

https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djaf350#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djaf350#supplementary-data


Figure 1. Exposure-response associations for prostate cancer cases by nitrate-N concentrations in the Agricultural Health Study (AHS). Lines with 
shaded areas represent the hazard ratios (95% confidence interval [CI]), based on cubic splines for Cox proportional hazards models using log2- 
transformed concentrations with knots at the 25th (reference), 75th, and 90th percentiles of nitrate concentrations. A horizontal line is at HR¼1. The 
histogram represents the frequency distribution of nitrate estimates in the study sample. Aggressive prostate cancer was defined as having at least one 
of the following tumor characteristics: distant stage, poorly differentiated grade, Gleason score of ≥7, or fatal prostate cancer. Nitrate concentrations 
were modeled for private well users around the time of enrollment. Lines (shaded areas) represent the estimated hazard ratios in models adjusted for 
age at baseline, age2, strata for state, smoking status (never, former, current, missing), education (less than high school, high school or equivalent, 
vocational education or some college, college or above, missing), body mass index (<25 kg m−2, 25-<30 kg m−2, ≥30 kg m−2, missing).

Table 4. Adjusted hazard ratios (95% CIs) for the associations of prostate cancer with total trihalomethanes (TTHM) and the sum of 5 
haloacetic acids (HAAs).a

All prostate cancers Aggressive (Gleason ≥7)

No. No. of cases HR (95% CI)b No. of cases HR (95% CI)b

Overall
Private well HAA5 (0-0) 29 091 2721 1 (reference) 1633 1 (reference)
<33% HAA5 (0.66-4.22) 3541 288 0.95 (0.84 to 1.07) 184 0.97 (0.84 to 1.14)
33-<60% HAA5 (4.22-9.88) 3512 271 0.91 (0.81 to 1.04) 170 0.91 (0.78 to 1.07)
≥60% HAA5 (10-81.11) 3766 307 0.92 (0.81 to 1.03) 184 0.93 (0.80 to 1.08)
P for trendc .053 .184
Private well TTHM (0-0) 29091 2721 1 (reference) 1633 1 (reference)
<33% TTHM (0.37-7.46) 3510 273 0.91 (0.80 to 1.03) 175 0.93 (0.80 to 1.09)
33-<60% TTHM (7.5-32) 3647 302 0.96 (0.85 to 1.08) 189 0.96 (0.83 to 1.12)
≥60% TTHM (32.14-184.2) 3711 295 0.91 (0.81 to 1.03) 175 0.91 (0.78 to 1.07)
P for trendc .078 .201

PWS users
Log2 HAA5 10 819 866 0.99 (0.94 to 1.04) 538 0.98 (0.92 to 1.05)
<25% HAA5 (0.66-3.77) 2704 198 1 (reference) 126 1 (reference)
25-<50% HAA5 (3.77-6.43) 2703 227 1.15 (0.95 to 1.40) 144 1.14 (0.90 to 1.46)
50-<75% HAA5 (6.5-14.29) 2703 223 1.13 (0.93 to 1.37) 136 1.10 (0.86 to 1.40)
≥75% HAA5 (14.33-81.11) 2709 218 1.01 (0.83 to 1.23) 132 1.01 (0.78 to 1.30)
P for trendd .464 .616
Log2 TTHM 10 868 870 0.99 (0.96 to 1.03) 539 0.99 (0.94 to 1.03)
<25% TTHM (0.37-5.47) 2711 219 1 (reference) 141 1 (reference)
25-<50% TTHM (5.5-16.85) 2681 227 1.03 (0.86 to 1.24) 141 1.01 (0.80 to 1.27)
50-<75% TTHM (17-39.48) 2736 208 0.91 (0.75 to 1.10) 133 0.91 (0.72 to 1.16)
≥75% TTHM (39.61-184.2) 2740 216 0.93 (0.77 to 1.14) 124 0.87 (0.68 to 1.12)
P for trendd .275 .187

