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A B S T R A C T   

Background: Pollution of water sources, largely from wide-scale agricultural fertilizer use has resulted in nitrate 
and nitrite contamination of drinking water. The effects on human health of raised nitrate and nitrite levels in 
drinking water are currently unclear. 
Objectives: We conducted a systematic review of peer-reviewed literature on the association of nitrate and nitrite 
in drinking water with human health with a specific focus on cancer. 
Methods: We searched eight databases from 1 January 1990 until 28 February 2021. Meta-analyses were con-
ducted when studies had the same exposure metric and outcome. 
Results: Of 9835 studies identified in the literature search, we found 111 studies reporting health outcomes, 60 of 
which reported cancer outcomes (38 case-control studies; 12 cohort studies; 10 other study designs). Most studies 
were set in the USA (24), Europe (20) and Taiwan (14), with only 3 studies from low and middle-income 
countries. Nitrate exposure in water (59 studies) was more commonly investigated than nitrite exposure (4 
studies). Colorectal (15 studies) and gastric (13 studies) cancers were the most reported. In meta-analyses (4 
studies) we identified a positive association of nitrate exposure with gastric cancer, OR = 1.91 (95%CI =
1.09–3.33) per 10 mg/L increment in nitrate ion. We found no association of nitrate exposure with colorectal 
cancer (10 studies; OR = 1.02 [95%CI = 0.96–1.08]) or cancers at any other site. 
Conclusions: We identified an association of nitrate in drinking water with gastric cancer but with no other cancer 
site. There is currently a paucity of robust studies from settings with high levels nitrate pollution in drinking 
water. Research into this area will be valuable to ascertain the true health burden of nitrate contamination of 
water and the need for public policies to protect human health.   

1. Introduction 

Water pollution in general, and from nitrate specifically, is an 
increasing problem threatening both human health and ecosystems 
(Mateo-Sagasta et al., 2018). Nitrogen is needed for the production of 
chlorophyll in plants (Evans and Clarke, 2019) and nitrogen compounds 
are widely used in agricultural fertilisers to increase crop yields. The use 
of nitrogen fertilisers has increased substantially over recent years, 
particularly in South Asia (FAO, 2015). While this has significantly 
benefitted global food production it has had a marked negative impact 
on the wider ecosystem (Sutton et al., 2013; Townsend et al., 2003). 

Nitrogen fertilisers are the major source of water-soluble nitrate and 
nitrite compounds in the soil that can be carried away via surface runoff 
into groundwater, rivers and drinking water (Beeckman et al., 2018; 
Mateo-Sagasta et al., 2018; Shukla and Saxena, 2020). Other important 
sources of nitrate contamination in freshwater systems are human, an-
imal and industrial waste (Shukla and Saxena, 2020; WHO, 2016). 

Nitrogen is an essential element for the human body to synthesise 
proteins and nucleic acids. Nitrate ingested through food and drinking 
water is absorbed by the stomach and small intestine. 75% of the 
ingested nitrate is excreted in urine and the remainder is reabsorbed 
from blood and ends up in salivary glands in the oral cavity where it is 
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reduced to nitrite and absorbed systemically (Lundberg et al., 2018). In 
the stomach and other gastric organs nitrite can be transformed into 
nitric oxide that acts as a cell signaling modulator. Additionally, the 
body has means to endogenously synthesise nitric oxide which main-
tains and regulates many physiological functions including blood pres-
sure and immune function (Carlstrom et al., 2020). Nitrite can also form 
nitroso compounds (NOCs), including N-nitrosamines that can be 
carcinogenic, in the stomach and intestine (Carlstrom et al., 2020; 
Kobayashi, 2018). According to the International Agency for Research 
on Cancer (IARC) classification, ingested nitrate and nitrite that can 
form NOCs are probably cancerogenic to humans and are included in 
group 2A (IARC, 2010). 

The World Health Organisation (WHO) has issued guidelines on safe 
concentrations of nitrate and nitrite compounds in water for human use 
that are based on the absence of specific short-term health effects 
(methemoglobinemia and thyroid effects) (WHO, 2016). However, in 
many countries these safe limits are regularly exceeded, especially in 
shallow waters and wells both in developed and developing countries 
(Prakasa Rao et al., 2017; WHO, 2016; Tirado, 2007; EEA, 2018; Oue-
draogo et al., 2016). An increasing number of observational studies have 
found associations between levels of nitrate in drinking water and 
human pathologies, including certain forms of cancer (Ward et al., 
2018). Improving our understanding of these threats will help policy- 
and decision-makers to take actions to reduce nitrogen pollution. 

We systematically review and synthesise peer-reviewed literature on 
the human health effects of nitrate and nitrite in drinking water. We 
examine the strength of available evidence on exposure to nitrate and 
nitrite in drinking water and the risk of any forms of cancer, with the aim 
of identifying knowledge gaps and supporting public health and envi-
ronmental policy. 

2. Methods 

2.1. Search strategy 

The review is reported in accordance with the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses (PRISMA) updated 
guidelines (Page et al., 2021). The systematic review methods were 
published in advance of data collection on the PROSPERO register 
(protocol number CRD42020186945). 

We performed a search of peer-reviewed literature to identify studies 
reporting health outcomes in people exposed to drinking water con-
taining nitrate or nitrite. We systematically searched the following da-
tabases: OvidSP MEDLINE, OvidSP PubMed, OvidSP EMBASE, Global 
Health, Scopus, ISI Web of Science, GreenFILE, and AGRIS from 1 
January 1990 until 28 February 2021. 

The search strategy was developed initially in MEDLINE with the 
same search terms used with minor adjustments as required for the input 
to other databases. The search terms for exposure included nitrate, ni-
trite, nitrogen, and nitroso. The search terms for the sources of the 
exposure included river, lake, well water, drinking water, ground water, 
fresh water, aquifer, bottled water, surface water, public water, water 
supply, water pollutant, water pollution, and fertilizer. The search 
strategy was not restricted to specific outcomes and was conducted in 
parallel with a second systematic review evaluating the association of 
nitrate and nitrite in water and risks of non-cancer outcomes (to be 
published separately). The full search strategy for each database is 
detailed in supplementary material S1. 

2.2. Selection criteria and data extraction 

Titles and abstracts were screened by a single reviewer (RP) for 
relevance. A second reviewer (MD) screened a random sample of 20% of 
the publications found. Consensus on any discrepancies was reached 
through discussion with a third reviewer (RG). One reviewer assessed 
the full texts to confirm eligibility. 

Studies were included in this review if they met the following 
criteria: published peer-reviewed papers (all languages with an abstract 
in English), human studies, randomized control trials or observational 
studies with any design (i.e., cohort, case-control, longitudinal, pro-
spective, ecological, and cross-sectional studies), and studies reporting 
measured or modelled concentrations of nitrate or nitrite in drinking 
water and measured health outcomes. 

Animal studies were excluded as were reviews and systematic re-
views (the reference lists of which were searched for relevant studies). 
Here we report only on studies presenting data on cancer outcomes; 
studies reporting other health outcomes will be published separately. 

Data were extracted by a single reviewer (RP), and a second reviewer 
(MD) extracted data from a random sample of 10% of the publications. 
Data included: health outcome, nitrate, nitrate-N, nitrite, nitrite-N 
concentrations, participants and study design, year of study and year 
of data collection, duration of exposure, exposure-outcome association 
measure (e.g. odds ratio, rate ratio with 95% confidence interval), other 
outcomes such as biomarkers, comparator, and country where the study 
was conducted. For consistency, all concentrations of nitrate or nitrite in 
the text, figures and tables are reported as ion concentrations, i.e. NO3

−

and NO2
− , not as nitrate-nitrogen and nitrite-nitrogen concentrations. 

We used the following conversion formulae: nitrate = nitrate-N x 
4.422664 and nitrite = nitrite-N x 3.28443 (Interconverting Nitrate as 
Nitrate and Nitrate as Nitrogen, 2011). 

2.3. Quality assessment 

We appraised study quality following an adapted appraisal tool 
based on the Critical Appraisal Skills Programme (CASP) Case-Control 
study and Cohort study Checklists (CASP). Appraisal criteria for 
cross-sectional studies were adapted from the STrengthening the 
Reporting of OBservational studies in Epidemiology checklist (STROBE) 
and Downes et al. (2016). Appraisal criteria for ecological studies were 
adapted from Marchevsky (2000). Our adjusted appraisal tool included 
9 criteria, with studies scoring either “0” for not fulfilled, “1” for ful-
filled, or “Not Reported”. Each study included in the review was graded 
based on its score and converted to a percentage, with <50% as low, 
50–70% as medium, and >70% as high. Quality assessment was carried 
out by 2 independent researchers (RP and SP), and discrepancies 
resolved through consensus with a third researcher (RG). 

2.4. Confounding variables 

We screened the eligible cohort, case-control and cross-sectional 
studies for the confounding variables used in the models that gener-
ated the estimates extracted for our analyses. Where possible, the 
extracted confounders were grouped into a higher-order variable (for 
instance, urinary infections, gastric ulcers, previous cancer, and diabetes 
were grouped into “Other health data”). We generated a color-coded 
matrix with the number of times that each confounder or higher-order 
variable was used for each cancer type. 

2.5. Data synthesis 

Quantitative estimates (odds ratios [OR], relative risks [RR], hazard 
ratios, or other measures of association) and 95% confidence intervals 
(CIs; or other measures of variance) of the association between nitrate or 
nitrite levels and the health outcome were extracted from each study. 
For studies that reported multiple estimates, only the most fully adjusted 
estimate was extracted for inclusion in summary estimates. Some studies 
included additional chemicals (e.g. magnesium or calcium) in the most 
adjusted model to investigate the potential interaction with nitrate. For 
consistency with the studies that did not include additional chemicals, 
when the most adjusted estimate included other potential water pol-
lutants, we extracted the second most adjusted estimate that included all 
the other confounders without the additional pollutant. 
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In line with previous reports, the epidemiological measures reported 
in included studies i.e. odds ratios, risk ratios, relative risks, hazard 
ratios and rate ratios, were considered approximately equal because 
absolute cancer risks are small (World Cancer Research Fund & Amer-
ican Institute for Cancer Research, 2007; Stare and Maucort-Boulch, 
2016; Davies et al., 1998). 

Most studies have reported estimates based on quantiles of the dis-
tribution of nitrate concentrations with different ranges and numbers of 
quantiles. Some studies provided an OR for a dichotomous concentra-
tion of nitrate, i.e. above and below a cut-off. To standardize the method 
of expressing the results of the individual studies, we estimated the 
overall measure of association across quantiles, and the continuous 
relative risk for dichotomous results by following the methods detailed 
elsewhere (World Cancer Research Fund & American Institute for Can-
cer Research, 2007; Orsini et al., 2006), and assuming a linear increase 
in the log-odds of the outcome per unit increase of nitrate concentration. 
If RRs reported in primary studies were generated comparing private 
well sources to public water sources, or comparing top to bottom 
quantile without showing the intermediate quantiles, these RRs were 
not included in meta-analyses, but were mentioned in the text. 
Meta-analyses were conducted using log-transformed values, and a 
random-effects model to allow for heterogeneity between studies 
(restricted maximum likelihood method, or REML). The minimum 
number of studies for a meta-analysis was two (Valentine et al., 2010; 
World Cancer Research Fund & American Institute for Cancer Research, 
2007). When both cohort and case-control studies were available for the 
same cancer type, meta-analysis estimates stratified by study design and 
overall estimates were performed. Types of cancer with similar locations 
(e.g., brain cancer, glioma, and meningioma) or that are often combined 
in the literature (e.g., colon and rectum cancer) were combined in the 
same analysis. Estimates were calculated per 10 mg/L increments of 
nitrate. Meta-analyses with estimates per 1 mg/L increments of nitrate 
are available in Fig. 1S. Statistical heterogeneity was estimated by the I2 

statistic (Higgins and Thompson, 2002). All meta-analyses were per-
formed using estimates of associations between cancer and nitrate from 
public water sources and private wells if the nitrate concentration in the 
specific water source was provided. 

A p value < 0.05 was considered statistically significant for all an-
alyses. Statistical analyses were performed with Stata statistical soft-
ware: Release 17.0 (College Station, Texas, USA). 

3. Results 

3.1. Literature search 

The initial search identified 16,527 studies and three additional re-
cords were obtained through citation searches. After removing dupli-
cates, 8680 unique records were screened based on title and abstract, 
and 269 were included for full text review. The disagreement rate be-
tween the two screeners was 2.8%. Most studies excluded at this stage 
were ineligible due to their study design (i.e. case studies, reviews, 
studies on animals, n = 109), with smaller numbers being ineligible due 
to inappropriate exposures or outcomes (n = 23) or because the full text 
could not be retrieved despite repeated attempts (n = 26). We identified 
111 records reporting on exposure to nitrate or nitrite in drinking water 
and health outcomes in humans (Fig. 1). Of these eligible studies, 60 had 
cancer as a health outcome and are included in this review. 

3.2. Study characteristics 

All included studies were observational in design (38 case-control, 
12 cohort, 2 cross sectional and 8 ecological studies) (Table 1). All 
studies reported on nitrate in drinking water and four studies also re-
ported on nitrite in drinking water, with local municipalities (n = 56) 
and private wells (n = 28) being the most common sources (Table 2). 
Two studies did not specify the source of drinking water. Most studies (n 
= 45) reported drinking water nitrate concentrations stratified by 
quantiles, 21 studies reported average nitrate concentrations, and three 
reported nitrate ingestion (in mg) from drinking water (Table 2). Table 2 
shows measures of association relative to the top quantiles. Association 
measures for all quantiles are shown in Supplementary Table 5S. 
Average drinking water nitrate concentrations varied greatly depending 
on country and water source (Table 5S). Generally, the nitrate average 
levels were below 50 mg/L, but in a few studies the concentration range 
included values above 50 mg/L. Included studies were conducted in the 
USA (n = 24), Europe (n = 20), Taiwan (n = 14). Only 4 studies were 
conducted in other parts of Asia (outside Taiwan) and no included 
studies were conducted for Africa or other parts of the world (Table 1). 

