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BACKGROUND: Nitrate and trihalomethanes (THMs) in drinking water are widespread and are potential human carcinogens.
OBJECTIVE: We evaluated the association between drinking-water exposure to nitrate and THMs and prostate cancer.

METHODS: During the period 2008-2013, 697 hospital-based incident prostate cancer cases (97 aggressive tumors) and 927 population-based controls
were recruited in Spain, providing information on residential histories and type of water consumed. Average nitrate and THMs levels in drinking
water were linked with lifetime water consumption to calculate waterborne ingestion. Odds ratios (OR) and 95% confidence intervals (CI) were esti-
mated using mixed models with recruitment area as random effect. Effect modification by tumor grade (Gleason score), age, education, lifestyle, and
dietary factors was explored.

RESULTS: Mean ( + standard deviation) adult lifetime waterborne ingested nitrate (milligrams per day), brominated (Br)-THMs (micrograms per day),
and chloroform (micrograms per day) were 11.5 (£ 9.0), 20.7 (+32.4), and 15.1 (+ 14.7) in controls. Waterborne ingested nitrate >13.8 vs. <5.5 mg/d
was associated with an OR of 1.74 (95% CI: 1.19, 2.54) overall, and 2.78 (95% CI: 1.23, 6.27) for tumors with Gleason scores >8. Associations were higher
in the youngest and those with lower intakes of fiber, fruit/vegetables, and vitamin C. Waterborne ingested THMs were not associated with prostate cancer.
Residential tap water levels of Br-THMs and chloroform showed, respectively, inverse and positive associations with prostate cancer.

ConcLusIoNs: Findings suggest long-term waterborne ingested nitrate could be a risk factor of prostate cancer, particularly for aggressive tumors.
High intakes of fiber, fruit/vegetables and vitamin C may lower this risk. Association with residential levels but not ingested chloroform/Br-THM

may suggest inhalation and dermal routes could be relevant for prostate cancer. https://doi.org/10.1289/EHP11391

Introduction

Prostate cancer has become widespread worldwide,"?> with
1,414,259 estimated new cases in 2020 (7.3% of all cancer sites),?
and the prostrate is the leading incident cancer site in Spanish men
(22% of all cancers sites).?> However, the etiology of prostate can-
cer remains largely unknown, and it is one of the few types of can-
cer for which the International Agency for Research on Cancer
(IARC) has not identified a clear carcinogenic agent.* Currently
recognized risk factors are nonmodifiable, including age, ethnicity,
and family history of cancer (including genetic heritage).!->-°
Aggressive and fatal prostate cancers have been suggested to have
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different underlying causes in comparison with slow-growing
tumors with an indolent course.”” Other suggested risk factors,
particularly for advanced-stage and aggressive prostate cancer, are
lifestyle/behaviors such as smoking, unhealthy diet, overweight
status, and lack of exercise,””!! as well as exposure to endocrine-
disrupting chemicals'?!3 such as Agent Orange (i.e., dioxins)® and
pesticides.'* An association between nitrite and nitrate from food
additives and prostate cancer has also been recently reported.'>
Cancer mortality maps reporting spatial and temporal distribution
within countries and globally suggest that environmental expo-
sures may contribute to prostate cancer development and could
partly explain increasing incidence rates.!¢~!8

Nitrate occurrence in the water cycle is rising worldwide
because of growing use of nitrogen fertilizers and intensive farm-
ing.'” Human exposure to nitrate mainly occurs through ingestion
of food and drinking water.?® Ingested nitrate is reduced to nitrite,
which can react with amines and amides under acidic conditions in
the stomach to form N-nitroso compounds. Ingested nitrate or nitrite
under conditions that result in endogenous nitrosation is probably
carcinogenic to humans.?!?> There are limited epidemiological
studies seeking to disclose the relationship between nitrate exposure
from drinking water and cancer, and, to date, consistent evidence
has only been established with colorectal cancer.'® Disinfectants
added to raw water to inactivate microbial pathogens result in the
formation of several disinfection by-products (DBPs). DBPs consti-
tute a complex mixture of chemicals formed as by-products of the
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reactions of the disinfectants applied to drinking-water.* Chlorine
is the most widespread disinfectant used worldwide, and trihalome-
thanes (THMs) and haloacetic acids are the DBPs formed at the
highest concentrations after chlorination. When water containing
ammonia is chlorinated, chloramines are formed, which, in turn,
lead to the formation of nitrogenated by-products such as the carci-
nogenic N-nitrosamines.?* Several DBPs are genotoxic in vitro and
carcinogenic in animal experiments,?>2¢ and the IARC has classi-
fied some DBPs as possible human carcinogens.?”~2°

This study was designed to evaluate the association between
prostate cancer and long-term exposure to nitrate and THMs in
drinking water. Because risk factors for advanced-stage and aggres-
sive prostate cancer may differ from slow-growing tumors’-'® we
also evaluated the associations by Gleason score (<8 vs. >8 as
aggressive prostate cancer). We further investigated the effect modi-
fication by age, dietary factors, education, and adherence to a
healthy lifestyle.

Methods

Study Design and Population

The MCC-Spain study (http://www.mccspain.org) is a multicase—
control study conducted in different provinces in Spain between
2008 and 2013. MCC-Spain included breast, colorectal, prostate,
and gastroesophageal cancer, as well as chronic lymphocytic leu-
kemia cases, along with a common pool of population-based con-
trols.>® Cases were histologically confirmed incident prostate
cancer patients [International Classification of Diseases, Tenth
Revision (ICD)-10 C61 and DO07.5], identified through active
searches that included periodic visits to hospital departments, and
were interviewed closely after diagnosis (median of 58 d).
Controls were selected from the general population, identified
from the lists of randomly selected family practitioners in primary
health centers, and were frequency matched to cases by age for
each region (12 recruitment areas).?° Inclusion criteria required
participants to be 20-85 y old, to have the ability to understand and
answer the questionnaire, and to have lived for at least 6 months in
the study area. The study protocol was approved by the ethics com-
mittee at all collaborating institutions, and each participant signed
an informed consent form prior to enrollment. The overall response
rate (subjects interviewed divided by subjects interviewed plus
refusals) was 72% for prostate cancer cases and 53% for controls,
leading to 996 prostate cancer cases and 1,281 controls recruited in
the areas included in the present analysis (Asturias, Barcelona,
Cantabria, Madrid, and Valencia).