Analyses of all participants were categorized as private well users (reference), and by tertiles of TTHM and HAA5 concentrations among public water supply (PWS) 
users. Analyses restricted to PWS users modeled TTHM and HAA5 exposures per doubling and quartiles. Units ¼ µg L−1.

a Water exposures were linked by address at enrollment and were assigned by the self-reported water source. TTHM and HAA5 concentrations were assigned 
as 0 for private well users and represent 1990-2009 average concentrations for PWS users. Among all participants, total person-years among participants with 
HAA5 and TTHM data are 874 531 and 875 551, respectively. Among PWS users, total person-years among participants with HAA5 and TTHM data are 239 246 and 
240 265, respectively.

b Model adjusts for age at enrollment, age at enrollment2, strata for state, smoking status (never, former, current, missing) þ education (less than high school, 
high school or equivalent, vocational education or some college, college or above, missing) þ body mass index (<25 kg m−2, 25-<30 kg m−2, ≥30 kg m−2, missing).

c P for trend was evaluated using each category as a numeric variable.
d P for trend was evaluated using the median of each quartile parametrized as a continuous variable.
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waterborne ingested THMs in the Spanish study; however, they 
observed a positive association for residential tap water chloro
form.13

We observed a pattern of stronger associations between drinking 
water nitrate and aggressive prostate cancer risk among participants 
in the second and to a lesser extent in the third tertiles of dietary 
heme iron intake. Prior evidence supports that heme iron promotes 
endogenous NOC formation and our results generally support this 
potential biologic mechanism.43 We observed stronger associations 
among participants with higher than the median dietary vitamin C 
intake, in contrast to the role of antioxidants in the suppression of 
endogenous NOC formation. The Spanish case-control study found 
associations between waterborne ingested nitrate and prostate can
cer risk among men with lower (<130 mg day−1) but not higher 
(≥130) vitamin C intake, but found no statistical interaction (P>.05 
for interaction).13 Although we do not have a biological explanation 
for these findings, we acknowledge that our reliance on self- 
reported DHQ data may have introduced measurement error and 
biased estimates of vitamin C intake.

We found no association of dietary nitrate or nitrite with pros
tate cancer risk. Prior evidence on associations between dietary 
nitrate/nitrite, heme iron, and/or processed meat has been 
inconsistent.29,40,50,51 This study suggests that drinking water, 
rather than diet, is an important route of exposure to nitrate that 
may be related to prostate cancer risk.

Strengths and limitations
Strengths of this study include our drinking water exposure 
assessment, which relied on self-reported information to assign 

participant water source.31 We used historical water quality 
monitoring data for PWS users, and estimated nitrate concentra
tions in private wells using robust, state-specific models that 
were previously validated. Although we were able to investigate 
associations with dietary nitrate/nitrite and interactions between 
drinking water nitrate with vitamin C and heme iron using data 
collected via a standardized and validated DHQ,37 dietary intakes 
were only available for a subcohort. We had a long duration of 
prospective follow-up (mean¼ 21.9 years) and detailed informa
tion on potential confounders including occupational pesticide 
use and water arsenic; associations were stronger adjusting for 
arsenic, aldrin, and malathion. We also assessed the relationship 
between water nitrate and a prior PSA screening in over 14 000 
men (phase 3). The small inverse association between screening 
and nitrate concentrations may have biased associations with 
total prostate cancer risk toward the null, as more highly 
exposed participants were less likely to undergo PSA screening 
and be diagnosed with nonaggressive disease.52

Limitations of our study include no information on usual 
intake of tap water (L day−1) and potential measurement error in 
water nitrate estimates. We expect that this error will be nondif
ferential by prostate cancer diagnosis and may have attenuated 
the observed associations. An additional limitation is the limited 
racial and ethnic diversity of the study population, comprised of 
mainly White and non-Hispanic participants. Future research 
including more heterogeneous study populations is needed, to 
advance our understanding of prostate cancer etiology. Prostate 
cancer is a solid tumor with a minimum latency of 10-15 years.6