Cancer risks were reported for 17 different sites; the majority were in 
the gastrointestinal tract (n = 37) and the urinary tract (n = 14), and 10 
studies reported on cancers in the central nervous system (Table 1). Of 
the 60 studies included here, 57 studies were graded as high quality and 

Fig. 1. Flow diagram of search. Modified from Page et al. (2021).  
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three as medium quality (Tables 1S–4S). 

3.3. Nitrate and cancer to digestive/gastrointestinal organs 

3.3.1. Stomach 
13 studies (two cohort, six case-control, one cross-sectional, four 

ecological) reported the association of nitrate in drinking water with 
gastric cancer. Meta-analysis of four case-control studies on gastric 
cancer with a total included population of 19,874 participants (Chiu 
et al., 2012; Taneja et al., 2017; Ward et al., 2008; Yang et al., 1998) 
demonstrated a positive association per 10 mg/L increment in nitrate 
concentrations (RR = 1.91, 95% CI = 1.09–3.33) (Fig. 2A). Heteroge-
neity was high, I2 = 76.64%, but the estimates of the individual studies 
were all in the same direction. Two further case-control studies were not 
included in the meta-analysis because one (Rademacher et al., 1992) 
used different statistical methods, and the other (Yang et al., 1997) re-
ported estimates that were used in a subsequent study as crude estimates 
(Yang et al., 1998). Two further cohort studies were not meta-analyzed 
as the exposure could not be expressed per 10 mg/L (van Loon et al., 
1997, 1998). The two case-control and two cohort studies not included 
in the meta-analysis found no evidence of an association. 

The effect of nitrate in water from private wells was reported in two 
studies, but neither found a significant association with stomach cancer 

(Rademacher et al., 1992; Ward et al., 2008) (Tables 2 and 5S). 
One cross-sectional study found a significant positive association of 

nitrate with gastric cancer only among those aged 55–75 (Moral-
es-Suarez-Varela et al., 1995) (Table 2). One ecological study found a 
positive association of nitrate and gastric cancer in the general Hun-
garian population (Sandor et al., 2001), one ecological study in Canada 
found an inverse association (Van Leeuwen et al., 1999) and the final 
two ecological studies found no association (Barrett et al., 1998; Gulis 
et al., 2002). 

3.3.2. Esophagus 
Four studies (two case-control, two ecological) reported the associ-

ation of nitrate in drinking water and esophageal cancer. Meta-analysis 
of two case control studies with 6453 participants (Liao et al., 2013; 
Ward et al., 2008) found no significant association (RR = 1.08, 95%CI =
0.85–1.37, Fig. 2B). Of the studies not included in meta-analysis, one 
ecological study reported no association (Barrett et al., 1998) and the 
other ecological study, conducted in a Chinese county with a high 
incidence of esophageal squamous cell carcinoma and water collected 
from wells, rivers and cisterns, found a highly positive association 
(Zhang et al., 2012) (Table 2). 

One case-control study reported a protective effect of nitrate, but it 
was not significant and the population was very small (Ward et al., 
2008) (Tables 2 and 5S). 

3.3.3. Colorectal cancer 
15 studies (three cohort, nine case-control, two cross-sectional, one 

ecological) reported the association of nitrate in drinking water with 
colorectal cancer (Table 2). Meta-analysis of three cohort studies with a 
population of 1,774,166 people (Schullehner et al., 2018; Weyer et al., 
2001; Jones et al., 2019), and seven case-control studies with 21,344 
participants (Chang et al., 2010a; Chiu et al., 2010; De Roos et al., 2003; 
Fathmawati et al., 2017; Kuo et al., 2007; McElroy et al., 2008; Yang 
et al., 2007) found no significant association, although the confidence 
interval barely crossed 1 (RR = 1.052, 95%CI = 0.995–1.111) (Fig. 2C). 
One case-control study (Chiu et al., 2011) was not included in the 
meta-analysis because the results had been reported in an earlier 
(included) study (Chiu et al., 2010). The separate meta-analysis of two 
case-control studies that reported results on well water only revealed a 
significant association of nitrate and colorectal cancer, RR = 1.10 per 10 
mg/L increase of nitrate (95%CI = 1.02–1.18, I2<0.01%) (Fathmawati 
et al., 2017; McElroy et al., 2008). 

The separate analyses of colon and rectal cancers did not show any 
significant associations. The meta-analysis of studies on colon cancer 
included four case-control reports with a population of 15,302 partici-
pants (Chiu et al., 2010; De Roos et al., 2003; McElroy et al., 2008; Yang 
et al., 2007), and three cohort studies with 1,774,229 participants 
(Jones et al., 2019; Schullehner et al., 2018; Weyer et al., 2001) 
(Fig. 2D). The meta-analysis of studies on rectal cancer included four 
case-control papers with a population of 9037 participants (Chang et al., 
2010a; De Roos et al., 2003; Kuo et al., 2007; McElroy et al., 2008), and 
three cohort studies with 1,774,328 participants (Jones et al., 2019; 
Schullehner et al., 2018; Weyer et al., 2001) (Fig. 2E). Of the studies 
reporting on well water, only one reported a significant association of 
nitrate and cancer to the proximal region of the colon at concentrations 
above 44 mg/L, but not at lower concentrations and to the distal region 
of the colon (McElroy et al., 2008). One cohort study showed no asso-
ciation between nitrate in well water and colon and rectum cancers 
(Weyer et al., 2001). 

Of the studies not included in the meta-analysis, one cross-sectional 
study (Morales-Suarez-Varela et al., 1995) showed no association be-
tween nitrate in public drinking water and colorectal cancer in men and 
women in any of the age strata. However, there was a possible protective 
effect of nitrate on colon cancer in women over the age of 75 exposed to 
a nitrate concentration between 25 and 50 mg/L (RR = 0.32, 95% CI =
0.11–0.95). One cross-sectional study (Leclerc et al., 1991) reported no 

Table 1 
Basic characteristics of the included studies. For some of the charac-
teristics the total number of studies may not be 60 because some studies 
showed data from more than one country or more than one type of 
cancer.  

Characteristics No. of studies 

Study design  
Cohort 12 
Case-control 38 
Cross-sectional 2 
Ecological 8 

Country  
Australia 1 
Canada 3 
China 1 
Denmark 1 
France 1 
Germany 3 
Hungary 1 
India 1 
Indonesia 1 
Israel 1 
Italy 3 
Netherlands 3 
Slovakia 1 
Spain 5 
Taiwan 14 
UK 2 
USA 24 

Type of cancer  
Bladder 8 
Bone 1 
Brain 10 
Breast 3 
Colorectal 15 
Esophagus 4 
Gastric 13 
Gastrointestinal and urinary 1 
Kidney 4 
Leukemia 3 
Non-Hodgkin lymphoma 9 
Ovaries 2 
Pancreas 4 
Penis 1 
Prostate 2 
Testis 1 
Thyroid 1 
Urinary 1  
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Table 2 
Studies on nitrate in drinking water and types of cancer.  

Type of cancer Reference Design and 
population 

Adjustment for confounders Location and 
years 

Exposure Findings (95% CI) 

Stomach cancer Barrett et al., 1998 Ecological Age and sex, allowing for SES UK (Yorkshire) Water from 148 
water supply zones 

Highest vs. lowest 
quartile (mean NO3 
29.8 mg/L vs. 2.4) 

15,544 cases  1975–1994  RR = 0.96 
(0.89–1.05), p = 0.08 
(unordered 
categorical) 

Chiu et al., 2012 Case-control Age, gender, marital status, and 
urbanization level of residence. 

Taiwan Municipality 
provided drinking 
water 

Higher vs. lower level 
(NO3 ≥ 1.68 mg/L vs. 
< 1.68) 

2832 cases - 2832 
controls  

2006–2010  OR = 1.16 (1.05–1.29) 

Gulis et al., 2002 Ecological n/a Slovakia (Trnava 
district) 

Municipality 
provided drinking 
water 

Highest tertile (>20) 

197,854 total 
population  

1986–1995  Total - SIR = 1.08 
(0.87–1.35), p trend 
0.012     
Men - SIR = 0.96 
(0.70–1.30), p trend 
0.18     
Women - SIR = 1.24 
(0.91–1.70), p trend 
0.10 

Morales-Suarez-Varela 
et al. (1995) 

Cross-sectional Age, sex Spain (Valencia) Public water supply Higher vs. lower tertile 
(>50 vs < 25 mg/L) 

About 1.5 million 
people  

1975–1980  Age Men Women     

<55 1.57 (0.75–3.30) 
1.67 (0.17–2.67)     
55-75 1.91 
(1.36–2.67) 1.81 
(1.15–2.87)     
>75 1.13 (0.56–2.27) 
1.42 (0.81–2.51) 

Rademacher et al., 1992 Case-control Matched pairs (criteria not 
specified) 

USA (Wisconsin) Public water supply Matched-pair analysis. 
Highest quartile 
(>44.22 mg/L) 

471 pairs for which 
control was 
exposure-negative 
and case was 
exposure-positive  

1982–1985  OR = 1.50 
(0.12–18.25) 

476 pairs for which 
control was 
exposure-positive 
and case was 
exposure-negative.    

Private wells: OR =
1.09 (0.82–1.47) 

Sandor et al., 2001 Ecological Age-, year- and sex- 
standardised specific mortality 
ratios 

Hungary (Baranya 
county) 

Water sources not 
specified 

Log-transformed 
nitrate levels 

108,000 people in 
192 settlements    

b = 5.48 × 10^-2, 95% 
CI=(1.11–9.85)×10^- 
2, p = 0.014 

Taneja et al., 2017 Case-control Age, gender, and tobacco 
consumption 

India (Nagpur) Participants had to 
choose among a 
wide selection of 
sources for 
sampling. 

OR = 1.20 (1.04–1.34) 

78 cases 2000–2014 91% of the 
participants resided 
in the same place 
for ≥10 years 

156 controls 

Van Leeuwen et al., 
1999 

Ecological n/a Canada (Ontario) Municipal water, 
Farm wells 

Variable: Ln(NO3) 
mg/L 

Data from the 
Ontario Cancer 
Registry  

1987–1991  Parameter: 0.136, 95% 
CI = − 0.151, − 0.122 

van Loon et al., 1997 Cohort study Age, sex, smoking status, 
education, intake of vitamin C 
and beta- carotene, family 
history of stomach cancer, 
prevalence of stomach 

The Netherland Municipality 
provided drinking 
water. 

Higher vs. lower 
quintile 

(continued on next page) 
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Table 2 (continued ) 

Type of cancer Reference Design and 
population 

Adjustment for confounders Location and 
years 

Exposure Findings (95% CI) 

disorders and use of 
refrigerator or freezer 

3500 subcohort 
members, 177 cases  

Sept. 1986–Dec. 
1990  

RR = 1.02 
(0.62–1.68), p trend =
0.89 

van Loon et al., 1998 Cohort study Age, sex, smoking status, 
education, intake of vitamin C 
and beta- carotene, family 
history of stomach cancer, 
prevalence of stomach 
disorders and use of 
refrigerator or freezer 

The Netherland Municipality Higher vs. 
3123 subcohort 
members, 282 cases 

Sept. 1986–Dec. 
1992 

provided drinking 
water 

lower quintile (mean, 
16.5 vs. 0.02 mg/day): 
RR = 0.88 
(0.59–1.32), p trend =
0.73 

Ward et al., 2008 Case-control Gender, year of birth, 
education, smoking, alcohol 

USA (Nebraska) Public water supply Public water supply. 
Higher vs. lower 
quartile (>19.11 vs. 
<10.84) 

Public water  1992–1994 Private wells OR = 1.2 (0.5–2.7), p 
trend = 0.95 

79 distal stomach, 
321 controls    

Private wells. Higher 
vs. lower quartile 
(>19.9 vs. <2.21): OR 
= 5.1 (0.5–52) 

Private wells     
11 cases, 31 
controls     

Yang et al., 1997 Case-control Age and sex Taiwan Municipality 
provided drinking 
water 

Higher vs. lower tertile 
(≥1.99 vs. ≤0.97) 

6766 cases - 6766 
controls  

1987–1991  OR = 1.02 
(0.93–1.11), p trend =
0.44 

Yang et al., 1998 Case-control Age, sex, urbanization level of 
residence, calcium, and 
magnesium 

Taiwan Municipality 
provided drinking 
water 

Higher vs. lower tertile 
(≥1.99 vs. ≤0.97) 

6766 cases - 6766 
controls 

levels 1987–1991 OR = 1.14 (1.04–1.25) 

Esophageal cancer Barrett et al., 1998 Ecological Age and sex, allowing for SES UK (Yorkshire) Water from 148 
water supply zones 

Highest vs. lowest 
quartile (mean NO3 
29.8 mg/L vs. 2.4): RR 
= 1.06 (0.98–1.14) 

5399 cases 1975–1994 

Liao et al., 2013 Case-control Age, gender, marital status, and 
urbanization level of residence. 