Data Collection

Those who agreed to participate answered a structured, computer-
ized questionnaire administered by trained personnel in a face-to-
face interview to gather information on anthropometrics (self-
reported), sociodemographics, lifestyle factors, and personal and
family medical history. Participants provided full address, year
started and stopped living in all the residences where they lived for
at least 12 months since age 18 y until the time of the interview,
and the type of water consumed in each residence (municipal,
bottled, well, other). Amount (glasses per day) of water ingested on
average lifetime at home, work, and other places was ascertained.
A final section evaluating the reliability of the interview was com-
pleted by the interviewer. Dietary habits the year before the inter-
view were collected through a self-administered semiquantitative
food frequency questionnaire, including a total of 140 food items,
previously validated in Spain.®' Questionnaires used are available
online (http://mccspain.org).
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The Gleason score was collected from the pathological records.
Two prostate cancer grading categories were constructed: low- to
medium-grade prostate cancer (Gleason score <8) and high-grade/
aggressive prostate cancer (Gleason score > 8).32-33

Nitrate and THM Levels in Municipal Drinking Water

We designed a structured questionnaire aimed at water utilities,
local authorities, and/or health authorities to collect drinking water
source (surface or ground water proportion) and treatment in the
study areas back to 1940. In addition, available data from routine
monitoring in the drinking water treatment plants and the distribu-
tion network were collected for nitrate and THMs (chloroform,
bromodichloromethane, dibromochloromethane, and bromoform).
We targeted data collection among study municipalities that con-
tributed up to 80% of person-years.

For the years 2004-2010, centralized routine monitoring data
was provided by the SINAC (Spanish National Information
System on Water for Consumption), that includes information at
the water-zone level introduced by water supply operators from
public or private companies or municipalities, as well as from
public or private laboratories. The water zone, which mostly cor-
responds to municipality, was defined as a geographical area sup-
plied by water with a homogeneous source and treatment and
whose quality in the water distributed in the networks can be con-
sidered homogeneous. We linked each postal code from the resi-
dence to the corresponding water zone.

The distribution of the sampling points and the sampling fre-
quency varied greatly, depending on the population served,
extension of the water zone, and the year, and could be more than
once a day (e.g., Madrid), up to once every 3 months, or once a
year in less-populated areas. Measurements below the analytical
limit of quantification (QL) were substituted with half the QL
(QL/2).3* If the QL was missing, we imputed half of the most fre-
quently reported.

Nitrate and THM Levels in Nonmunicipal Drinking Water

We measured nitrate in the 9 most-consumed bottled water brands
in Spain using ultraviolet spectrophotometry, with 0.5/0.1 mg/L
detection/quantification limit. Nitrate concentrations were in the
range of 2.3-15.6 mg/L.3> THMs were previously measured in 15
popular bottled water brands in Spain through purge-and-trap and
gas chromatography. Mean concentrations for chloroform, bromo-
dichloromethane, dibromochloromethane, and bromoform were
<0.1 pg/L,% and limits of detection were, respectively, 0.015,
0.004, 0.005, and 0.011 pg/L. We used THM data from 56 meas-
urements in different Spanish areas that were supplied by chlori-
nated ground water. Average concentrations were 0.3, 0.3, 0.8, and
1.8 pg/L for chloroform, bromodichloromethane, dibromochloro-
methane, and bromoform, respectively. Nitrate data in private
wells were not available.

Estimation of Long-Term Levels in Municipal Drinking
Water

We calculated the annual average levels of nitrate and THMs at
the water zone level. Years without measurements were assigned
the average of all available measurements in the water zone if the
water source and treatment did not change over the years. In the
case of changes in the water source and/or treatment, procedures
to back-extrapolate were applied.

For THMs, because their concentrations in surface water are
generally higher than in ground sources,?” we used surface water
percentage as a weight to back extrapolate individual THM con-
centrations when water source changed through linear interpola-
tion, assuming that concentrations increased proportionately to
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the percentage of surface water. Likewise, water zones with
changes in treatment over the years and THMs measurements
were used to estimate the change percentage of THMs concentra-
tions after introducing such treatments. These percentages were
applied as a weight to back-extrapolate THM concentrations in
areas with changes in these specific treatments when measure-
ments were unavailable. Before chlorination started, THMs con-
centrations were assumed to be zero. Total THMs (TTHM) levels
were calculated by adding up chloroform, bromodichlorome-
thane, dibromochloromethane, and bromoform concentrations.
For years without nitrate measurements in water zones where
water source changed over the years, the groundwater percentage
was used as a weight to back-extrapolate concentrations using
linear interpolation, assuming that nitrate levels were higher with
increasing groundwater proportion.'® In municipalities without
any nitrate measurement (covering ~0.5% of the total person-
years), we imputed the levels of neighboring municipalities sup-
plied with similar ground water proportion plus or minus 10%.

Individual Exposures in the Study Population

Average nitrate and THMs concentrations in residential tap
water. We used municipality and year to link municipal levels in
drinking water with residential histories of study participants
from age 18 y to 2 y before the interview. We estimated the aver-
age concentration of nitrate (milligrams per liter) and THMs
(micrograms per liter) for this period, henceforth referred to as
“lifetime” or “long-term exposure.” Generally, because partici-
pants lived in three residences on average during the exposure
window period, they were assigned to the water zone where they
had lived the longest as of the date of the interview (= 30 y).

Average ingested nitrate and THMs. To calculate waterborne
ingested nitrate (milligrams per day) and THMs (micrograms per
day), we assigned levels in drinking water by year according to the
water type consumed at home, including municipal (tap), bottled,
and private well/other water. Nitrate and THMs levels in municipal
water were assigned for tap-water consumption. Nitrate levels in the
sampled bottled waters (range 2.3-15.6 mg/L)*> were averaged
using the sales frequency of each brand as a weight, leading to
6.1 mg/L of NO3, which was assigned to study participants con-
suming bottled water. Because nitrate levels in well water were not
available, waterborne ingested nitrate was considered missing for
years when well-water consumption was reported (=~ 2%). A zero
THM level was assigned to bottled-water consumers, according to a
previous study.>®* THM values assigned for well-water consumers
were 0.3, 0.3, 0.8, and 1.8 pg/L for chloroform, bromodichlorome-
thane, dibromochloromethane, and bromoform, respectively. The
annual nitrate and THMs estimates were averaged from age 18 y to
2 y before the interview and multiplied by the average daily water
intake at the residence. Total amount of ingested water was ascer-
tained as the number of water glasses per day consumed on average
by the participant at home (liters per day, assuming 200 mL/glass).
Water intakes that equaled zero and those above the 99th percentile
(4 L/d), considered implausible, were treated as missing values in
the analyses.

Covariables

Age (years), education (less than primary school, primary school,
secondary school, university), self-reported weight and height 1 y
before the interview to compute body mass index (BMI; kilo-
grams per square meter), family history of prostate cancer (yes,
no), smoking (never, former, current), and physical activity were
considered. Smokers were defined as those smoking at least one
cigarette per day for >6 months. Former smokers were defined as
those who quit smoking >1 y before the interview. Physical
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activity was ascertained through open questions on any type of
physical activity practiced in life, years, and frequency (hours/
week), to calculate metabolic equivalents (METSs) from age 16 y
to 2 y before the interview. We estimated a cancer prevention
score based on The World Cancer Research Fund/American
Institute for Cancer Research (WCRF/AICR) cancer prevention
recommendations® based on six items: BMI, physical activity,
consumption of foods and drinks that promote weight gain, plant
foods, animal foods, and alcohol. Briefly, the method of estimat-
ing the score according to the standardized scoring system for
2018 WCRF/AICR cancer prevention recommendations® is
based on the following criteria: 1 point was assigned when the
recommendation was met, 0.5 point when it was partially met,
and 0 points when it was not met. The score of each recommen-
dation was added to obtain the total score, which ranged from a
minimum value of 0 to a maximum value of 6 points, with higher
values indicating high compliance with the cancer prevention rec-
ommendations.*® We collected information on self-reported fam-
ily history of prostate cancer (i.e., malignant tumors in first-
degree relatives). Based on food composition tables, frequencies
in servings per day of red and processed meat were converted to
grams per day and total dietary fiber intake and vitamin intake.