Our use of average contaminant concentrations at the 

Table 5. Adjusted hazard ratios (95% CIs) for the associations of prostate cancer with a doubling and quartiles of water nitratea in the 
Agricultural Health Study (AHS), stratified by tertile of heme iron intake (mg 1000 kilocalories per day−1).b

All prostate cancers Aggressive (Gleason ≥7)

No. No. of cases HR (95% CI)c No. of cases HR (95% CI)c

Per log2 nitrate-N
Heme iron tertile 1 (0.06-188.98) 4607 384 1.02 (0.96 to 1.08) 230 1.01 (0.94 to 1.08)
Heme iron tertile 2 (188.99-307.1) 4607 424 1.08 (1.02 to 1.14) 272 1.09 (1.02 to 1.17)
Heme iron tertile 3 (307.1-3233.9) 4747 450 1.03 (0.98 to 1.09) 287 1.05 (0.99 to 1.12)
P for interactiond .30 .209

Per quartile nitrate-N Tertile 1 heme iron (0.06-189.0 mg 1000 kilocalories per day−1)
<25% 1098 88 1.0 (reference) 47 1.0 (reference)
25-<50% 1224 110 1.11 (0.84 to 1.47) 75 1.42 (0.99 to 2.05)
50-<75% 1189 103 1.08 (0.80 to 1.44) 67 1.39 (0.95 to 2.03)
≥75% 1096 83 0.91 (0.67 to 1.23) 41 0.81 (0.53 to 1.24)
P for trende .281 .044

Per quartile nitrate-N Tertile 2 heme iron (189.0-307.1 mg 1000 kilocalories per day−1)
<25% 1081 76 1.0 (reference) 49 1.0 (reference)
25-<50% 1222 118 1.38 (1.03 to 1.84) 72 1.31 (0.91 to 1.89)
50-<75% 1087 97 1.28 (0.94 to 1.74) 60 1.28 (0.87 to 1.89)
≥75% 1217 133 1.64 (1.24 to 2.19) 91 1.72 (1.21 to 2.45)
P for trende .003 .004

Per quartile nitrate-N Tertile 3 heme iron (307.1-3234 mg 1000 kilocalories per day−1)
<25% 1151 104 1.0 (reference) 64 1.0 (reference)
25-<50% 1218 104 0.90 (0.69 to 1.19) 69 0.98 (0.70 to 1.38)
50-<75% 1075 100 1.00 (0.75 to 1.32) 51 0.85 (0.58 to 1.23)
≥75% 1303 142 1.15 (0.89 to 1.49) 103 1.36 (0.99 to 1.86)
P for trende .091 .012

P for interactiond .055 .002

a Water exposures were linked by address at enrollment and were assigned by the self-reported water source. Nitrate-N concentrations were modeled for 
private well users and represent 1990-2000 average concentrations for public water supply (PWS) users. Analyses were conducted among participants in the 
dietary subpopulation, with follow-up beginning at phase 2. Total person-years¼240 349.

b Zero values of heme iron intake were assigned as the lowest non-zero value of heme iron intake divided by 10, 2.91 mg/10¼ 0.291. These values were then 
converted to milligrams per 1000 kilocalories per day: (heme intake/total kilocalories)×1000.

c Model adjusts for age at enrollment, age at enrollment2, natural log transformed total kilocalories per day, strata for state, smoking status (never, former, 
current, missing), education (less than high school, high school or equivalent, vocational education or some college, college or above, missing), body mass index 
(<25 kg m−2, 25-<30 kg m−2, ≥30 kg m−2, missing).

d P value for statistical interaction was calculated using the likelihood ratio test, χ2 test statistic.
e P for trend was evaluated using the median of each quartile parameterized as a continuous variable.
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enrollment address does not account for drinking water expo
sures earlier in life that may be relevant to prostate cancer risk, 
though the latency period for prostate cancer following drinking 
water contaminant exposure is unclear.