Taiwan Municipality 
provided drinking 
water 

Higher vs. lower tertile 
(≥2.92 vs. <1.98) 

3024 cases - 3024 
controls 

2006–2010  OR = 1.05 
(0.91–1.19), p trend =
0.79 

Ward et al., 2008 Case-control Gender, year of birth, smoking, 
alcohol, body mass index) 

USA (Nebraska) Public water supply Public water supply. 
Higher vs. lower 
quartile (>19.11 vs. 
<10.84) 

Public water  1992–1994 Private wells OR = 1.2 (0.6–2.7), p 
trend = 0.52 

84 cases, 321 
controls    

Private wells. Higher 
vs. lower quartile 
(>19.9 vs. <2.21) 

Private wells    OR = 0.5 (0.1–2.9) 
8 cases, 13 controls 
(highest quartile)     

Zhang et al., 2012 Ecological n/a China (Shexian 
county) 

Wells, rivers, 
cisterns 

OR = 46.29 
(3.16–667.39), p =
0.01 

661 adults with 
cancer  

Jan. to Dec. 2010   

54,055 non-cancer 
subjects     

Colorectal cancer Chang et al., 2010a Case-control (rectal 
cancer) 

Age, gender, marital status, and 
urbanization level of residence 

Taiwan Municipality 
provided drinking 
water 

NO3 categories ≥1.68 
vs. <1.68 

1838 cases, 1838 
controls  

2003–2007  OR = 1.15 (1.01–1.32) 

Chiu et al., 2010 Case-control (colon 
cancer) 

Age, gender, marital status, and 
urbanization level of residence 

Taiwan Municipality 
provided drinking 
water 

Higher vs. lower tertile 
(>2.67 vs. <1.67) 

3707 cases, 3707 
controls  

2003–2007  
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Table 2 (continued ) 

Type of cancer Reference Design and 
population 

Adjustment for confounders Location and 
years 

Exposure Findings (95% CI) 

OR = 1.16 
(1.04–1.30), p trend =
0.001 

Chiu et al., 2011 Case-control (colon 
cancer) 

Age, gender, marital status, and 
urbanization level of residence 

Taiwan Municipality 
provided drinking 
water 

Higher vs. lower tertile 
(≥2.65 vs. <1.68) 

3707 cases, 3707 
controls  

2003–2007  OR = 1.16 
(1.04–1.30), p trend =
0.001 

De Roos et al., 2003 Case-control Age and sex. Estimates for 
rectum cancer are additionally 
adjusted for years served with 
chlorinated surface water 

USA (Iowa) Public water 
supplies 

Higher vs. lower 
quartile (>22.11 vs. 
≤4.42) 

376 colon cancer 
cases 

1986–1989 Bottled water Colon cancer OR = 1.2 
(0.8–1.7) 

338 rectum cancer 
cases    

Rectum cancer OR =
1.2 (0.8–1.8) 

1244 controls     
Espejo-Herrera, 2016a, . Case-control Sex, age, education, body mass 

index, physical activity, non- 
steroidal anti-inflammatories 
use, family history of colorectal 
cancer and intake of energy. 
Analyses for women were also 
adjusted for oral contraceptives 
use 

Spain (9 
provinces) 

Municipal water Higher vs. lower tertile 
(>10 vs. ≤5 mg/day 
ingested) 

1869 colorectal 
cancer cases  

Italy (2 provinces) Bottled water All Men Women 

1285 colon cancer 
cases  

2008–2013 Springs and wells 
water 

Colorectal 1.49 
(1.24–1.38) 1.50 
(1.21–1.87) 1.41 
(1.04–1.91) 

557 rectum cancer 
cases    

Colon 1.52 
(1.24–1.86) 1.51 
(1.17–1.94) 1.46 
(1.04–2.05) 

3530 controls    Rectum 1.62 
(1.23–2.14) 1.55 
(1.16–2.08) 1.49 
(0.89–2.48) 

Fathmawati et al., 2017 Case-control 
(colorectal cancer) 

Protein intake, smoking 
history, age, family history of 
cancer, and diabetes 

Indonesia 
(Yogyakarta 
province) 

Well water NO3 categories >50 
vs. ≤50 

75 cases, 75 
controls  

Jan. 2014–Feb. 
2016 

Samples measured 
during rainy season 

OR = 2.820 
(1.075–7.395) 

Gulis et al., 2002 Ecological Standardized incidence ratios 
(SIR), indirect standardization 
using age (10-year) and 
calendar year strata and sex- 
specific incidence rate. 

Slovakia (Trnava 
district) 

Municipality 
provided drinking 
water 

Highest tertile (>20) 

197,854 total 
population  

1986–1995  Total: SIR = 1.18 
(1.04–1.34), p trend 
<0.001     
Men: SIR = 1.07 
(0.89–1.29), p trend 
0.051     
Women: SIR = 1.29 
(1.08–1.55), p trend 
<0.001 

Jones et al., 2019 Cohort Age, smoking status, pack-years 
of smoking, and body mass 
index, alcohol intake, estrogen 
use, other dietary intakes. 

USA (Iowa) Public water supply Higher vs. lower 
quartile (>15.52 vs. 
<1.59) 

15,532 women  1986–2010  Colon: HR = 0.97 
(0.75–1.26), p trend =
0.18 

612 colon cancer 
cases    

Rectum: HR = 0.64 
(0.38–1.07), p trend =
0.69 

155 rectum cancer 
cases    

Continuous variables 
analysis     
Colon: HR = 0.97 
(0.90–1.05)     
Rectum: HR = 0.93 
(0.80–1.08) 

Kuo et al., 2007 Taiwan 

(continued on next page) 
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Table 2 (continued ) 

Type of cancer Reference Design and 
population 

Adjustment for confounders Location and 
years 

Exposure Findings (95% CI) 

Case-control (rectal 
cancer) 

Age, gender, marital status, and 
urbanization level of residence 

Municipality 
provided drinking 
water 

Higher vs. lower tertile 
(2.12–12.60 vs. 
≤0.49) 

1118 cases, 1118 
controls  

1999–2003  OR = 1.36 (1.08–1.70) 

McElroy et al., 2008 Case-control (all 
women) 

Age, interview period, family 
history of colorectal cancer, 
and smoking status. 

USA (Wisconsin) Private well water. Higher vs. lower 
quintile (≥44.23 vs. 
<2.21) 

475 cases  1990–1992 and 
1999–2001  

Colorectal cancer OR 
= 1.57 (0.97–2.52) 

1447 controls    Proximal colon cancer 
OR = 2.76 (1.42–5.38)     
Distal colon cancer OR 
= 1.23 (0.59–2.56)     
Rectal cancer OR =
1.26 (0.47–3.43) 

Morales-Suarez-Varela 
et al. (1995) 

Cross-sectional Age, sex Spain (Valencia) Public water supply Higher vs. lower tertile 
(>50 vs < 25 mg/L) 

About 1.5 million 
people  

1975–1980  Age Men Women     

<55 0 1.05 
(0.40–2.25)     
55-75 0.66 
(0.25–1.75) 1.15 
(0.57–2.31)     
>75 1.13 (0.36–3.53) 
0.94 (0.35–2.52) 

Schullehner et al., 2018 Cohort Age, sex, year of birth, previous 
cancer diagnosis, education 

Denmark Public water supply Higher vs. lower decile 
(≥16.75 vs < 0.69 mg/ 
L) 

Colorectal N =
1,742,093 cases =
5944  

1 Jan. 1978 to 31 
Dec. 2011. 

Private wells Colorectal HR = 1.14 
(1.06–1.23) 

Colon N =
1,742,156 cases =
3700    

Colon HR = 1.14 
(1.04–1.26) 

Rectum N =
1,742,255 cases =
2308    

Rectum HR = 1.13 
(1.00–1.27) 

Weyer et al., 2001 Cohort (all women) Age, education, smoking, 
physical activity, body mass 
index, waist-to-hip ratio, total 
energy, intakes of vitamin C, 
vitamin E, dietary nitrate, and 
fruits and vegetables 

USA (Iowa) Public water supply Higher vs. lower 
quartile (>10.88 vs. 
<1.59) 

Public water supply  1986–31 Dec. 
1998 

Private wells Public water supply 

Colon: N = 16,541 
cases = 300    

Colon cancer RR =
1.01 (0.70–1.48) 

Rectum: N =
16,541 cases = 106    

Rectum cancer RR =
0.50 (0.27–0.93) 

Private wells    Private wells 
Colon: N = 5436 
cases = 85    

Colon cancer RR =
1.14 (0.80–1.62) 

Rectum: N = 5436 
cases = 23    

Rectum cancer RR =
0.65 (0.37–1.12) 

Yang et al., 2007 Case-control Age, sex, calcium levels in 
drinking water, level of 
residence. 

Taiwan Municipality 
provided drinking 
water 

Higher vs. lower tertile 
(≥2.12 vs. ≤0.97) 

2234 cases - 2234 
controls  

1999–2003  OR = 0.98 
(0.83–1.16), p trend =
0.22 

Gastrointestinal 
and urinary 
cancer 

Leclerc et al., 1991 Cross-sectional n/a France (Pas-de- 
Calais) 

Municipality 
provided drinking 
water 

Age standardized 
relative risk (>45 vs. 
<45 mg/L) 

3.5 million people  1983  Men: RR = 0.94 
(0.87–1.02), Women: 
RR = 0.88 (0.77–1.02) 

Other digestive 
tract cancers 

Gulis et al., 2002 Ecological n/a Slovakia (Trnava 
district) 

Municipality 
provided drinking 
water 

Highest tertile (>20) 

197,854 total 
population  

1986–1995  Total: SIR = 1.13 
(1.03–1.25), p trend 
0.001     

(continued on next page) 
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Table 2 (continued ) 

Type of cancer Reference Design and 
population 

Adjustment for confounders Location and 
years 

Exposure Findings (95% CI) 

Men: SIR = 1.06 
(0.92–1.21), p trend 
0.051     
Women: SIR = 1.28 
(1.12–1.47), p trend 
<0.001 

Weyer et al., 2001 Cohort (all women) Age, education, smoking, 
physical activity, body mass 
index, waist-to-hip ratio, total 
energy, intakes of vitamin C, 
vitamin E, dietary nitrate, and 
fruits and vegetables 

USA (Iowa) Public water supply Higher vs. lower 
quartile (>10.88 vs. 
<1.59) 

Public water supply  1986–31 Dec. 
1998 

Private wells Public water supply: 
RR = 1.70 (0.74–3.88) 

N = 16,541 cases =
55    

Private wells: RR =
1.69 (0.75–3.82) 

Private wells N =
5436 cases = 21     

Pancreatic cancer Coss et al., 2004 Case-control Age, gender, and cigarette use USA (Iowa) Community water 
supplies 

Higher vs. lower 
quartile (>12.38 vs. 
<2.65) 

189 cases - 1244 
controls  

1985–1987  OR = 0.99 (0.64–1.5) 

Quist et al., 2018 Cohort study Age and smoking status USA (Iowa) Public water supply Higher vs. lower 
quartile (>25.16 vs. 
<2.08) 

Post-menopausal 
women  

1986–2011 Private wells HR = 1.18 
(0.52–2.67), p trend =
0.97 

Wells    Continuous variables 
analysis: HR = 1.07 
(0.92, 1.25) 

4955 women - 34 
cases    

Private wells: HR =
0.92 (0.56, 1.52) 
compared to first 
quartile of public 
supply 

Public water     
15,710 women - 
152 cases     

Yang et al., 2009 Case-control Age, gender, and urbanization 
level of residence 

Taiwan Municipality 
provided drinking 
water 

Higher vs. lower tertile 
(2.12–12.65 vs. 
≤0.80) 

2412 cases - 
2412controls  

2000–2006  OR = 1.10 
(0.96–1.27), p trend =
0.08 

Weyer et al., 2001 Cohort (all women) Age, education, smoking, 
physical activity, body mass 
index, waist-to-hip ratio, total 
energy, intakes of vitamin C, 
vitamin E, dietary nitrate, and 
fruits and vegetables 

USA (Iowa) Public water supply Higher vs. lower 
quartile (>10.88 vs. 
<1.59) 

Public water supply  1986–31 Dec. 
1998 

Private wells Public water supply: 
RR = 0.52 (0.22–1.22) 

N = 16,541 cases =
61    

Private wells: RR =
0.66 (0.31–1.41) 

Private wells: N =
5436 cases = 14     

Bladder cancer Barry et al., 2020 Case-control Age, sex, race, Hispanic 
ethnicity, study state (New 
Hampshire, Maine, Vermont), 
smoking, and high-risk 
occupation, average total 
trihalomethanes 

USA Public water supply NO3 concentration in 
water (mg/L) 

987 cases  (Maine, Vermont 
2001–2004) 

Private wells Higher vs. lower 
quintile (>9.15 vs. 
≤0.93) 

1180 controls  (New Hampshire 
2002–2004)  

OR = 1.5 (0.97–2.3), p 
trend = 0.01     
NO3 ingested (mg/ 
day)     
Higher vs. lower 
quintile (>20.30 vs. 
≤1.33)     

(continued on next page) 
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Table 2 (continued ) 

Type of cancer Reference Design and 
population 

Adjustment for confounders Location and 
years 

Exposure Findings (95% CI) 

OR = 1.4 (0.89–2.2), p 
trend = 0.06 

Chiu et al., 2007 Case-control Age, gender, and urbanization 
level of residence 

Taiwan Municipality 
provided drinking 
water 

Higher vs. lower tertile 
(2.12–12.65 vs. 
<.080) 

513 cases - 513 
controls  

1999–2003  OR = 1.96 
(1.41–2.72), p trend 
<0.001 

Espejo-Herrera et al., 
2015 

Case-control Age, sex and area of residence 
smoking status, NSAIDs use, 
night-time urinary frequency, 
time working in farm/ 
agriculture activities, tap water 
and vitamin C daily intake, and 
urinary infections, intake of 
vitamin E, processed meat, red 
meat, alcohol, and gastric ulcer 
diagnosis 

Spain (5 regions) Public water supply 
system 

NO3 concentration in 
water (mg/L) 

531 cases - 556 
controls  

June 1998–June 
2001 

Bottled water Higher vs. lower tertile 
(≥44.23 vs. ≤22.11)     
OR = 1.04 (0.60–1.81)     
NO3 ingested (mg/ 
day)     
Higher vs. lower tertile 
(>35.38 vs. ≤17.69)     
OR = 0.65 (0.41–1.02) 

Jones et al., 2016 Cohort Age, smoking status, and pack- 
years of smoking 

USA (Iowa) Public water supply Higher vs. lower 
quartile (>13.14 vs. 
<2.08) 

Public water:  1986–2010 Private wells HR = 1.48 
(0.92–2.40), p trend =
0.11 

15,577 women - 
130 cases    

Continuous variables 
analysis: HR = 1.12 
(0.95–1.32) 

Private wells:    Private wells: HR =
1.16 (0.70, 1.91) 
compared to first 
quartile of public 
supply 