Statistical Analyses

The initial sample of prostate cancer cases and controls was
2,277 (996 cases, 1,281 controls). Number of controls was greater
than the number of cases because the controls were matched to
different cancer sites. We excluded subjects with interviews
qualified as unreliable by the trained interviewers (n =3 cases);

Initial sample size
N =2,277
Cases, n=996
Controls, n=1,281

3 With unreliable interview
> Cases, n=3
Controls, n=0

N=2,274

I >
I

Nitrate and THMs exposures covering
< 70% of the main exposure periods
Cases, n=173
Controls, n=203

n=376

N=1,898

Water consumption not reported or
implausible values (O liters or > 4 liters)
Cases, n=67
Controls, n=95

n=162

N=1,736

!

{ Municipalities without any case or any
i control
{ Cases, n=56

Controls, n=56

n=112

FINAL SAMPLE SIZE

N=1,624
Cases, n=697
Controls, n=927

Figure 1.Flowchart showing exclusions of study participants from the
Multicase—Control Study in Spain (MCC-Spain). The main exposure periods
were from 18 y of age to 2 y before the interview. The interviewers rated the
quality of the interview, and those unreliable or inconsistent were excluded.
A total of 653 participants were excluded from the study.
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Table 1. Characteristics and drinking-water contaminant exposures of the study population from the Multicase—Control Study in Spain (MCC-Spain): 697

cases, 927 controls (N =1,624).

Cases n (%) or mean (+ SD)

Low- to medium-grade tumors High-grade tumors

Controls n (%) or mean (+ SD) Total (Gleason score <8) (Gleason score >8)

Number of participants 927 697 590 97
Characteristics
Age (y) 66.6 (8.3) 66.0 (7.3) 65.6 (7.2) 68.7 (7.7)
Educational level (%)

Less than primary 157 (16.9) 156 (22.4) 128 (21.7) 26 (26.8)

Primary school 300 (32.4) 276 (39.6) 234 (39.7) 39 (40.2)

Secondary school 262 (28.3) 157 (22.5) 139 (22.0) 23 (23.7)

University 208 (22.4) 108 (15.5) 98 (16.6) 9(9.3)
Family history of prostate cancer (first degree) (%) 108 (11.7) 144 (20.7) 122 (20.7) 20 (20.6)
Smoking status (%)

Never 237 (25.6) 218 (31.3) 180 (30.5) 34 (35. 1)

Former 480 (51.8) 349 (50.1) 296 (50.2) 47 (48.5)

Current smoker 210 (22.7) 130 (18.7) 114 (19.3) 16 (16.5)
WCRF/AICR cancer prevention score 3.4 (1.0) 3.3(0.9) 3.3(0.9) 3.4 (1.0)
Intake of red and processed meat (g/d) 73.3 (38.0) 77 (40.6) 77.1 (40.9) 75.4 (40.2)
Intake of total fiber (g/d) 11.3 (3.8) 11.1 (3.6) 11.1 (3.6) 11.3(3.7)
Intake of fruit and vegetables (g/d) 486 (277) 501 (245) 499 (239) 524 (275)
Intake of vitamin C (mg/d) 148 (91) 150 (80) 150 (78) 156 (94)
Intake of vitamin E (mg/d) 10.4 (5.45) 10.6 (5.2) 10.6 (5.1) 11.1 (5.9)
Recruitment area (%)

Asturias 47 (5.1) 8(1.2) 8 (1.36) 0(0)

Barcelona 421 (45.4) 301 (43.2) 252 (42.7) 49 (50.5)

Cantabria 120 (12.9) 101 (14.5) 84 (14.2) 14 (14.4)

Madrid 276 (29.8) 239 (34.3) 206 (34.9) 27 (27.8)

Valencia 63 (6.8) 48 (6.9) 40 (6.8) 7(7.2)
Drinking-water contaminant exposures
Average concentrations in residential tap water

Nitrate (mg/L) 7.2 (4.0) 7.1 (4.2) 7.1 (4.14) 7.8 (4.1)

Brominated trihalomethanes (pg/L) 34.7 (33.0) 28.3 (27.1) 28.1 (27.2) 30.6 (26.7)

Chloroform (pg/L) 20.7 (8.0) 21.4(8.4) 21.6 (8.4) 20.4 (8.1)
Average waterborne ingestion

Nitrate (mg/d) 11.5 (9.0) 12.8 (10.8) 12.8 (11.1) 13.2(9.2)

Brominated trihalomethanes (jg/d) 20.7 (32.4) 19.2 (29.2) 19.2 (28.1) 20.6 (36.1)

Chloroform (pg/d) 15.1 (14.7) 15.4 (14.0) 15.8 (14.2) 12.9 (13.4)

Note: Continuous variables are presented as means and standard deviation and categorical variables as percentage (%) and number of subjects (n). A total of 171 subjects had missing
data for WCRF/AICR cancer prevention score and dietary variables (intake of red and processed meat, total fiber, fruit and vegetables, vitamin C, and vitamin E). The mismatch
between total cases and the sum of early-stage (low- to medium-grade tumors) and aggressive (high-grade tumors) prostate cancer is because there are 10 subjects without information
on the grade of the tumor. Brominated trihalomethanes include bromodichloromethane, dibromochloromethane, and bromoform. WCRF/AICR cancer prevention score is based on the
WCRF/AICR cancer prevention recommendations. SD, standard deviation; WCRF/AICR, World Cancer Research Fund/American Institute for Cancer Research.

those with nitrate or THMs estimates covering fewer than 70% of
the years between age 18 y to 2 y before the interview (n=376)
and those reporting no water consumption or implausible values
were also excluded (n = 162). Finally, to have a similar geograph-
ical distribution of cases and controls, only municipalities with at
least one case and one control were included (n =112 excluded).
The final sample included 1,624 subjects, 697 cases (590 low- to
medium-grade, tumors, 97 high-grade tumors, and 10 without
this information) and 927 controls with ages between 38 and 85 y.
(Figure 1). Characteristics of cases and controls excluded from the
study (n = 653) are presented in Supplemental Table 1.