In conclusion, our findings indicate that exposure to nitrate in 
drinking water, at average levels greater than 10 mg L−1, may be 
a risk factor for the development of prostate cancer. Prostate 
cancer is the most common cancer in men in the United States 
after skin cancer, and it is the second-leading cause of cancer 
death among men after lung cancer. Thus, even small increases 
in the risk of prostate cancer associated with nitrate exposure 
can have important public health implications. Future research 
is needed to confirm these findings.
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Table 6. Adjusted hazard ratios (95% CIs) for the associations of prostate cancer with a doubling and quartiles of water nitratea in the 
Agricultural Health Study (AHS), stratified by tertile of vitamin C intake (milligrams per 1000 kilocalories per day).

All prostate cancers Aggressive (Gleason ≥7)

No. No. of cases HR (95% CI)b No. of cases HR (95% CI)b

Per log2 nitrate-N
Vitamin C tertile 1 (3.08-46.83) 5015 391 1.03 (0.98 to 1.09) 252 1.03 (0.96 to 1.10)
Vitamin C tertile 2 (46.85-84.87) 5014 439 1.04 (0.99 to 1.10) 284 1.04 (0.97 to 1.11)
Vitamin C tertile 3 (84.89-2323.7) 5166 496 1.05 (1.00 to 1.11) 300 1.08 (1.01 to 1.15)
P for interactionc .750 .526

Per quartile nitrate-N Tertile 1 vitamin C (3.1-46.8 mg 1000 kilocalories per day−1)
<25% 1258 86 1.0 (reference) 57 1.0 (reference)
25-<50% 1261 110 1.21 (0.91 to 1.61) 74 1.27 (0.90 to 1.80)
50-<75% 1191 83 0.96 (0.70 to 1.30) 49 0.90 (0.61 to 1.33)
≥75% 1305 112 1.26 (0.95 to 1.68) 72 1.24 (0.87 to 1.77)
P for trendd .196 .427

Per quartile nitrate-N Tertile 2 vitamin C (46.9-84.9 mg 1000 kilocalories per day−1)
<25% 1254 110 1.0 (reference) 72 1.0 (reference)
25-<50% 1254 87 0.77 (0.58 to 1.02) 55 0.75 (0.53 to 1.07)
50-<75% 1171 119 1.18 (0.90 to 1.54) 74 1.20 (0.86 to 1.67)
≥75% 1335 123 1.03 (0.79 to 1.33) 83 1.02 (0.74 to 1.41)
P for trendd .321 .407

Per quartile nitrate-N Tertile 3 vitamin C (84.9-2324 mg 1000 kilocalories per day−1)
<25% 1291 99 1.0 (reference) 53 1.0 (reference)
25-<50% 1391 145 1.33 (1.03 to 1.72) 93 1.60 (1.14 to 2.25)
50-<75% 1154 106 1.14 (0.86 to 1.51) 59 1.20 (0.82 to 1.75)
≥75% 1330 146 1.38 (1.07 to 1.79) 95 1.67 (1.19 to 2.35)
P for trendd .071 .034

P for interactionc .017 .013

a Water exposures were linked by address at enrollment and were assigned by the self-reported water source. Nitrate-N concentrations were modeled for 
private well users and represent 1990-2000 average concentrations for public water supply (PWS) users. Analyses were conducted among participants in the 
dietary subpopulation, with follow-up beginning at phase 2. Total person-years ¼ 259 241.

b Model adjusts for age at enrollment, age at enrollment2, natural log transformed total kilocalories per day, strata for state, smoking status (never, former, 
current, missing), education (less than high school, high school or equivalent, vocational education or some college, college or above, missing), body mass index 
(<25 kg m−2, 25-<30 kg m−2, ≥30 kg m−2, missing).

c P value for statistical interaction was calculated using the likelihood ratio test, χ2 test statistic.
d P for trend was evaluated using the median of each quartile parametrized as a continuous variable.
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