4930 women – 36 
cases     

Morales-Suarez-Varela 
et al. (1995) 

Cross-sectional Age, sex Spain (Valencia) Public water supply Higher vs. lower tertile 
(>50 vs < 25 mg/L), 
men 

About 1.5 million 
people  

1975–1980  Age RR     

<55 0     
55-75 1.4 (0.8–2.48)     
>75 0.53 (0.14–2.07) 

Ward et al., 2003 Case-control Age, cigarette smoking, years of 
education, duration of 
chlorinated surface water use 
and study period 

USA (Iowa) Public water supply 
(data used in 
analyses) 

Higher vs. lower 
quartile (≥13.67 vs. 
<2.65) 

Men: 622 cases - 
788 controls  

1986–1989 Private wells, 
Bottled water 

Men: OR = 0.5 
(0.4–0.8) 

Women: 186 cases - 
471 controls    

Women: OR = 0.8 
(0.4–1.3) 

Weyer et al., 2001 Cohort (all women) Age, education, smoking, 
physical activity, body mass 
index, waist-to-hip ratio, total 
energy, intakes of vitamin C, 
vitamin E, dietary nitrate, and 
fruits and vegetables 

USA (Iowa) Public water supply Higher vs. lower 
quartile (>10.88 vs. 
<1.59) 

Public water supply  1986–31 
December 1998 

Private wells Public water supply: 
RR = 2.43 (1.01–5.88) 

N = 16,541 cases =
47    

Private wells: RR =
1.01 (0.83–1.22) 

Private wells N =
5436 cases = 10     

Zeegers et al., 2006 Cohort study Age, sex, current smoking, 
smoking amount, smoking 
duration, and nitrate exposure 
from food 

The Netherland Pumping stations Higher vs. lower 
quintile (>7.7 vs. 
<0.9)   

(continued on next page) 
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Table 2 (continued ) 

Type of cancer Reference Design and 
population 

Adjustment for confounders Location and 
years 

Exposure Findings (95% CI) 

4359 subcohort 
members 

Sept. 1986–Dec. 
1995 

RR = 1.06 
(0.82–1.38), p trend =
0.24 

871 cases    Increment per 10 mg/ 
day RR = 1.09 
(0.96–1.24) 

Kidney cancer Jones et al., 2017 Cohort Age, smoking status, pack-years 
of smoking, and body mass 
index 

USA (Iowa) Public water supply 
(data used in 
analyses) 

Higher vs. lower 
quartile (>12.30 vs. 
<2.74) 

Public water  1986–2010 Private wells HR = 2.3 (1.2–4.3), p 
trend = 0.33 

15,577 women - 
125 cases    

Continuous variables 
analysis: HR = 1.3 
(0.96–1.3) 

Private wells: 4930 
women – 38 cases    

Private wells: HR =
0.96 (0.59, 1.58) 
compared to first 
quartile of public 
supply 

Volkmer et al., 2005 Cohort Stratified by sex Germany 
(Bocholt) 

Municipality 
provided drinking 
water 

Male RR = 0.61 
(0.28–1.33) 

Group A: 57,253 
inhabitants  

1986–1997  Female RR = 2.96 
(0.66–13.18) 

Incidence renal cell 
carcinoma (per 
100,000 
inhabitants): 
Male = 10.0, 
Female = 6.8, 
Total = 8.3    

Total RR = 0.87 
(0.34–2.22) 

Group B: 10,037 
inhabitants     
Incidence RCC (per 
100,000 
inhabitants):     
Male = 16.5, 
Female = 2.3, 
Total = 9.5      

Ward et al., 2007 Case-control Age, gender, current body mass 
index, and average population 
size of towns where subjects 
resided over their lifetime in 
Iowa 

USA (Iowa) Public water supply 
(data used in 
analyses) 

Higher vs. lower 
quartile (>12.3 vs. 
<2.74) 

Public water  1986–1989 Private wells, 
Bottled water 

OR = 0.89 (0.57–1.39) 

201 cases – 1244 
controls    

Private wells (20+
years use private wells 
vs. use public water 
sources): OR = 0.89 
(0.59–1.34) 

Private wells: 406 
cases - 2434 
controls     

Weyer et al., 2001 Cohort (all women) Age, education, smoking, 
physical activity, body mass 
index, waist-to-hip ratio, total 
energy, intakes of vitamin C, 
vitamin E, dietary nitrate, and 
fruits and vegetables 

USA (Iowa) Public water 
supplyPrivate wells 

Higher vs. lower 
quartile (>10.88 vs. 
<1.59) 

Public water: N =
16,541 cases = 45  

1986–31 Dec. 
1998  

Public water supply: 
RR = 1.06 (0.42–2.68) 

Private wells: N =
5436 cases = 13    

Private wells: RR =
1.07 (0.45–2.57) 

Brain cancer Barrett et al., 1998 Ecological Age and sex, allowing for SES UK (Yorkshire) Water from 148 
water supply zones 

Highest vs. lowest 
quartile (mean NO3 
29.8 mg/L vs. 2.4): RR 
= 1.20 (1.08–1.33) 

3441 cases  1975–1994  

Boeing et al., 1993 Case-control Age, gender and tobacco- 
smoking 

Germany (Rhein- 
Neckar- 
Odenwald) 

Drinking water NO3 ≥50 mg/L (NO3 
levels were higher for 
controls than cases, 
but not specified) 

115 gliomas, 81 
meningiomas  

1987–1988  Glioma RR = 0.1 (95% 
CI 0.0–1.0) 

418 controls    

(continued on next page) 
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Table 2 (continued ) 

Type of cancer Reference Design and 
population 

Adjustment for confounders Location and 
years 

Exposure Findings (95% CI) 

Meningioma RR = 0.2 
(95%CI 0.0–1.2) 

Ho et al., 2011 Case-control Age, gender, marital status, and 
urbanization level of residence 

Taiwan Municipality 
provided drinking 
water 

NO3 ≥ 1.68 mg/L 

787 cases - 787 
controls  

2003–2008  OR = 1.04 (0.85–1.27) 

Mueller et al., 2001 Case-control Age and sex USA (WA and CA) Public water supply Higher vs. lower 
quartile (50–100 vs. 
not detected) 

Public water  Jan 1984–Dec 
1990 (WA) 

Wells OR = 1.4 (0.1–15) 

119 cases - 191 
controls(<20 years 
old)  

Jan 1984–Dec 
1991 (CA)  

Well water (vs public 
water): OR = 1.2 
(0.8–2.2) 

All sources of 
water: 540 cases - 
801 controls     

Mueller et al., 2004 Case-control Centre, age, sex and diagnosis 
year 

USA (CA, WA), 
France, Italy, 
Spain, Israel, 
Canada 
(Winnipeg), 
Australia 

Public water supply Higher vs. lower 
quartile (>50 vs. none) 

283 cases - 537 
controls (children)  

1976–1994 Wells OR = 0.8 (0.4–1.5) 

Steindorf et al., 1994 Case-control Age and sex Germany (Rhein- 
Neckar-Odenwald 
region) 

Public water 
supply, wells 

Higher vs. lower 
quartile (>25.2 vs. <2) 

173 cases - 418 
controls  

Jan. 1987 to Dec. 
1988  

RR = 1.00 (0.61–1.64) 

Thorpe and 
Shirmohammadi (2005) 

Ecological None USA (Maryland) Public water 
supply, wells 

Crude OR for exposure 
to all detectable 
concentrations of NO3: 
OR = 1.23 (0.86–1.75) 

262 cases (Children 
0–17)  

1992–1998   

Ward et al. (2005b) Case-control (≥21 
years age) 

Age, gender, respondent type, 
education, and ever live/work 
on a farm 

USA (Nebraska) Public water supply Higher vs. lower 
quartile (>19.11 vs. 
<10.53) 

Public water: 130 
gliomas - 319 
controls  

1988–1990 Private wells, 
Bottled water 

OR = 1.3 (0.7–2.6) 

Private wells: 63 
gliomas - 72 
controls  

1991 to June 
1993.  

Well water (≥44.2 vs 
< 44.2 mg/ml): OR =
1.2 (0.4–4.1) 

Weng et al., 2011 Case-control (0–19 
years old) 

Age, gender, and urbanization 
level of residence 

Taiwan Municipality 
provided drinking 
water 

NO3 > 1.37 mg/L 

457 cases - 457 
controls 

1999–2008 OR = 1.40 (1.07–1.84) 

Non-Hodgkin 
lymphoma 

Chang et al., 2010b Case-control Age, gender, and urbanization 
level of residence 

Taiwan Municipality 
provided drinking 
water 

Higher vs. lower tertile 
(2.12–12.65 vs. 
≤0.80) 

1716 cases - 1716 
controls  

2000–2006  OR = 1.05 
(0.89–1.24), p trend =
0.39 

Cocco et al., 2003 Ecological Gender, age, and population 
size 

Italy (Sardinia) Municipality 
provided drinking 
water 

Higher vs. lower 
quantile (8 quantiles, 
15.01–26.64 vs. ≤2.0) 

737 cases  1974–1993  Total: IRR = 1.32 
(0.88–1.97) 

7,756,474 person 
years    

Men: IRR = 1.64 
(0.92–2.91), Women: 
IRR = 1.10 
(0.63–1.93) 

Freedman et al., 2000 Case-control Age USA (Minnesota) Community water 
supplies, Bottled 
water 

Higher vs. lower tertile 
(>6.6 vs. ≤2.21) 

73 cases - 147 
controls  

1980–1982  OR = 0.3 (0.1–0.9) 

Gulis et al., 2002 Ecological n/a Slovakia (Trnava 
district) 

Municipality 
provided drinking 
water 

Higher vs. lower tertile 
(>20 vs. ≤10) 

197,854 total 
population  

1986–1995  
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Table 2 (continued ) 

Type of cancer Reference Design and 
population 

Adjustment for confounders Location and 
years 

Exposure Findings (95% CI) 

Total: SIR = 1.22 
(0.76–1.96), p trend 
0.021     
Men: SIR = 1.09 
(0.52–2.28), p trend 
0.17     
Women: SIR = 1.35 
(0.72–2.50), p trend 
0.13 

Law et al., 1999 Ecological n/a UK (Yorkshire, 
North 
Humberside) 

Municipality 
provided drinking 
water 

Higher vs. lower tertile 
(>14.85 vs.<3.24) 

160 million person 
years  

1984–1993 148 water supply 
zones 

1984–1988: IRR =
1.210 (1.04, 1.41)     
1989–1993: IRR =
0.917 (0.78, 1.08) 

Rhoades et al., 2013 Case-control Unspecified covariates USA (Nebraska) Public water 
supplies 

NO3 > 8.85 mg/L 

140 cases - 192 
controls  

1999–2002  OR = 0.6 (0.3–1.1) 

Thorpe and 
Shirmohammadi (2005) 

Ecological None USA (Maryland) Public water 
supply, Wells 

Crude OR for exposure 
to all detectable 
concentrations of NO3: 
OR = 1.41 (0.74–2.68) 

71 cases (Children 
0–17)  

1992–1998  

Ward et al., 1996 Public Water: Age, gender, family history of 
cancer 

USA (Nebraska) Public water supply 
(data reported 
here) 

Higher vs. lower 
quartile (≥17.69 vs. 
<7.08) 

Case-control  1 July 1983–30 
June 1986 

Private wells Total: OR = 2.0 
(1.1–3.6), P trend =
0.03 

156 cases - 527 
controls   

Bottled water Men: OR = 1.9 
(0.7–4.9), P trend =
0.3 

Private wells:    Women: OR = 2.1 
(1.0–4.4), P trend =
0.04 

46 cases - 136 
controls    

Intake - Total (mg/ 
day)     
Higher vs. lower 
quartile (≥27.86 vs. 
<11.06)     
OR = 1.9 (1.0–3.9), P 
trend = 0.07     
Private wells: 44.2 vs 
< 4.42 mg/l     
OR = 1.5 (0.6–3.8) 

Ward et al., 2006 Case-control Age, gender and education USA (Iowa) Public water supply Higher vs. lower 
quartile (≥12.83 vs. 
<2.79) 

Public supplies  1998–2000 Private wells Public supplies: OR =
1.2 (0.6–2.2) 

181 cases - 142 
controls    

Public supplies +
private wells: OR = 0.9 
(0.5–1.6) 

Public supplies and 
private wells     
211 cases - 165 
controls     

Weyer et al., 2001 Cohort (all women) Age, education, smoking, 
physical activity, body mass 
index, waist-to-hip ratio, total 
energy, intakes of vitamin C, 
vitamin E, dietary nitrate, and 
fruits and vegetables 

USA (Iowa) Public water supply Higher vs. lower 
quartile (>10.88 vs. 
<1.59) 

Public water: N =
16,541 cases = 105 

1986–31 Dec. 
1998 

Private wells Public water supply: 
RR = 0.71 (0.39–1.28) 

Private wells: N =
5436, cases = 38    

Private wells: RR =
0.88 (0.52–1.47) 

Breast cancer Brody et al., 2006 Case-control Diagnosis/reference year, age 
at diagnosis/reference year, 
birth decade, study, vital status, 
previous breast cancer 
diagnosis, age at first birth, 
family history of breast cancer, 
and education 

USA (Cape Cod) Public water supply Higher vs. lower 
quintile (≥5.31 vs. 
<1.33 mg/L) 

824 cases - 745 
controls 

1988–1995  OR = 0.9 (0.5–1.7) 

Espejo-Herrera et al., 
2016b 

Case-control Study area, age, education, 
body mass index, family history 

Spain (8 
provinces) 

Municipal water 

(continued on next page) 
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Table 2 (continued ) 

Type of cancer Reference Design and 
population 

Adjustment for confounders Location and 
years 

Exposure Findings (95% CI) 

of breast cancer, age at first 
birth, age at menopause, use of 
oral contraceptives, and energy 
intake 

Higher vs. lower 
quartile (>8.8 vs. 
<2.3 mg/day) 