Spearman correlations between tap water residential concentra-
tions and waterborne ingested nitrate, Br-THMs (sum of bromodi-
chloromethane, dibromochloromethane, and bromoform), and
chloroform were examined. Drinking-water exposures were catego-
rized into tertiles defined according to the distribution among con-
trols. The main models estimated the association between prostate
cancer and lifetime waterborne ingested nitrate, TTHMs, chloro-
form and Br-THMs, expressed in tertiles and continuous (per 5-unit
increment). We estimated odds ratios (OR) and 95% confidence
intervals (CI) of prostate cancer using mixed models with recruit-
ment area (Asturias, Barcelona, Cantabria, Madrid, Valencia) as
random effect. To test for linear trends (p-trend) across increasing
categories of exposure, the median concentration within each cate-
gory was treated as a continuous variable in the model.
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To test whether the associations varied across tumor grade and
aggressiveness, we used multinomial logistic regression models
with Gleason scores <8 and >8 for the two categories, with control
group as the reference (base outcome), and OR [also referred to as
relative risk ratios (RRRs)] and their 95% CI were estimated.
Heterogeneity of effects for the two grades of tumor severity was
tested using the Wald statistic. Smoothed spline with three degrees
of freedom from general additive models (GAM) were used to vis-
ually display the exposure-response relationships on continuous
variables. We further explored the associations using concentra-
tions in residential tap water as exposure, because it might be a bet-
ter indicator of an exposure though multiple routes (not just
ingestion), which is especially relevant for THMs.

All models were adjusted for recruitment area, age, and edu-
cation. Further adjustment included first-degree family history of
prostate cancer, smoking status, and WCRF/AICR cancer preven-
tion score. An additional model was reported with mutual adjust-
ments between nitrate, chloroform, and Br-THMs levels.
Multicollinearity was explored using the variance inflation factor
(VIF). A mean VIF of 1.43 was obtained, and all variable catego-
ries had a VIF <2. We used stochastic regression (which adds a
random error term that appropriately reproduces the correlation
between X and Y) to impute 171 missing values in the WCRF/
AICR cancer prevention score. There were no missing data for
the other covariates of adjustment.
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Table 2. Association between prostate cancer and lifetime average waterborne ingested nitrate and trihalomethanes (THMs). Multicase—Control Study in Spain
(MCC-Spain): 697 cases, 927 controls (N =1,624).

OR (95% CI)

Multivariable adjusted”

OR (95% CI)

Multivariable adjustedh

OR (95% CI)

Multivariable adjusted”

Exposure Controls Cases
Nitrate (mg/d)
Tertile 1 (<5.5) 309 221
Tertile 2 (5.5-13.8) 309 209
Tertile 3 (>13.8) 309 267
p-Trend 927 697
Per 5 mg/d 927 697
TTHMs (pg/d)
Tertile 1 (<13.7) 309 243
Tertile 2 (13.7-37.5) 309 221
Tertile 3 (>37.5) 309 233
p-Trend 927 697
Per 5 mg/d 927 697
Brominated THMs (pg/d)
Tertile 1 (<3.2) 311 254
Tertile 2 (3.2-16.8) 307 225
Tertile 3 (>16.8) 309 218
p-Trend 927 697
Per 5 pg/d 927 697
Chloroform (pg/d)
Tertile 1 (<5.4) 309 212
Tertile 2 (5.4-19.1) 309 255
Tertile 3 (>19.1) 309 230
p-Trend 927 697
Per 5 pg/d 927 697

1.00
1.11 (0.82, 1.49)
1.58 (1.12,2.23)
0.004
1.13 (1.06, 1.21)

1.00
0.88 (0.68, 1.13)
0.95 (0.73, 1.23)
0.783
1.00 (0.98, 1.01)

1.00
0.91 (0.71, 1.16)
0.90 (0.67, 1.20)
0.575
0.99 (0.98, 1.01)

1.00
1.17 (0.90, 1.51)
1.01 (0.76, 1.33)
0.795
0.99 (0.95, 1.03)

1.00
1.09 (0.81, 1.48)
1.54 (1.08, 2.19)
0.007
1.13 (1.05, 1.21)

1.00

0.87 (0.67, 1.13)

0.91 (0.70, 1.18)
0.535

0.99 (0.98, 1.01)

1.00

0.89 (0.69, 1.14)

0.86 (0.64, 1.16)
0.447

0.99 (0.97, 1.01)

1.00

1.16 (0.89, 1.51)

0.98 (0.74, 1.31)
0.671

0.99 (0.95, 1.02)

1.00
1.16 (0.85, 1.57)
1.74 (1.19, 2.54)
0.002
1.22 (1.12, 1.33)

1.00

0.87 (0.67, 1.13)

0.90 (0.69, 1.17)
0.508

0.99 (0.98, 1.01)

1.00

0.82 (0.61, 1.08)

0.65 (0.42, 1.00)
0.109

0.99 (0.97, 1.01)

1.00

1.35 (0.98, 1.87)

1.19 (0.80, 1.77)
0.925

0.98 (0.93, 1.02)

Note: ORs and 95% CI were calculated using mixed models with recruitment area (Asturias, Barcelona, Cantabria, Madrid, Valencia) as random effect. Brominated THMs includes
bromodichloromethane, dibromochloromethane, and bromoform. TTHMs includes chloroform, bromodichloromethane, dibromochloromethane, and bromoform. CI, confidence inter-
val; OR, odds ratio; THMs, trihalomethanes; TTHMs, total trihalomethanes; WCRF/AICR, World Cancer Research Fund/American Institute for Cancer Research.

“Model adjusted for age (years) and educational level (less than primary, primary school, secondary school, university).

®Model further adjusted for first-degree family history of prostate cancer (yes, no), smoking status (never, former, current smoker), and the WCRF/AICR cancer prevention score.
“Model 2 mutually adjusted for the other corresponding components, i.e., total THMs (nitrate model), nitrate (THMs model), chloroform and nitrate (brominated THMs model), bromi-

nated THMs and nitrate (chloroform model).

Additionally, subgroup analyses were performed for water-
borne nitrate ingested, stratifying the sample (above or below the
median among controls) by the following suspected effect modi-
fiers: age (<66 y vs. >66 y), education (<primary school vs.
>primary school), WCRF/AICR score (<3.5 vs. >3.5), intakes
of red and processed meat (<67 g/d vs. >67 g/d), total fiber
(Z11 g/d vs. >11 g/d), total fruit and vegetables (<473 g/d vs.
>473 g/d), vitamin C (<130 mg/d vs. >130 mg/d), and vitamin
E (<£9.2 mg/d vs. >9.2 mg/d). Interaction p-value was obtained
using the likelihood ratio test of the models with and without the
multiplicative interaction term.

All p-values presented are two-tailed; <0.05 was considered
statistically significant. Analyses were performed using STATA
(version 16.0; Stata Corp.).

Results
Approximately 330 water zones with data on nitrate and THM levels
were involved during the study exposure window (Supplemental
Figure 1; Excel Table S1). Mean (plus or minus SD) values for aver-
age lifetime waterborne ingested nitrate (milligrams per day),
Br-THMs (micrograms per day) and chloroform (micrograms per
day) were 11.5 (9.0), 20.7 (32.4), and 15.1 (14.7), respectively, in
controls; and 12.8 (10.8), 19.2 (29.2), and 15.4 (14.0) in cases. The
average age was 66.6 (8.3) y old for controls and 66.0 (7.3) for cases.
On average, cases had lower education, had twice as frequent family
history of prostate cancer (first degree), and had consumed slightly
more red and processed meat in comparison with controls. The
recruitment area contributing with the largest population was
Barcelona (44 % of all subjects) followed by Madrid (30%), whereas
Asturias was the province with the greatest difference in percentage
of cases (1.6%) in comparison with controls (5.5%) (Table 1).