1245 cases - 1520 
controls 

2008–2013 Bottled water Pre- and post- 
menopausal    

Springs and wells 
water 

OR = 1.08 (0.8–1.43), 
p for trend = 0.64     
Post-menopausal     
OR = 1.29 
(0.92–1.81), p for 
trend = 0.20     
Pre-menopausal     
OR = 1.14 
(0.67–1.94), p for 
trend = 0.80 

Weyer et al., 2001 Cohort (all women) Age, education, smoking, 
physical activity, body mass 
index, waist-to-hip ratio, total 
energy, intakes of vitamin C, 
vitamin E, dietary nitrate, and 
fruits and vegetables 

USA (Iowa) Public water supply Higher vs. lower 
quartile (>10.88 vs. 
<1.59) 

Public water: N =
16,541 cases = 810 

1986–31 Dec. 
1998 

Private wells Public water supply: 
RR = 1.00 (0.82–1.23) 

Private wells: N =
5436 cases = 275    

Private wells: RR =
1.01 (0.83–1.22) 

Leukemia Infante-Rivard et al., 
2001 

Case-control (0–9 
years of age) 

Maternal age and level of 
schooling 

Canada (Quebec) Tapwater >95th percentile vs ≤
95th percentile 

prenatal: 8 cases, 
11 controls 
postnatal: 7 cases, 
11 controls 

None 1980–1993  Prenatal: OR = 0.68 
(0.27–1.70) 

Ecological  USA (Maryland) Public water supply Postnatal: OR = 0.59 
(0.23–1.55) 

Thorpe and 
Shirmohammadi (2005) 

293 cases (Children 
0–17)  

1992–1998 Wells Crude OR for exposure 
to all detectable levels 
of NO3     
OR = 1.81 (1.35–2.42) 

Weyer et al., 2001 Cohort (all women) 
Public water: N =
16,541 - cases = 94 

Age, education, smoking, 
physical activity, body mass 
index, waist-to-hip ratio, total 
energy, intakes of vitamin C, 
vitamin E, dietary nitrate, and 
fruits and vegetables 

USA (Iowa) Public water supply Higher vs. lower 
quartile (>10.88 vs. 
<1.59) 

Private wells: N =
5436 - cases = 27 

1986–31 Dec. 
1998 

Private wells Public water supply: 
RR = 0.92 (0.52–1.63)     

Private wells: RR =
0.82 (0.47–1.43) 

Cancers to 
reproductive 
organs 

Inoue-Choi et al., 2015 Cohort Age, BMI, family history of 
ovarian cancer, number of live 
births, age at menarche, age at 
menopause, age at first live 
birth, oral contraceptive use, 
estrogen use, and history of 
unilateral oophorectomy 

USA (Iowa) Public water Ovarian cancer 
Public water: N =
13,051 - cases =
145 

1986–2010 Private wells Higher vs. lower 
quartile (≥13.18 vs. 
≤2.09) 

Private wells: N =
4165 - cases = 45    

Public water supply     

HR = 2.14 
(1.30–3.54), p trend =
0.002     
Private wells 
(comparison with 
lower public water 
quartile): HR = 1.53 
(0.93–2.54) 

Morales-Suarez-Varela 
et al. (1995) 

Cross-sectional Age, sex Spain (Valencia) Public water supply Prostate cancer 
About 1.5 million 
people  

1975–1980  Higher vs. lower tertile 
(>50 vs < 25 mg/L)     
Age Men     
<55 RR = 3.07 
(0.45–21.17)     
55-75 RR = 1.86 
(1.20–2.88)     
>75 RR = 1.80 
(1.15–2.82) 

Volkmer et al., 2005 Cohort Stratified by sex Germany 
(Bocholt)  

Prostate cancer: 

Group A: 57,253 
inhabitants  

1986–1997  RR = 1.06 (0.76–1.48)    

(continued on next page) 
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Table 2 (continued ) 

Type of cancer Reference Design and 
population 

Adjustment for confounders Location and 
years 

Exposure Findings (95% CI) 

Incidence cancer 
(per 100,000 
inhabitants): 

Penis cancer: RR =
0.66 (0.14–2.88) 

Penis = 2.7, 
Prostate = 71.7, 
Testis = 10.3    

Testis cancer: RR =
0.43 (0.21–0.90) 

Group B: 10,037 
inhabitants     
Incidence cancer 
(per 100,000 
inhabitants):     
Penis = 4.3, 
Prostate = 67.6, 
Testis = 23.8     

Weyer et al., 2001 Cohort (all women) Age, education, smoking, 
physical activity, body mass 
index, waist-to-hip ratio, total 
energy, intakes of vitamin C, 
vitamin E, dietary nitrate, and 
fruits and vegetables 

USA (Iowa) Public water supply Higher vs. lower 
quartile (>10.88 vs. 
<1.59) 

Public water 
supply,N = 16,541 

1986–31 Private wells Public water supply 

Cases: ovarian =
82, uterine = 168  

Dec. 1998  Ovarian RR = 2.03 
(1.01–4.07), Uterine 
RR = 0.65 (0.40–1.06) 

Private wells, N =
5436    

Private wells 

Cases: ovarian =
25, uterine = 70    

Ovarian RR = 1.55 
(0.77–3.13), Uterine 
RR = 1.09 (0.74–1.61) 

Other types of 
cancer 

Gulis et al., 2002 Ecological - all 
cancers 

n/a Slovakia (Trnava 
district) 

Municipality 
provided drinking 

Higher vs. lower tertile 
(>20 vs. ≤10) 

197,854 total 
population  

1986–1995 water Total: SIR = 1.03 
(0.97–1.08), p trend 
<0.001 

4051 cases (1938 
men and 2113 
women)    

Men: SIR = 0.94 
(0.88–1.02), p trend 
<0.001     
Women: SIR = 1.38 
(1.28–1.47), p trend 
<0.001 

Thorpe and 
Shirmohammadi (2005) 

Ecological - bone None USA (Maryland) Public water 
supply, wells 

Crude OR for exposure 
to all detectable 
concentrations of NO3: 
OR = 1.28 (0.63–2.59) 

63 cases (Children 
0–17)  

1992–1998  

Volkmer et al., 2005 Cohort Stratified by sex Germany 
(Bocholt) 

Municipality 
provided drinking 
water 

Male RR = 2.26 
(1.34–3.79) 

Group A: 57,253 
inhabitants  

1986–1997  Female RR = 1.52 
(0.78–2.96) 

Incidence 
transitional cell 
carcinoma of the 
urinary tract (per 
100,000 
inhabitants):    

Total RR = 1.98 
(1.10–3.54) 

Male = 46.7, 
Female = 21,7, 
Total = 33.8     
Group B: 10,037 
inhabitants     
Incidence 
transitional cell 
carcinoma of the 
urinary tract (per 
100,000 
inhabitants):     
Male = 20.7, 
Female = 14.3, 
Total = 17.1     

Ward et al., 2010 Cohort (all women) 
- thyroid 

Age, vitamin C intake, and 
residence location. 

USA (Iowa) Public water supply Higher vs. lower 
quartile (>10.88 vs. 
<1.59) 

Public water supply  1986–31 Dec. 
2004 

Private wells Public water supply: 
RR = 2.18 
(0.83–5.76), P trend =
0.02 

(continued on next page) 
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association of nitrate in water with mortality risk from gastrointestinal 
and urinary cancers combined (Table 2). Analyzing the quantity of daily 
ingested nitrate through water, one case-control study (Espejo-Herrera 
et al., 2016a) reported positive associations with colorectal and colon 
cancers in both men and women (Table 2). With rectal cancer, the as-
sociation was positive for all participants and men only, but there was no 
association in women alone. 

One ecological study (Gulis et al., 2002) found a positive association 
of nitrate with both colorectal cancer and with all digestive tract cancers 
combined (Table 2). Stratification by sex showed no association in men, 
but a positive association in women in both estimates. 

3.3.4. Pancreas 
Four studies (two cohort, two case-control) reported the association 

of nitrate in water with pancreatic cancer. Meta-analyses of two cohort 
studies with 32,251 participants (Quist et al., 2018; Weyer et al., 2001) 
and meta-analysis of two case-control studies with 6257 participants 
(Coss et al., 2004; Yang et al., 2009) found no significant association 
(Fig. 2F, Table 2). 

Two cohort studies reported no association of nitrate from private 
well water and pancreas cancer (Quist et al., 2018; Weyer et al., 2001) 
(Tables 2 and 5S). 

3.4. Nitrate and cancer to the genitourinary organs 

3.4.1. Bladder 
Eight studies (three cohort, four case-control, one cross-sectional) 

reported the association of nitrate in drinking water and bladder can-
cer (Table 2). Meta-analysis of two cohort studies with 32,118 partici-
pants (Jones et al., 2016; Weyer et al., 2001) identified a significant 
increase in bladder cancer for a 10 mg/L increase in nitrate, RR = 1.31 
(95% CI = 1.03–1.66, I2 = 1.95%) (Fig. 2E). Meta-analysis of four 
case-control studies (Barry et al., 2020; Chiu et al., 2007; Espejo-Herrera 
et al., 2015; Ward et al., 2003) found no significant association (Fig. 2G). 
Similarly, meta-analysis of cohort and case-control studies combined 
showed no association (Fig. 2G). One cross-sectional study (Moral-
es-Suarez-Varela et al., 1995) also found no association in men (Table 2). 

Two cohort studies reported no association of nitrate from private 
well water and bladder cancer (Jones et al., 2016; Weyer et al., 2001) 

(Tables 2 and 5S). 
Analyzing the relationship between the daily ingested amount of 

nitrate in water (mg/day) with bladder cancer, one cohort study 
(Zeegers et al., 2006) and two case-control studies (Barry et al., 2020; 
Espejo-Herrera et al., 2015) reported no association (Table 2). 

3.4.2. Kidney 
Four studies (three cohort, one case-control) reported the association 

of nitrate in water with kidney cancer (Table 2). Meta-analysis of two 
cohort studies with 32,118 participants (Jones et al., 2017; Weyer et al., 
2001) found no significant association (Fig. 2H). The remaining cohort 
study (Volkmer et al., 2005) not included in the meta-analysis because of 
differences in statistical method used, and one case-control study (Ward 
et al., 2007) also reported no association (Table 2). 

Two cohort studies reported no association of nitrate from private 
well water and kidney cancer (Jones et al., 2017; Weyer et al., 2001) 
(Tables 2 and 5S). One case-control study reported no association after 
more than 20 years of exposure to nitrate from private wells (Ward et al., 
2007) (Table 2). 

3.4.3. Reproductive organs 
Four studies (three cohort and one cross-sectional) reported on the 

association of nitrate in water and cancers of reproductive organs 
(Table 2). Meta-analysis of two cohort studies (Inoue-Choi et al., 2015; 
Weyer et al., 2001) found no significant association with ovarian cancer 
(Fig. 2I). One cohort study (Volkmer et al., 2005) not included in the 
meta-analysis because of differences in statistical method used reported 
no association with cancers of the prostate or penis, and a potential 
protective effect on testicular cancer (Table 2). One cohort study (Weyer 
et al., 2001) reported no association with uterine cancer. One 
cross-sectional study (Morales-Suarez-Varela et al., 1995) reported a 
positive association with prostate cancer in men older than 55 years of 
age (Table 2). Two cohort studies reported no association of nitrate from 
private well water and cancer to the ovaries and uterine corpus 
(Inoue-Choi et al., 2015; Weyer et al., 2001) (Tables 2 and 5S). 

3.5. Nitrate and neurologic cancer 

Nine studies (seven case-control, two ecological) reported the 

Table 2 (continued ) 

Type of cancer Reference Design and 
population 

Adjustment for confounders Location and 
years 

Exposure Findings (95% CI) 

N = 16,541 cases =
28   

Bottled water Private wells 
(comparison with 
lowest public water 
quartile): RR = 1.13 
(0.83–3.66) 

Private wells: N =
5436 cases = 12     

Weyer et al., 2001 Cohort (all women) Age, education, smoking, 
physical activity, body mass 
index, waist-to-hip ratio, total 
energy, intakes of vitamin C, 
vitamin E, dietary nitrate, and 
fruits and vegetables 

USA (Iowa) Public water supply Higher vs. lower 
quartile (>10.88 vs. 
<1.59) 

Public water 
supply, N = 16,541  

1986–31 Dec. 
1998 

Private wells Public water supply 

Lung + bronchus =
237, melanoma =
68    

Lung and bronchus RR 
= 0.83 (0.55–1.26) 

Private wells, N =
5436    

Melanoma RR = 0.92 
(0.59–1.42) 

Lung + bronchus =
43, melanoma = 25    

Private wells     

Lung and bronchus RR 
= 0.97 (0.86–1.09)     
Melanoma RR = 1.01 
(0.90–1.17)  
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Fig. 2. Pooled risk ratios of nitrate in drinking water 
and specific types of cancer (A to K). Meta-analyses 
stratified by study design are shown for colorectal, 
pancreas, and bladder cancers. The point estimate 
(black squares), statistical weight (area of each 
square), and 95% confidence interval for each study 
(horizontal line) are shown. Overall summary esti-
mates are displayed (diamonds). Estimates are shown 
per 10 mg/L increase of nitrate. 
Abbr.: c = colon, cr = colorectal, d = distal, f = female, 
g = glioma, m = male, p = proximal, r = rectum, w =
well water.   
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association of nitrate in water with brain cancer (Table 2). Meta-analysis 
including six case-control studies and 4776 participants (Ho et al., 2011; 
Mueller et al., 2001, 2004; Steindorf et al., 1994; Ward et al., 2005b; 
Weng et al., 2011) found no significant association (Fig. 2J). The sub-
group analysis by age separating participants under 20 years of age from 
those 20 years old or older showed a possible higher risk in the younger 
subgroup, but the confidence interval was wide and the heterogeneity 
was very high, I2 = 92.43%. One case-control study (Boeing et al., 1993) 
reported no association, but was not included in the meta-analysis 
because it was not possible to determine the sample size (Table 2). 
One case-control study in young people under 20 years of age (Mueller 
et al., 2001) and one in adults over 20 (Ward et al., 2005b) showed no 
association of brain tumors with nitrate from private wells (Tables 2 and 
5S). 