The proportion (in person-years) of municipal, bottled- and
well-water consumption was approximately 78%, 20%, and 2%,
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respectively, during the exposure window. The average water intake
was 1.9 L/d for cases and 1.8 L/d for controls. Spearman correla-
tions between tap-water residential concentrations and waterborne
ingested contaminants were moderate, rho 0.67 for nitrate and
~0.50 for Br-THM and chloroform (Supplemental Figure 2).

Waterborne Ingested Nitrate

Considering the mutually adjusted models, lifetime average
waterborne ingested nitrate was positively associated with pros-
tate cancer when comparing the highest with the lowest exposure
category (OR=1.74, 95% CI: 1.19, 2.54; p-trend 0.002). For
each 5 mg/d increase of waterborne ingested nitrate, the overall
OR of prostate cancer increased by 22% (OR=1.22; 95% CI:
1.12, 1.33) (Table 2). When examining prostate cancer by tumor
severity, comparing extreme categories, the OR for low- to
medium-grade prostate cancer (Gleason score <8) was 1.59, 95%
CI: 1.05, 2.39; p-trend 0.014, and for high-grade (Gleason score
>8, i.e., aggressive prostate cancer) was 2.78, 95% CIL: 1.23,
6.27; p-trend 0.002 (Wald test p =0.189) (Table 3).

We also explored whether other factors (Supplemental Table
2) modified the association between waterborne ingested nitrate
and prostate cancer. In the analyses stratified by several factors
(Table 4), those with greatest impact on the estimates were age and
dietary fiber intake, followed by intakes of fruit and vegetables and
vitamin C, although interaction p-values were not statistically sig-
nificant. Comparing highest vs. lowest categories, waterborne
ingested nitrate was significantly associated with a higher odds of
prostate cancer in the youngest (1.75, 95% CI: 1.07, 2.89; p-trend
0.007) but not in the oldest [1.23,95% CI: 0.75, 2.01; p-trend 0.505
(p for interaction 0.095)]. Likewise, the OR of prostate cancer for
those with the lowest intake of total fiber (<11 g/d) was 2.34 (95%
CI: 1.39, 3.94; p-trend 0.001), whereas for those with the highest
intake (>11 g/d), the OR was 0.95 (95% CI: 0.52, 1.73; p-trend
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Table 3. Association between prostate cancer and lifetime average waterborne ingested nitrate by tumor grade (according to Gleason score). Multicase—Control
Study in Spain (MCC-Spain): 687 cases, 927 controls (N =1,614).

OR (95% CI)

Multivariable adjusted”

OR (95% CI)

Multivariable adjustedb

OR (95% CI)

Multivariable adjusted”

Exposure Controls Cases

Nitrate waterborne ingestion (mg/d)

Low- to medium-grade

Gleason score <8
Tertile 1 (<5.5) 309 190
Tertile 2 (5.5-13.8) 309 179
Tertile 3 (>13.8) 309 221
p-Trend 927 590
Per 5 mg/d 927 590

High-grade

Gleason score >8
Tertile 1 (<5.5) 309 27
Tertile 2 (5.5-13.8) 309 25
Tertile 3 (>13.8) 309 45
p-Trend 927 97
Per 5 mg/d 927 97

1.00
1.10 (0.80, 1.52)
1.52 (1.04,2.21)
0.015
1.14 (1.06, 1.23)

1.00

0.92 (0.46, 1.83)

1.80 (0.84, 3.85)
0.035

1.07 (0.94, 1.23)

1.00
1.09 (0.79, 1.50)
1.47 (1.01, 2.15)
0.024
1.14 (1.06, 1.22)

1.00
0.90 (0.45, 1.81)
1.77 (0.82, 3.82)
0.039
1.07 (0.93, 1.23)

1.00
1.13 (0.81, 1.56)
1.59 (1.05, 2.39)
0.014
1.23 (1.13, 1.35)

1.00

1.12 (0.55, 2.29)

2.78 (1.23, 6.27)
0.002

1.18 (1.01, 1.39)

Note: The number of these analyses is 1,614 (10 cases had no information on Gleason score). Multinomial logistic regression models with the two categories of tumor grade Gleason score
< and >8, with control group as the reference (base outcome). ORs and 95% CI were calculated using multinomial (polytomous) logistic regression. Wald test p-values for heterogeneity
of effects were 0.1894. CI, confidence interval; OR, odds ratio; THMs, trihalomethanes; WCRF/AICR, World Cancer Research Fund/American Institute for Cancer Research.

“Model adjusted for recruitment area (Asturias, Barcelona, Cantabria, Madrid, Valencia), age (years) and educational level (less than primary, primary school, secondary school, university).
PModel further adjusted for first-degree family history of prostate cancer (yes, no), smoking status (never, former, current smoker) and the WCRF/AICR cancer prevention score.

“Model 2 mutually adjusted for total THMs.

0.709). Interaction p-value was 0.102. Comparable results were
observed when comparing prostate cancer likelihood in those with
higher and lower intakes of fruit and vegetables and vitamin C.
Finally, waterborne ingested nitrate was associated with prostate
cancer only in those participants with highest education attained,
without significant interaction (Table 4).

Waterborne Ingested THMs

The relationship between waterborne ingested Br-THMs and
prostate cancer showed an inverse pattern (Table 2; Figure 2).
However, neither waterborne ingested TTHM (OR 0.90, 95% CI:
0.69, 1.17; p-trend 0.508), Br-THMs (OR 0.65, 95% CI: 0.42,
1.00; p-trend 0.109), nor chloroform (OR 1.19, 95% CI: 0.80,
1.77; p-trend 0.925) were significantly associated with prostate
cancer (Table 2).

Residential Nitrate and THM Concentrations

Residential nitrate levels were associated with prostate cancer; OR
for 5 mg/d increase of residential nitrate level was 1.59 (95% CI:
1.13, 2.25) (Table 5). Br-THMs were inversely associated with
prostate cancer both comparing extreme tertiles and the continuous
exposure, OR 0.92 (95% CI: 0.89, 0.95) for 5 pg/L increase
(Table 5). Although the relationship between residential chloro-
form levels and prostate cancer was not linear (Figure 2), those
with the highest residential chloroform exposure were more likely
to develop prostate cancer than those with lowest residential expo-
sure (OR 2.61,95% CI: 1.55, 4.39; p-trend <0.001) (Table 5).

Discussion
This is, to our knowledge, the first study to explore the relation-
ship between exposure to nitrate and THMs through drinking
water and prostate cancer at the individual level. In this case—
control study, long-term waterborne ingested nitrate was associ-
ated with an increased OR of prostate cancer, especially with
aggressive tumors. Residential chloroform levels showed a non-
linear positive association, whereas brominated THM were nega-
tively associated with prostate cancer.

We examined two distinct exposure estimates, i.e., residential
levels at the tap and waterborne ingested exposure. Residential
levels provide a rough estimate of exposure through multiple
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routes (ingestion, inhalation, dermal), which is particularly rele-
vant for volatile and skin permeable THMs.*'~*3 Given that ni-
trate is only ingested, the waterborne ingested estimates provide
a more relevant exposure in comparison with residential nitrate
levels. This finding is consistent with the differences we observed
between exposure metrics for nitrate and THMs, i.e., higher asso-
ciations for the ingested vs. residential nitrate exposure estimates
and for residential vs. ingested THMs exposure estimates.

Prostate cancer is increasingly studied as two distinct pheno-
types with suggested different etiologies: one slow-growing, indo-
lent form and an aggressive form that can be fatal. Although age is
more related to early-stage and indolent prostate tumors, lifestyle
factors such as obesity, cigarette smoking, Western diets,** or
exposures such as pesticides'* have been linked to advanced-stage
and more aggressive prostate cancer.” Although our study had lim-
ited power to conduct stratified analyses for the most aggressive
tumors, we observed a higher effect size for aggressive in compari-
son with early-stage prostate cancer (based on Gleason score <8
vs. >8). This observation might suggest that nitrate could have a
greater influence on prostate cancer progression than initiation.
Future work on the eventual mechanisms of nitrate on prostate car-
cinogenesis considering the role of grade and stage are warranted.

Our findings suggested that men <66 y old might be more sus-
ceptible to the carcinogenic effect of drinking-water nitrate on the
prostate. In Spain, prostate cancer incidence at age <65 y is increas-
ing at a higher rate than in older men*® and follows different spatial
patterns,'® supporting the hypothesis that environmental factors
may be involved. Prostate tumors in younger men differ from
tumors diagnosed at an older age in terms of biological features and
clinical entity.**#7 On the other hand, an effect modification has
been identified by education level, suggesting that unaccounted fac-
tors related to socioeconomic status may play a role in the associa-
tion between nitrate and prostate cancer. This effect modification is
probably independent from that of the exposure to water contami-
nants, because previous studies have not been able to identify a clear
link between socioeconomic status and exposure to drinking water
contaminants.*®4° In light of this evidence, whether subgroups
within the population may respond differently to the toxicity of
drinking-water nitrate needs to be further examined.>°

We also performed subgroup analysis by dietary factors
involved in endogenous nitrosation.® Men with high intake of total
fruit and vegetables or vitamin C did not show an association
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Table 4. Subgroup analysis. Association between waterborne ingested nitrate and prostate cancer by age, education, WCRF score adherence, and intakes of red
and processed meat, fiber, total fruit and vegetables, vitamin C and vitamin E (above and below the median among controls). Multicase—Control Study in
Spain (MCC-Spain): 629 cases, 824 controls (N =1,453).

By age <66y (n=2848) p Interaction >66y (n=776)

Ingested nitrate (mg/d) Controls/Cases OR 0.095 Controls/Cases OR
Tertile 1 (<5.5) 156/124 1.00 — 153/97 1.00
Tertile 2 (5.5-13.8) 165/98 1.02 (0.67, 1.54) — 144/111 118 (0.76, 1.84)
Tertile 3 (>13.8) 154/151 1.75 (1.07, 2.89) — 155/116 1.23 (0.75, 2.01)
p-Trend 475/373 0.007 — 452/324 0.505

Per 5 mg/d 475/373 1.15 (1.04, 1.28) — 452/324 1.08 (0.98, 1.19)

By education

Primary school or less (n = 889)

Secondary school or higher (n =735)

Ingested nitrate (mg/d) Controls/Cases OR 0.495 Controls/Cases OR
Tertile 1 (<5.5) 140/124 1.00 — 169/97 1.00
Tertile 2 (5.5-13.8) 146/119 0.87 (0.53, 1.44) — 163/90 1.40 (0.90, 2.16)
Tertile 3 (>13.8) 171/189 1.17 (0.54, 2.54) — 138/78 1.89 (1.09, 3.29)
p-Trend 457/432 0.215 — 470/265 0.032
Per 5 mg/d 457/432 1.07 (0.98, 1.16) — 470/265 1.22 (1.08, 1.38)

By WCRF/AICR score

Score <3.5 (n=2854)

p Interaction

Score >3.5 (n=1599)

Ingested nitrate (mg/day) Controls/Cases OR 0.844 Controls/Cases OR
Tertile 1 (<5.5) 156/113 1.00 — 121/79 1.00
Tertile 2 (5.5-13.8) 160/115 1.26 (0.82, 1.92) — 113/71 0.96 (0.60, 1.54)
Tertile 3 (>13.8) 165/145 1.74 (1.07, 2.82) — 109/106 1.43 (0.84,2.44)
p-Trend 481/373 0.021 — 343/256 0.110
Per 5 mg/d 481/373 1.12 (1.02, 1.23) — 343/256 1.13 (1.01, 1.26)

By intake of red and processed meat

Intake <66 g/d (n=676)

p Interaction

Intake >66 g/d (n=777)

Ingested nitrate (mg/d) Controls/Cases OR 0.705 Controls/Cases OR
Tertile 1 (<5.5) 150/78 1.00 — 127/114 1.00
Tertile 2 (5.5-13.8) 140/86 1.14 (0.73, 1.78) — 133/100 1.05 (0.67, 1.64)
Tertile 3 (>13.8) 122/100 1.66 (0.99, 1.78) — 152/151 1.39 (0.84, 2.29)
p-Trend 412/264 0.043 — 412/365 0.128
Per 5 mg/d 412/264 1.12 (1.01, 1.24) — 412/365 1.11 (1.01, 1.23)
By intake of total fiber Intake <11 g/d (n=764) p Interaction Intake >11 g/d (n=689)

Ingested nitrate (mg/d) Controls/Cases OR 0.102 Controls/Cases OR
Tertile 1 (<5.5) 145/97 1.00 — 132/95 1.00
Tertile 2 (5.5-13.8) 136/113 1.48 (0.94, 2.32) — 137/73 0.75 (0.45, 1.23)
Tertile 3 (>13.8) 131/142 2.34 (1.39, 3.94) — 143/109 0.95 (0.52, 1.73)
p-Trend 412/352 0.001 — 412/271 0.709
Per 5 mg/d 412/352 1.17 (1.05, 1.30) — 412/277 1.06 (0.97, 1.17)

By intake of fruit and vegetables

Intake <460 g/d (n="710)

p Interaction

Intake >473 g/d (n="743)

Ingested nitrate (mg/d) Controls/Cases OR 0.783 Controls/Cases OR
Tertile 1 (<5.5) 135/84 1.00 — 142/108 1.00
Tertile 2 (5.5-13.8) 149/98 1.26 (0.81, 1.97) — 124/88 0.88 (0.60, 1.28)
Tertile 3 (>13.8) 128/116 2.07 (1.24, 3.45) — 146/135 1.01 (0.71, 1.45)
p-Trend 412/298 0.003 — 412/331 0.799
Per 5 mg/d 412/298 1.20 (1.08, 1.34) — 412/331 1.02 (0.95, 1.10)