One ecological study (Barrett et al., 1998) reported a positive asso-
ciation between nitrate and brain cancer for nitrate concentration above 
30 mg/L, and one ecological study (Thorpe and Shirmohammadi, 2005) 
found no association (Table 2). 

3.6. Nitrate and breast cancer 

Three studies (one cohort, two case-control) reported the association 
of nitrate with breast cancer. All three studies found no significant as-
sociation (Weyer et al., 2001; Espejo-Herrera et al., 2016b; Brody et al., 
2006) (Table 2). Meta-analysis of the two case-control studies was not 
performed because of the different types of exposures (i.e., concentra-
tion of nitrate in water vs. ingested nitrate). One cohort study showed no 
association with nitrate in water from private wells (Weyer et al., 2001) 
(Tables 2 and 5S). 

3.7. Nitrate and hematologic cancers 

3.7.1. Non-Hodgkin lymphoma 
Nine studies (one cohort, five case-control, three ecological) reported 

on the association of nitrate in water and non-Hodgkin lymphoma 
(NHL). Meta-analysis including five case-control studies with 5033 
participants (Chang et al., 2010b; Freedman et al., 2000; Rhoades et al., 
2013; Ward et al., 1996, 2006) found no significant association 
(Fig. 2K). One cohort study (Weyer et al., 2001) and all four ecological 
studies (Cocco et al., 2003; Gulis et al., 2002; Thorpe and Shirmo-
hammadi, 2005; Law et al., 1999) also reported no association (Table 2). 
One cohort study (Weyer et al., 2001) and one case-control study (Ward 
et al., 1996) showed no association of NHL with nitrate from private 
wells (Tables 2 and 5S). 

3.7.2. Leukemia 
Three studies (one cohort, one case-control, one ecological) reported 

the relationship of nitrate in water with leukemia. One cohort study 
(Weyer et al., 2001) and one case-control (Infante-Rivard et al., 2001) 
reported no significant association. One ecological study (Thorpe and 
Shirmohammadi, 2005) reported a positive association (crude OR =
1.81, 95%CI = 1.35–2.42, Table 2). One cohort study showed no asso-
ciation with nitrate in water from private wells (Weyer et al., 2001) 
(Tables 2 and 5S). 

3.8. Nitrate and other types of cancer 

Five studies (three cohort, two ecological) reported on associations 
of nitrate in water with “combined” cancers or cancers in other areas of 
the body (Table 2). One cohort study reported no association of nitrate 
from public water sources and private wells with thyroid cancer in 
women (Ward et al., 2010). One cohort study (Weyer et al., 2001) re-
ported no association of neither public water sources nor private wells 
with lungs and bronchus cancers, melanoma, and all types of cancer 
combined. One cohort study reported an association with transitional 
cell carcinoma of the urinary tract in men (Volkmer et al., 2005). One 

ecological study (Gulis et al., 2002) reported an association with all 
cancers combined in women (Table 2). One ecological study (Thorpe 
and Shirmohammadi, 2005) reported no association with bone cancer. 

3.9. Nitrite and cancer 

Four studies (three case-control, one ecological) reported on the 
association of nitrite in drinking water with cancer (Table 6S). One case 
control study (Boeing et al., 1993) reported no association of nitrite with 
gliomas or meningiomas. One case control study (Mueller et al., 2001) 
reported that nitrite concentrations of 1 mg/L were associated with a 
higher risk of brain cancer, whilst another reported no association 
(Mueller et al., 2004). One ecological study (Zhang et al., 2012) reported 
no association of nitrite with esophageal cancer. 

3.10. Confounding variables 

The two confounders adjusted for in almost all models were age and 
sex, 56 (18.8%) and 43 (14.4%) times, respectively (Figs. 3 and 2S). 
Nitrate intake from food was controlled in 14 models (4.7%, Figs. 3 and 
2S). 

The types of cancer with models that were adjusted with the highest 
number of confounders were breast and colorectal cancers (both with 17 
confounders), and bladder cancer (16 confounders) (Fig. 2S). However, 
it was very rare that any two studies included the same confounders. 

Four case-control studies studying colorectal cancer, stomach cancer, 
leukemia and NHL matched their populations on sex and age. One case- 
control study on NHL did not clearly describe the covariates included in 
the final model. One cohort study on cancers to the kidney, urinary tract 
and reproductive organs did not report on any confounders used in their 
models. 

4. Discussion 

4.1. Summary of findings 

This systematic review assessed the evidence of association between 
nitrate or nitrite in drinking water and several types of cancer. Our meta- 
analyses found that a 10 mg/L increase in nitrate was associated with a 
doubled risk of gastric cancer, but no significant relationship with 
colorectal, esophagus, pancreatic, brain cancers and non-Hodgkin 

Fig. 3. The most common confounders controlled for in the included studies. 
Higher order confounders in this graph were: “Nutritional variables” including 
vitamins, energy intake, protein intake; “Residence” including level of urbani-
zation of the residence and urban/rural location; “Socioeconomic status” 
including education level and occupation. Numbers on bars and on the x axis 
refer to the number of models that included a given confounder. 
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lymphoma. A significant association of between nitrate and bladder 
cancer was found in a meta-analysis of two cohort studies, but this was 
not confirmed by the meta-analysis of five estimates from case-control 
studies. The two individual cohort studies showed estimates in the 
same direction, and the heterogeneity of the summary analysis was very 
low. In contrast, the individual case-control studies showed estimates in 
opposing directions, and the heterogeneity of the meta-analysis was very 
high. The combined meta-analysis of cohort and case-control studies did 
not reveal an association between nitrate and bladder cancer. This latter 
result is in agreement with a systematic review in 2012 that included 
fewer studies (Wang et al., 2012). 

Looking at individual studies, there may be a higher risk of colorectal 
cancer associated with nitrate in drinking water because eight out of 15 
studies reported a positive association in the highest quantile analyzed. 
The summary analysis of two studies investigating nitrate in private 
wells alone revealed a significantly positive association with colorectal 
cancer. The analyses of colon and rectal cancers separately show 
possible higher risks at both sites. Two studies on ovarian cancers re-
ported a positive association in the highest quartile of nitrate 
concentration. 

Study designs and methodologies were heterogeneous, which may 
explain the different results between individual studies. Possible causes 
of the high heterogeneity observed in some of the meta-analyses (i.e., 
gastric, colorectal and bladder cancers) may be due to different country 
settings and population groups, nitrate ranges, different methods to 
assess nitrate concentration and difficulty of estimating intake in people. 
The variety of confounders used in the models may also have contrib-
uted to the heterogeneity. Except for age and sex that were used in 
almost all studies, the other confounders were used less consistently. 
Notably, nitrate from food was adjusted only in 4.7% of the models. 

Except for brain cancer, all the associations between nitrate in water 
and cancer in our meta-analyses were in the direction of an increased 
risk of disease. However, when brain cancer studies were analyzed 
separately based on the age of the participants, the point estimates 
indicated a possible higher risk in both subgroups. 

4.2. Research in context 

Over the years, the number of epidemiological studies on nitrate in 
drinking water and cancer has been increasing, with 10 studies reviewed 
in Ward et al. (2005a), 18 in Ward et al. (2018), 3 in Zumel-Marne et al. 
(2019), 48 in Essien et al. (2020), and 59 in this review. Most studies 
focused on different organs of the gastrointestinal tract. Despite the 
growing body of evidence synthesized here, it is not possible to reach a 
definitive conclusion on the risk of cancer associated with nitrate in 
drinking water, since most cancer types were investigated by four 
studies or less. The degree of uncertainty was high, with wide confidence 
intervals. However, even though most studies do not show statistically 
significant associations between nitrate in water and cancer, the point 
estimates reported suggest that there may be a higher risk, with few 
exceptions. The evidence for the carcinogenicity of nitrate in animals 
remains inadequate (WHO, 2016). 

Several reasons may explain the inconsistent findings and the un-
certainty. The formation of NOCs from nitrate and nitrite depends on the 
microbiota composition, stomach acidity, and on the amount of nitrate, 
nitrite and nitrosamines ingested through diet and water (Carlstrom 
et al., 2020; Kobayashi, 2018). Diet is important also because antioxi-
dants inhibit the formation of NOCs (Carlstrom et al., 2020; Kobayashi, 
2018; Ward et al., 2005a) and should ideally be included in the analyses 
(Fan, 2019). The variability between individuals because of the above 
reasons may be wide, and the effect of nitrate and nitrite in water on 
vulnerable individuals may be diluted in studies without individual data 
(i.e. ecological studies), or if the number of vulnerable individuals is 
small the effect may be underestimated in cohort studies (Powlson et al., 
2008). Differences in diets may also explain some of the contradictory 
findings for population subgroups in some of the included studies. 

Our analysis confirmed the lack of association between nitrate in 
drinking water and the non-Hodgkin lymphoma as reported by a recent 
systematic review (Yu et al., 2020). Likewise, another systematic review 
did not find an association between nitrate in water and bladder cancer 
(Hosseini et al., 2020). A recent systematic review summarizing the 
evidence on the association between nitrate in water and cancer risks 
found a positive association only with the risk of colon cancer, and no 
association with gastric cancer, although there was an association with 
the median dose of nitrate (Essien et al., 2020). The discrepancy with 
our results may be due to several reasons. First, for gastric cancer we 
conducted the meta-analysis on case-control studies only. Second, our 
meta-analysis for colon cancer included only case-control and cohort 
studies. Although the point estimate in our study was very similar to that 
found by Essien et al. (2020), i.e. 1.17 vs 1.14 respectively, the 95% 
confidence interval in our analysis was wider, including the value of 1. 
Third, where the original studies provided rates stratified by quantiles, 
we estimated an overall rate across quantiles. This method avoids the 
need to run meta-analyses with data from categories with different 
scales and uses the information from intermediate quantiles that would 
be otherwise ignored. 

Although a few individual studies have reported possible associa-
tions between nitrate in drinking water and brain cancer at specific 
levels of nitrate, as reviewed by Zumel-Marne et al. (2019), our 
meta-analysis showed no association. 

The level of nitrate in municipal water reported in most of the 
included studies was below the WHO recommended limit of 50 mg/L, 
but we have very limited evidence of the levels in private wells, which 
may have higher levels of nitrate (IARC, 2010). Routine measurement of 
nitrate concentrations in private well water may be less common, so that 
the analyses were performed either on public water only, or the refer-
ence level for public water was used for well water. Well water can be an 
especially important source of drinking water and nitrate contamination 
in rural areas. In 2015, 13% of the population in the USA provided their 
own water, mostly from groundwater sources (Dieter et al., 2018). The 
concentration of nitrate in these sources varies with seasons (WHO, 
2016), so it would be important to monitor these sources, especially in 
regions where the percentage of people collecting drinking water from 
wells or surface sources may be high. 

We found only four studies on the health effect of nitrite contami-
nation in water, and all of them showed a high level of uncertainty. 
Nitrite in solutions is an unstable molecule and is oxidized to nitrate, 
which may explain why nitrite concentration in drinking water is very 
low. The difficulty in detecting nitrite in drinking water may explain the 
low number of studies that included it. It is likely that nitrite in drinking 
water contributes negligibly to cancer development, unlike nitrite 
ingested through food which may a cancerogenic risk factor (IARC, 
2010; IARC, 2015; Crowe et al., 2019). 

4.3. Strength and limitations 

This review employed a thorough and systematic search of eight 
databases to find relevant peer-reviewed studies, and use of an analysis 
method to estimate the continuous risk rate in papers that provided rates 
per quantiles only. This method avoids the comparison of rates from 
quantiles with different scales of nitrate concentration in water. 

The main limitation of our conclusions is the number of studies 
available for some cancers, with 10 cancer types being investigated in 
less than five studies each. Additionally, because of the heterogeneous 
study designs and the unsuitability of combining these in a single 
analysis, five of our meta-analyses included just two studies. The limited 
number of studies per cancer type and study design meant that we did 
not fulfil at least one of the four conditions for reliably using asymmetry 
tests for publication bias, i.e. ≥ 10 studies (Ioannidis and Trikalinos, 
2007), or a minimum of 10 studies per moderator to run a 
meta-regression (Deeks et al., 2019). Another limitation is the 
geographical locations of the studies, with most of them being carried 
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out in the USA, Europe and Taiwan where nitrate levels in drinking 
water are generally low compared to many other settings. The absence 
of studies from Africa, Latin America, and very few studies from Asia and 
Australia, does not allow us to draw firm conclusions on the 
dose-outcome relationship or adequately predict the true impact of high 
nitrate levels that can be observed. We excluded papers without an 
abstract in English, potentially missing papers in other languages. Most 
studies did not take into account the intake of nitrate and nitrite from 
diet, which could be an important confounder given the association of 
red and processed meat consumption with the risk of developing several 
types of cancer, e.g. colorectal cancer (IARC, 2015). Regarding private 
well water, the evidence about the impact of nitrate was limited to few 
studies, direct measurements of its concentration of nitrate was rarely 
provided and the degree of uncertainty around the relative risks was 
generally high. We also bear in mind the potential for publication bias in 
that smaller studies with non-significant associations may not have been 
published in the peer-reviews literature of the 8 databases we searched. 

Finally, only four studies investigated the exposure to nitrite in 
drinking water, possibly due to the difficulty of detecting it because of 
the low levels, making it difficult to reach a conclusion. Additionally, 
these studies had wide uncertainties around the estimates reported. 

4.4. Further research needs and policy relevance 

Our review of the evidence suggests a possible association of nitrate 
in drinking water and gastric cancer was derived studies were mostly 
conducted in high-income countries. However, the incidence rate of 
gastric cancer in Eastern Asia is more than three times higher than in 
Southern Europe, and six times higher than in Northern America (Sung 
et al., 2021). Incidence rates in Western Asia and South America are 
slightly higher than in Southern Europe (Sung et al., 2021). It is 
important to conduct more research in low- and middle-income coun-
tries where nitrogen-based fertilizers are frequently used in large 
quantities. 