By intake of vitamin C

Intake <130 mg/d (n=700)

p Interaction

Intake >130 mg/d (n=753)

Ingested nitrate (mg/d) Controls/Cases OR 0.987 Controls/Cases OR
Tertile 1 (<5.5) 131/82 1.00 — 146/110 1.00
Tertile 2 (5.5-13.8) 148/95 1.29 (0.81,2.07) — 125/91 0.99 (0.65, 1.50)
Tertile 3 (>13.8) 133/111 1.78 (1.04, 3.02) — 141/140 1.31 (0.81, 2.13)
p-Trend 412/288 0.034 — 412/341 0.198
Per 5 mg/d 412/288 1.17 (1.05, 1.31) — 412/341 1.07 (0.97, 1.17)

By intake of vitamin E

Intake <9.2 mg/d (n=695)

p Interaction

Intake >9.2 mg/d (n="758)

Ingested nitrate (mg/d) Controls/Cases OR 0.764 Controls/Cases OR
Tertile 1 (<5.5) 140/95 1.00 — 137/97 1.00
Tertile 2 (5.5-13.8) 147/87 1.05 (0.68, 1.62) — 126/99 1.20 (0.77, 1.88)
Tertile 3 (>13.8) 125/101 1.59 (0.95, 2.65) — 149/150 1.54 (0.93, 2.54)
p-Trend 412/283 0.047 — 412/346 0.084
Per 5 mg/d 412/283 1.13 (1.02, 1.26) — 412/346 1.10 (0.99, 1.21)

Note: These analyses are performed excluding 171 subjects with missing data in the dietary variables. WCRF/AICR cancer prevention score is based on the WCRF/AICR cancer prevention recom-
mendations. OR and 95% CI were calculated using mixed models with recruitment area (Asturias, Barcelona, Cantabria, Madrid, Valencia) as random effect. Model adjusted for age (years), educa-
tional level (less than primary, primary school, secondary school, university), first-degree family history of prostate cancer (yes, no), smoking status (never, former, current smoker) and the WCRF/
AICR cancer prevention score. —, no data; CI, confidence interval; OR, odds ratio; WCRF/AICR, World Cancer Research Fund/American Institute for Cancer Research.
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Figure 2. Exposure-response relationship between prostate cancer and waterborne ingested nitrate, brominated THMs, and chloroform (expressed as ORs).
Multicase—Control Study in Spain (MCC-Spain): 697 cases, 927 controls (N = 1,624). Smoothed spline with three degrees of freedom from general additive
models adjusted for recruitment area (Asturias, Barcelona, Cantabria, Madrid, Valencia), age (years), educational level (less than primary, primary school, sec-
ondary school, university), first-degree family history of prostate cancer (yes, no), smoking status (never, former, current smoker) and the WCRF/AICR cancer
prevention score. The dashed lines represent the 95% Cls. Upper CI red and lower green color. Note: CI, confidence interval; OR, odds ratio; THMs, trihalome-
thanes; WCRF/AICR, World Cancer Research Fund/American Institute for Cancer Research.

between waterborne ingested nitrate and prostate cancer, whereas in
those with low intakes the associations were strong. Antioxidants,
vitamins, and polyphenols present in fruits and vegetables are inhib-
itors of endogenous nitrosation,”'>* and epidemiological evidence
suggests the role of vitamins on prostate cancer prevention.>>~>’
Vitamin C (ascorbate) has shown significant antitumor activity, and
high-dose vitamin C has been investigated as a treatment for cancer
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patients.>®>° Similarly, the association between waterborne
ingested nitrate and prostate cancer was only found among people
who consumed low amounts of fiber. These findings are consistent
with the recognized benefit of dietary fiber to the gut microbiome,
with protective capacity against food-derived toxicants, including
N-nitrosamine.®° Furthermore, men with aggressive prostate cancer
share a specific gut microbial profile, and recent studies have
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Table 5. Association between prostate cancer and lifetime average nitrate and trihalomethanes concentrations in residential tap water. Multicase—Control Study
in Spain (MCC-Spain): 697 cases, 927 controls (N =1,624).

OR (95% CI)

OR (95% CI)

OR (95% CI)

Exposure Controls Cases Multivariable adjusted” Multivariable adjustedh Multivariable adjusted”
Nitrate (mg/L)
Tertile 1 (<2.8) 309 237 1.00 1.00 1.00
Tertile 2 (2.8-10.0) 309 242 1.32(0.73, 2.38) 1.33(0.73,2.44) 1.37 (0.75, 2.51)
Tertile 3 (>10.0) 309 218 1.30 (0.69, 2.43) 1.33 (0.70, 2.52) 1.52(0.78, 2.97)
p-trend 927 697 0.473 0.441 0.214
Per 5 mg/L 927 697 1.18 (0.88, 1.59) 1.18 (0.87, 1.60) 1.59 (1.13, 2.25)
TTHMs (pg/L)
Tertile 1 (<32.5) 309 231 1.00 1.00 1.00
Tertile 2 (32.5-64.4) 309 278 1.14 (0.81, 1.61) 1.11 (0.79, 1.58) 1.06 (0.75, 1.51)
Tertile 3 (>64.4) 309 188 0.88 (0.57, 1.36) 0.86 (0.55, 1.33) 0.78 (0.49, 1.24)
p-Trend 927 697 0.322 0.274 0.172
Per 5 mg/L 927 697 0.93 (0.90, 0.96) 0.92 (0.89, 0.95) 0.92 (0.89, 0.95)
Brominated THMs (pg/L)
Tertile 1 (<8.9) 309 259 1.00 1.00 1.00
Tertile 2 (8.9-44.6) 309 261 0.86 (0.53, 1.40) 0.87 (0.53, 1.42) 0.68 (0.39, 1.20)
Tertile 3 (>44.6) 309 177 0.57 (0.32, 0.99) 0.57 (0.32, 1.01) 0.48 (0.25, 0.93)
p-Trend 927 697 0.007 0.007 0.017
Per 5 pug/L 927 697 0.93 (0.90, 0.96) 0.93 (0.90, 0.96) 0.92 (0.89, 0.95)
Chloroform (pg/L)
Tertile 1 (<18.7) 309 183 1.00 1.00 1.00
Tertile 2 (18.4-25.5) 311 228 2.02 (1.36, 3.02) 2.19 (1.46, 3.29) 2.18 (1.43,3.34)
Tertile 3 (>25.5) 307 286 2.37(1.52,3.71) 2.55(1.61, 4.02) 2.61 (1.55,4.39)
p-Trend 927 697 <0.001 <0.001 <0.001
Per 5 pug/L 927 697 1.20 (1.02, 1.42) 1.21 (1.02, 1.43) 1.07 (0.94, 1.23)

Note: OR and 95% CI were calculated using mixed models with recruitment area (Asturias, Barcelona, Cantabria, Madrid, Valencia) as random effect. Brominated THMs includes bro-
modichloromethane, dibromochloromethane, and bromoform. TTHMs includes chloroform, bromodichloromethane, dibromochloromethane, and bromoform. CI, confidence interval;
OR, odds ratio; THMs, trihalomethanes; TTHMs, total trihalomethanes; WCRF/AICR, World Cancer Research Fund/American Institute for Cancer Research.

“Model adjusted for age (years) and educational level (less than primary, primary school, secondary school, university).

®Model further adjusted for first degree family history of prostate cancer (yes, no), smoking status (never, former, current smoker) and the WCRF/AICR cancer prevention score.
“Model 2 mutually adjusted for the other corresponding components, i.e., total THMs (nitrate model), nitrate (THMs model), chloroform and nitrate (brominated THMs model), bromi-

nated THMs and nitrate (chloroform model).

associated gut microbiome—related metabolites such as choline, be-
taine, and PAGIn®' with prostate cancer, particularly its lethal
form.%2 Overall, these findings may suggest microbiome disruption
as a possible biological mechanism of nitrate.

We did not find significant associations between waterborne
ingested THMs and prostate cancer. However, residential levels of
brominated THMs showed an inverse association with prostate can-
cer, whereas chloroform showed a nonlinear positive association.
Current evidence is limited and methodology of previous studies is
not comparable with our study. Previous cohort studies have eval-
uated prostate cancer in relation to residential-based exposure esti-
mates, not specifically THMs, and showed null associations.®>64
The higher associations we observed for residential levels in com-
parison with ingestion suggest the relevance of inhalation and der-
mal exposure routes. These observations are supported by
experimental evidence showing a higher internal dose of THMs and
longer duration in the bloodstream when exposure is through activ-
ities involving inhalation and dermal absorption in comparison with
ingestion.*!*5 Different effects between chloroform and brominated
THMs are expected, given the different genotoxicities.®® However,
the inverse association with brominated THMs was unexpected.

Although THMs have been used in epidemiological studies as
surrogates of total DBPs in drinking water, they are not the most
toxic,%” and correlations among specific DBPs are variable and
strongly depend on raw water quality and the type of treatment
(including the disinfection processes).®® During the recruitment for
the present study, DBPs other than THMs were analyzed in drink-
ing water of a representative sample across study areas.®® The
median (range) concentration of 3-Chloro-4-(dichloromethyl)-5-
hydroxy-2(5H)-furanone (MX), which is a major mutagenic con-
stituent of DBP,% was 16.7 (0.8-54.1) ng/L. Chloroform concen-
trations were positively correlated to MX, whereas Br-THMs
concentrations were negatively correlated to MX.%® This correlation
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might explain the inverse association we observed between residen-
tial Br-THMs and prostate cancer and the positive association with
chloroform.

Exposure measurement error is the main concern in this study,
particularly because the exposure difference between cases and con-
trols is small. The limited historical measurements (particularly
before 1980) and the assumptions used to model historical concentra-
tions could reduce the accuracy of exposure estimates. To minimize
exposure measurement error, we included only subjects with known
exposures for at least 70% of the exposure window. Inability to
account for exposures outside home and use of domestic filtration sys-
tems may have introduced nondifferential misclassification in the
waterborne ingested estimates. However, the reported amount of
water consumed at work (mean + SD: 0.2 + 0.3 L/d) and other pla-
ces (0.01+0.05 L/d) was smaller than that consumed at home
(1.2+0.7 L/d), and minor bias was expected. As for the use of
domestic filters, a reduction of THMs levels has been reported.”
Although there were no statistics on the use of domestic filters in Spain
for the study exposure window, expert knowledge suggests that the
use of domestic water filters during the exposure window was most
likely infrequent. Overall, the expected effect on the associations from
exposure measurement error is attenuation toward the null,”! as has
been shown for other residence-based exposures.”? This could partly
explain the lack of association between waterborne ingested chloro-
form and prostate cancer, whereas residential levels were associated.

Frequency of routine monitoring by water zone is determined
by the population served; thus the number of measurements and ac-
curacy of exposure estimates are expected to be higher in large
municipalities (or cities), which in turn concentrate most of the
study participants. Although the number of measurements below
the QL was small (e.g., ~ 5% for nitrate), the imputation of values
below the QL may have introduced nondifferential error at the low-
exposure range that may have attenuated associations for the
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continuous variable. However, this approach likely did not affect the
results based on exposure categories, because values <QL remain
in the referent category. The use of the average instead of geometric
mean to calculate long-term levels was due to the constraints of the
data provided by water operators, which mostly reported averages
and did not provide the raw database. We speculate that this use of
the average has probably reduced the accuracy of the exposure esti-
mates, which in turn has probably led to attenuated associations,
although bias away from the null cannot be excluded.

Personal information was collected retrospectively after diagno-
sis, and differential recall between cases and controls may not be
totally ruled out. However, the questionnaire was administered by
trained personnel in a face-to-face interview, and there is no obvious
link between the water questions and prostate cancer that could mo-
tivate different responses between cases and controls. Other ques-
tions more prone to differential recall bias (e.g., occupational
history) are not included in the present analysis. Moreover, the inter-
viewers rated the quality of the interview, and unreliable or inconsis-
tent interviews were excluded from our analyses. Thus, minor
differential recall bias is expected to affect the results on waterborne
ingested nitrate/THMs. Selection bias arising from control sampling
might be of concern. Response rates were moderate, especially
among controls, and is partly explained by the population-based
source as opposed to hospital-based cases. Controls had a slightly
higher educational level in comparison with cases, and all logistic
regression models were adjusted for education. In addition, we con-
ducted stratified analysis to identify eventual effect modification on
the associations, suggesting that unaccounted factors related to soci-
oeconomic status may be relevant in the association with nitrate.
Finally, the probability of participation can be assumed to be inde-
pendent from the exposure, and nondifferential bias, if any, is
expected. Residual confounding by unmeasured factors including
environmental exposures with geographical distribution, such
as air pollution, green spaces, neighborhoods, or other drinking-
water contaminants, cannot be ruled out. It was not possible to per-
form analyses by recruitment area due to the limited within area
variability, and we conducted mixed models with area as random
effect. This approach indirectly adjusted for environmental factors
geographically distributed, and expected effect on results is mini-
mal because correlation of these factors with our main exposures is
unlikely.

Strengths of this study are the relatively large sample size, the
long-term exposure approach (from 18 y of age to 2 y before the
study interview), and detailed individual information on a range
of covariables. These elements facilitated the assessment of sev-
eral potential confounders and effect modifiers and assessment of
coexposure to two main water contaminants.

Conclusions

Findings suggest long-term waterborne ingested nitrate could be
a risk factor of prostate cancer, particularly for aggressive tumors
and in men <66 y old. A high dietary intake of fiber, fruits and
vegetables, or vitamin C may reduce this negative effect of
drinking-water nitrate. Association with residential levels but not
ingested chloroform/Br-THM may suggest inhalation and dermal
routes could be relevant for prostate cancer. Further studies are
warranted to draw firm conclusions.
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