The use of fertilizers is often coupled with the use of herbicides and 
pesticides, which can also runoff into water bodies (Ryberg and Gilliom, 
2015; Hansen et al., 2019; McKenzie et al., 2020). Very little is known 
about the effects on cancer risk of the interaction of nitrate and these 
other chemicals. Only two studies included in this review reported on 
the statistical interaction of nitrate and the herbicide atrazine. Rhoades 
et al. (2013) reported that nitrate or atrazine alone had no association 
with non-Hodgkin lymphoma, but exposure to both together was 
accompanied by a high risk of lymphoma (OR = 2.5; 95%CI = 1.0–6.2). 
An ecological study showed that children potentially exposed to nitrate 
and two herbicides may have a very high risk (crude OR = 7.56; 95%CI 
= 4.16–13.73) of developing one of the four cancer types studied in the 
paper (Thorpe and Shirmohammadi, 2005). Only three studies reported 
on the possible interaction of nitrate with disinfectant products like 
trihalomethanes and found no interaction (Jones et al., 2016, 2019; 
Quist et al., 2018). Thus, little is known about the possible interaction 
between nitrate, and its derivative N-nitrosamines, and disinfectant 
products in water (Diana et al., 2019). A few studies from Taiwan re-
ported on the possible interaction of calcium and magnesium with ni-
trate. They found interactions between nitrate and calcium for rectal, 
colon and gastric cancers (Chang et al., 2010a; Chiu et al., 2011, 2012), 
and magnesium for colon, gastric and esophageal cancers (Chiu et al., 
2010, 2012; Liao et al., 2013). There was no interaction of nitrate with 
magnesium for rectal and brain cancers (Weng et al., 2011; Chang et al., 
2010a; Ho et al., 2011), and magnesium for brain cancer (Ho et al., 
2011; Weng et al., 2011). Interaction with dietary factors such as meat 
consumption or vitamin C intake was investigated in 14 studies with 
mixed results. Because of the possible impact of hard water on health 
(Sengupta, 2013) and of diet on development of cancer (Key et al., 
2020), more research is needed on these interactions in other countries. 
In general, a more consistent and homogeneous investigation of con-
founders would be beneficial. 

Well-designed studies should also consider the timeframe of the 
exposure in relation to the time required to develop a particular cancer. 

More evidence is needed on the impact of nitrate from private wells, 
which may be an important source of water in rural areas and may have 
a higher level of contamination compared to public water provided by 
municipalities. 

In 2010, IARC concluded that “There is inadequate evidence in 
humans for the carcinogenicity of nitrate in drinking-water” (IARC, 
2010). Over the past few years, the evidence of possible associations 
between nitrate in drinking water and risk of cancer to organs of the 
digestive apparatus has increased, but a firm conclusion is still not 
possible. Research using study designs that can establish a clear cau-
sality between exposure to nitrate and cancer and consider relevant 
confounders like diet should be prioritized, as well as research in regions 
where nitrate contamination in drinking water may be high because of 
increasing use of nitrogen-fertilizers. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

We thank Ms. Jane Falconer for her advice on designing literature 
search. 

This study was funded by the UK Research and Innovation (Grant 
number NE/S009019/1). The funder did not play a role in the design 
and conduct of the study, collection, analysis, and interpretation of the 
data, preparation, review, or approval of the manuscript. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.envres.2022.112988. 

References 

Barrett, J.H., Parslow, R.C., McKinney, P.A., Law, G.R., Forman, D., 1998. Nitrate in 
drinking water and the incidence of gastric, esophageal, and brain cancer in 
Yorkshire, England. Cancer Causes Control 9, 153–159. 

Barry, K.H., Jones, R.R., Cantor, K.P., Beane Freeman, L.E., Wheeler, D.C., Baris, D., 
Johnson, A.T., Hosain, G.M., Schwenn, M., Zhang, H., Sinha, R., Koutros, S., 
Karagas, M.R., Silverman, D.T., Ward, M.H., 2020. Ingested nitrate and nitrite and 
bladder cancer in Northern New England. Epidemiology 31, 136–144. 

Beeckman, F., Motte, H., Beeckman, T., 2018. Nitrification in agricultural soils: impact, 
actors and mitigation. Curr. Opin. Biotechnol. 50, 166–173. 

Boeing, H., Schlehofer, B., Blettner, M., Wahrendorf, J., 1993. Dietary carcinogens and 
the risk for glioma and meningioma in Germany. Int. J. Cancer 53, 561–565. 

Brody, J.G., Aschengrau, A., McKelvey, W., Swartz, C.H., Kennedy, T., Rudel, R.A., 2006. 
Breast cancer risk and drinking water contaminated by wastewater: a case control 
study. Environ. Health 5, 28. 

Carlstrom, M., Moretti, C.H., Weitzberg, E., Lundberg, J.O., 2020. Microbiota, diet and 
the generation of reactive nitrogen compounds. Free Radic. Biol. Med. 161, 
321–325. 

CASP. CASP Appraisal Checklists [Online]. Available: https://casp-uk.net/casp-tools-ch 
ecklists/. 

Chang, C.C., Chen, C.C., Wu, D.C., Yang, C.Y., 2010a. Nitrates in drinking water and the 
risk of death from rectal cancer: does hardness in drinking water matter? J. Toxicol. 
Environ. Health 73, 1337–1347. 

Chang, C.C., Tsai, S.S., Wu, T.N., Yang, C.Y., 2010b. Nitrates in municipal drinking water 
and non-Hodgkin lymphoma: an ecological cancer case-control study in Taiwan. 
J. Toxicol. Environ. Health 73, 330–338. 

Chiu, H.F., Kuo, C.H., Tsai, S.S., Chen, C.C., Wu, D.C., Wu, T.N., Yang, C.Y., 2012. Effect 
modification by drinking water hardness of the association between nitrate levels 
and gastric cancer: evidence from an ecological study. J. Toxicol. Environ. Health 75, 
684–693. 

Chiu, H.F., Tsai, S.S., Chen, P.S., Wu, T.N., Yang, C.Y., 2011. Does calcium in drinking 
water modify the association between nitrate in drinking water and risk of death 
from colon cancer? J. Water Health 9, 498–506. 

Chiu, H.F., Tsai, S.S., Wu, T.N., Yang, C.Y., 2010. Colon cancer and content of nitrates 
and magnesium in drinking water. Magnes. Res. 23, 81–89. 

R. Picetti et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.envres.2022.112988
https://doi.org/10.1016/j.envres.2022.112988
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref1
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref1
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref1
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref2
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref2
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref2
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref2
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref3
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref3
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref4
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref4
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref5
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref5
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref5
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref6
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref6
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref6
https://casp-uk.net/casp-tools-checklists/
https://casp-uk.net/casp-tools-checklists/
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref8
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref8
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref8
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref9
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref9
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref9
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref10
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref10
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref10
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref10
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref11
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref11
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref11
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref12
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref12


Environmental Research 210 (2022) 112988

21

Chiu, H.F., Tsai, S.S., Yang, C.Y., 2007. Nitrate in drinking water and risk of death from 
bladder cancer: an ecological case-control study in Taiwan. J. Toxicol. Environ. 
Health 70, 1000–1004. 

Cocco, P., Broccia, G., Aru, G., Casula, P., Muntoni, S., Cantor, K.P., Ward, M.H., 2003. 
Nitrate in community water supplies and incidence of non-Hodgkin’s lymphoma in 
Sardinia, Italy. J. Epidemiol. Community Health 57, 510–511. 

Coss, A., Cantor, K.P., Reif, J.S., Lynch, C.F., Ward, M.H., 2004. Pancreatic cancer and 
drinking water and dietary sources of nitrate and nitrite. Am. J. Epidemiol. 159, 
693–701. 

Crowe, W., Elliott, C.T., Green, B.D., 2019. A review of the in vivo evidence investigating 
the role of nitrite exposure from processed meat consumption in the development of 
colorectal cancer. Nutrients 11. 

Davies, H.T., Crombie, I.K., Tavakoli, M., 1998. When can odds ratios mislead? BMJ 316, 
989–991. 

De Roos, A.J., Ward, M.H., Lynch, C.F., Cantor, K.P., 2003. Nitrate in public water 
supplies and the risk of colon and rectum cancers. Epidemiology 14, 640–649. 

Deeks, J.J., Higgins, J.P.T., Altman, D.G., 2019. Analysing data and undertaking meta- 
analyses. In: Higgins, J.P.T., Thomas, J., Chandler, J., Cumpston, M., Li, T., Page, M. 
J., Welch, V.A. (Eds.), In: Cochrane Handbook for Systematic Reviews of Interventions. 
John Wiley & Sons, Chichester (UK).  

Diana, M., Felipe-Sotelo, M., Bond, T., 2019. Disinfection byproducts potentially 
responsible for the association between chlorinated drinking water and bladder 
cancer: a review. Water Res. 162, 492–504. 

Dieter, C.A., Maupin, M.A., Caldwell, R.R., Harris, M.A., Ivahnenko, T.I., Lovelace, J.K., 
Barber, N.L., Linsey, K.S., 2018. Estimated Use of Water in the United States in 2015. 
Circular, Reston, VA.  

Downes, M.J., Brennan, M.L., Williams, H.C., Dean, R.S., 2016. Development of a critical 
appraisal tool to assess the quality of cross-sectional studies (AXIS). BMJ Open 6, 
e011458. 

EEA, 2018. European Waters. Assessment of Status and Pressures 2018. European 
Environment Agency. 

Espejo-Herrera, N., Cantor, K.P., Malats, N., Silverman, D.T., Tardon, A., Garcia- 
Closas, R., Serra, C., Kogevinas, M., Villanueva, C.M., 2015. Nitrate in drinking water 
and bladder cancer risk in Spain. Environ. Res. 137, 299–307. 

Espejo-Herrera, N., Gracia-Lavedan, E., Boldo, E., Aragones, N., Perez-Gomez, B., 
Pollan, M., Molina, A.J., Fernandez, T., Martin, V., La Vecchia, C., Bosetti, C., 
Tavani, A., Polesel, J., Serraino, D., Gomez Acebo, I., Altzibar, J.M., Ardanaz, E., 
Burgui, R., Pisa, F., Fernandez-Tardon, G., Tardon, A., Peiro, R., Navarro, C., 
Castano-Vinyals, G., Moreno, V., Righi, E., Aggazzotti, G., Basagana, X., 
Nieuwenhuijsen, M., Kogevinas, M., Villanueva, C.M., 2016a. Colorectal cancer risk 
and nitrate exposure through drinking water and diet. Int. J. Cancer 139, 334–346. 

Espejo-Herrera, N., Gracia-Lavedan, E., Pollan, M., Aragones, N., Boldo, E., Perez- 
Gomez, B., Altzibar, J.M., Amiano, P., Zabala, A.J., Ardanaz, E., Guevara, M., 
Molina, A.J., Barrio, J.P., Gomez-Acebo, I., Tardon, A., Peiro, R., Chirlaque, M.D., 
Palau, M., Munoz, M., Font-Ribera, L., Castano-Vinyals, G., Kogevinas, M., 
Villanueva, C.M., 2016b. Ingested nitrate and breast cancer in the Spanish multicase- 
control study on cancer (MCC-Spain). Environ. Health Perspect. 124, 1042–1049. 

Essien, E.E., Said Abasse, K., Cote, A., Mohamed, K.S., Baig, M., Habib, M., Naveed, M., 
Yu, X., Xie, W., Jinfang, S., Abbas, M., 2020. Drinking-water nitrate and cancer risk: 
a systematic review and meta-analysis. Arch. Environ. Occup. Health 1–17. 

Evans, J.R., Clarke, V.C., 2019. The nitrogen cost of photosynthesis. J. Exp. Bot. 70, 
7–15. 

Fan, A.M., 2019. Health, exposure and regulatory implications of nitrate and nitrite in 
drinking water. In: Encyclopedia of Environmental Health. Elsevier. 

FAO, 2015. World Fertilizer Trends and Outlook to 2018. FAO, Rome (Italy). http 
://www.fao.org/3/a-i4324e.pdf.  

Fathmawati, Fachiroh, J., Gravitiani, E., Sarto, Husodo, A.H., 2017. Nitrate in drinking 
water and risk of colorectal cancer in Yogyakarta, Indonesia. J. Toxicol. Environ. 
Health 80, 120–128. 

Freedman, D.M., Cantor, K.P., Ward, M.H., Helzlsouer, K.J., 2000. A case-control study 
of nitrate in drinking water and non-Hodgkin’s lymphoma in Minnesota. Arch. 
Environ. Health 55, 326–329. 

Gulis, G., Czompolyova, M., Cerhan, J.R., 2002. An ecologic study of nitrate in municipal 
drinking water and cancer incidence in Trnava District, Slovakia. Environ. Res. 88, 
182–187. 

Hansen, S.P., Messer, T.L., Mittelstet, A.R., 2019. Mitigating the risk of atrazine 
exposure: identifying hot spots and hot times in surface waters across Nebraska, 
USA. J. Environ. Manag. 250, 109424. 

Higgins, J.P., Thompson, S.G., 2002. Quantifying heterogeneity in a meta-analysis. Stat. 
Med. 21, 1539–1558. 

Ho, C.K., Yang, Y.H., Yang, C.Y., 2011. Nitrates in drinking water and the risk of death 
from brain cancer: does hardness in drinking water matter? J. Toxicol. Environ. 
Health 74, 747–756. 

Hosseini, F., Majdi, M., Naghshi, S., Sheikhhossein, F., Djafarian, K., Shab-Bidar, S., 
2020. Nitrate-nitrite exposure through drinking water and diet and risk of colorectal 
cancer: a systematic review and meta-analysis of observational studies. Clin. Nutr. 

IARC, 2010. Ingested nitrate and nitrite, and cyanobacterial peptide toxins. In: IARC 
Monographs on the Evaluation of Carcinogenic Risks to Humans. International 
Agency for Research on Cancer, Lyon, France. https://publications.iarc.fr/112.  

IARC, 2015. Red meat and processed meat. In: IARC Monographs on the Evaluation of 
Carcinogenic Risks to Humans Lyon. International Agency for Research on Cancer, 
France. https://publications.iarc.fr/564.  

Infante-Rivard, C., Olson, E., Jacques, L., Ayotte, P., 2001. Drinking water contaminants 
and childhood leukemia. Epidemiology 12, 13–19. 

Inoue-Choi, M., Jones, R.R., Anderson, K.E., Cantor, K.P., Cerhan, J.R., Krasner, S., 
Robien, K., Weyer, P.J., Ward, M.H., 2015. Nitrate and nitrite ingestion and risk of 
ovarian cancer among postmenopausal women in Iowa. Int. J. Cancer 137, 173–182. 

[Online] Interconverting Nitrate as Nitrate (Nitrate-NO3) and Nitrate as Nitrogen 
(Nitrate-N), 2011. https://www.waterboards.ca.gov/drinking_water/certlic/drinki 
ngwater/documents/drinkingwaterlabs/InterconvertingNitrate-NandNitrate-NO3. 
pdf. 

Ioannidis, J.P., Trikalinos, T.A., 2007. The appropriateness of asymmetry tests for 
publication bias in meta-analyses: a large survey. CMAJ (Can. Med. Assoc. J.) 176, 
1091–1096. 

Jones, R.R., DellaValle, C.T., Weyer, P.J., Robien, K., Cantor, K.P., Krasner, S., Beane 
Freeman, L.E., Ward, M.H., 2019. Ingested nitrate, disinfection by-products, and risk 
of colon and rectal cancers in the Iowa Women’s Health Study cohort. Environ. Int. 
126, 242–251. 

Jones, R.R., Weyer, P.J., DellaValle, C.T., Inoue-Choi, M., Anderson, K.E., Cantor, K.P., 
Krasner, S., Robien, K., Freeman, L.E., Silverman, D.T., Ward, M.H., 2016. Nitrate 
from drinking water and diet and bladder cancer among postmenopausal women in 
Iowa. Environ. Health Perspect. 124, 1751–1758. 

Jones, R.R., Weyer, P.J., DellaValle, C.T., Robien, K., Cantor, K.P., Krasner, S., Beane 
Freeman, L.E., Ward, M.H., 2017. Ingested nitrate, disinfection by-products, and 
kidney cancer risk in older women. Epidemiology 28, 703–711. 

Key, T.J., Bradbury, K.E., Perez-Cornago, A., Sinha, R., Tsilidis, K.K., Tsugane, S., 2020. 
Diet, nutrition, and cancer risk: what do we know and what is the way forward? BMJ 
368, m511. 

Kobayashi, J., 2018. Effect of diet and gut environment on the gastrointestinal formation 
of N-nitroso compounds: a review. Nitric Oxide 73, 66–73. 

Kuo, H.W., Wu, T.N., Yang, C.Y., 2007. Nitrates in drinking water and risk of death from 
rectal cancer in Taiwan. J. Toxicol. Environ. Health 70, 1717–1722. 

Law, G., Parslow, R., McKinney, P., Cartwright, R., 1999. Non-Hodgkin’s lymphoma and 
nitrate in drinking water: a study in Yorkshire, United Kingdom. J. Epidemiol. 
Community Health 53, 383–384. 

Leclerc, H., Vincent, P., Vandevenne, P., 1991. [Nitrates in drinking water and cancer]. 
Bull. Acad. Natl. Med. 175, 651–666 discussion 666-71.  

Liao, Y.H., Chen, P.S., Chiu, H.F., Yang, C.Y., 2013. Magnesium in drinking water 
modifies the association between nitrate ingestion and risk of death from esophageal 
cancer. J. Toxicol. Environ. Health 76, 192–200. 

Lundberg, J.O., Carlstrom, M., Weitzberg, E., 2018. Metabolic effects of dietary nitrate in 
health and disease. Cell Metabol. 28, 9–22. 

Marchevsky, D., 2000. Critical appraisal of different study designs. In: [Marchevsky, D. 
(Ed.), Critical Appraisal of Medical Literature. Springer US, Boston, MA.  

Mateo-Sagasta, J., Marjani Zadeh, S., Turral, H., 2018. More people, more food, worse 
water?. In: A Global Review of Water Pollution from Agriculture. FAO, Rome (Italy).  

McElroy, J.A., Trentham-Dietz, A., Gangnon, R.E., Hampton, J.M., Bersch, A.J., 
Kanarek, M.S., Newcomb, P.A., 2008. Nitrogen-nitrate exposure from drinking water 
and colorectal cancer risk for rural women in Wisconsin, USA. J. Water Health 6, 
399–409. 

McKenzie, M.R., Templeman, M.A., Kingsford, M.J., 2020. Detecting effects of herbicide 
runoff: the use of Cassiopea maremetens as a biomonitor to hexazinone. Aquat. 
Toxicol. 221, 105442. 

Morales-Suarez-Varela, M.M., Llopis-Gonzalez, A., Tejerizo-Perez, M.L., 1995. Impact of 
nitrates in drinking water on cancer mortality in Valencia, Spain. Eur. J. Epidemiol. 
11, 15–21. 

Mueller, B.A., Newton, K., Holly, E.A., Preston-Martin, S., 2001. Residential water source 
and the risk of childhood brain tumors. Environ. Health Perspect. 109, 551–556. 

Mueller, B.A., Searles Nielsen, S., Preston-Martin, S., Holly, E.A., Cordier, S., Filippini, G., 
Peris-Bonet, R., Choi, N.W., 2004. Household water source and the risk of childhood 
brain tumours: results of the SEARCH International Brain Tumor Study. Int. J. 
Epidemiol. 33, 1209–1216. 

Orsini, N., Bellocco, R., Greenland, S., 2006. Generalized least squares for trend 
estimation of summarized dose–response data. STATA J. 6, 40–57. 

Ouedraogo, I., Defourny, P., Vanclooster, M., 2016. Mapping the groundwater 
vulnerability for pollution at the pan African scale. Sci. Total Environ. 544, 939–953. 

Page, M.J., McKenzie, J.E., Bossuyt, P.M., Boutron, I., Hoffmann, T.C., Mulrow, C.D., 
Shamseer, L., Tetzlaff, J.M., Akl, E.A., Brennan, S.E., Chou, R., Glanville, J., 
Grimshaw, J.M., Hrobjartsson, A., Lalu, M.M., Li, T., Loder, E.W., Mayo-Wilson, E., 
McDonald, S., McGuinness, L.A., Stewart, L.A., Thomas, J., Tricco, A.C., Welch, V.A., 
Whiting, P., Moher, D., 2021. The PRISMA 2020 statement: an updated guideline for 
reporting systematic reviews. BMJ 372, n71. 

Powlson, D.S., Addisott, T.M., Benjamin, N., Cassman, K.G., de Kok, T.M., van 
Grinsven, H., L’Hirondel, J.L., Avery, A.A., van Kessel, C., 2008. When does nitrate 
become a risk for humans? J. Environ. Qual. 37, 291–295. 

Prakasa Rao, E.V.S., Puttanna, K., Sooryanarayana, K.R., Biswas, A.K., Arunkumar, J.S., 
2017. Assessment of nitrate threat to water quality in India. In: Abrol, Y.P., Adhya, T. 
K., Aneja, V.P., Raghuram, N., Pathak, H., Kulshrestha, U., Sharma, C., Singh, B. 
(Eds.), The Indian Nitrogen Assessment. Elsevier. 

Quist, A.J.L., Inoue-Choi, M., Weyer, P.J., Anderson, K.E., Cantor, K.P., Krasner, S., 
Freeman, L.E.B., Ward, M.H., Jones, R.R., 2018. Ingested nitrate and nitrite, 
disinfection by-products, and pancreatic cancer risk in postmenopausal women. Int. 
J. Cancer 142, 251–261. 

Rademacher, J.J., Young, T.B., Kanarek, M.S., 1992. Gastric cancer mortality and nitrate 
levels in Wisconsin drinking water. Arch. Environ. Health 47, 292–294. 

Rhoades, M.G., Meza, J.L., Beseler, C.L., Shea, P.J., Kahle, A., Vose, J.M., Eskridge, K.M., 
Spalding, R.F., 2013. Atrazine and nitrate in public drinking water supplies and non- 
hodgkin lymphoma in Nebraska, USA. Environ. Health Insights 7, 15–27. 

Ryberg, K.R., Gilliom, R.J., 2015. Trends in pesticide concentrations and use for major 
rivers of the United States. Sci. Total Environ. 538, 431–444. 

R. Picetti et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0013-9351(22)00315-2/sref13
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref13
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref13
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref14
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref14
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref14
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref15
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref15
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref15
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref16
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref16
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref16
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref17
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref17
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref18
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref18
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref19
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref19
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref19
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref19
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref20
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref20
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref20
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref21
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref21
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref21
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref22
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref22
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref22
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref23
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref23
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref24
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref24
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref24
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref25
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref25
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref25
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref25
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref25
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref25
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref25
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref26
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref26
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref26
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref26
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref26
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref26
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref27
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref27
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref27
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref28
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref28
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref29
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref29
http://www.fao.org/3/a-i4324e.pdf
http://www.fao.org/3/a-i4324e.pdf
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref31
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref31
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref31
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref32
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref32
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref32
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref33
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref33
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref33
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref34
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref34
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref34
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref35
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref35
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref36
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref36
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref36
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref37
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref37
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref37
https://publications.iarc.fr/112
https://publications.iarc.fr/564
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref40
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref40
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref41
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref41
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref41
https://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/documents/drinkingwaterlabs/InterconvertingNitrate-NandNitrate-NO3.pdf
https://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/documents/drinkingwaterlabs/InterconvertingNitrate-NandNitrate-NO3.pdf
https://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/documents/drinkingwaterlabs/InterconvertingNitrate-NandNitrate-NO3.pdf
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref43
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref43
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref43
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref44
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref44
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref44
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref44
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref45
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref45
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref45
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref45
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref46
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref46
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref46
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref47
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref47
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref47
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref48
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref48
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref49
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref49
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref50
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref50
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref50
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref51
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref51
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref52
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref52
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref52
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref53
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref53
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref54
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref54
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref55
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref55
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref56
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref56
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref56
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref56
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref57
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref57
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref57
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref58
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref58
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref58
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref59
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref59
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref60
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref60
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref60
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref60
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref61
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref61
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref62
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref62
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref63
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref63
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref63
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref63
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref63
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref63
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref64
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref64
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref64
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref65
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref65
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref65
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref65
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref66
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref66
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref66
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref66
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref67
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref67
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref68
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref68
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref68
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref69
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref69


Environmental Research 210 (2022) 112988

22

Sandor, J., Kiss, I., Farkas, O., Ember, I., 2001. Association between gastric cancer 
mortality and nitrate content of drinking water: ecological study on small area 
inequalities. Eur. J. Epidemiol. 17, 443–447. 

Schullehner, J., Hansen, B., Thygesen, M., Pedersen, C.B., Sigsgaard, T., 2018. Nitrate in 
drinking water and colorectal cancer risk: a nationwide population-based cohort 
study. Int. J. Cancer 143, 73–79. 

Sengupta, P., 2013. Potential health impacts of hard water. Int. J. Prev. Med. 4, 866–875. 
Shukla, S., Saxena, A., 2020. Sources and leaching of nitrate contamination in 

groundwater. Curr. Sci. 118, 883–891. 
Stare, J., Maucort-Boulch, D., 2016. Odds ratio, hazard ratio and relative risk. 

Metodoloski zvezki 13, 59–67. 
Steindorf, K., Schlehofer, B., Becher, H., Hornig, G., Wahrendorf, J., 1994. Nitrate in 

drinking water. A case-control study on primary brain tumours with an embedded 
drinking water survey in Germany. Int. J. Epidemiol. 23, 451–457. 

STROBE. STROBE Statement [Online]. Available: https://strobe-statement.org/index.ph 
p?id=available-checklists. 

Sung, H., Ferlay, J., Siegel, R.L., Laversanne, M., Soerjomataram, I., Jemal, A., Bray, F., 
2021. Global cancer statistics 2020: GLOBOCAN estimates of incidence and 
mortality worldwide for 36 cancers in 185 countries. CA A Cancer J. Clin. 

Sutton, M.A., Bleeker, A., Howard, C.M., M, B., Grizzetti, B., de Vries, W., van 
Grinsven, H.J.M., Abrol, Y.P., Adhya, T.K., Billen, G., Davidson, E.A., Datta, A., 
Diaz, R., Erisman, J.W., Liu, X.J., Oenema, O., Palm, C., Raghuram, N., Reis, S., 
Scholz, R.W., Sims, T., Westhoek, H., Zhang, F.S., 2013. Our Nutrient World: the 
challenge to produce more food and energy with less pollution. In: Global Overview 
of Nutrient Management. Centre for Ecology and Hydrology on behalf of the Global 
Partnership on Nutrient Management and the International Nitrogen Initiative, 
Edinburgh.  

Taneja, P., Labhasetwar, P., Nagarnaik, P., Ensink, J.H.J., 2017. The risk of cancer as a 
result of elevated levels of nitrate in drinking water and vegetables in Central India. 
J. Water Health 15, 602–614. 

Thorpe, N., Shirmohammadi, A., 2005. Herbicides and nitrates in groundwater of 
Maryland and childhood cancers: a geographic information systems approach. 
J. Environ. Sci. Health C Environ. Carcinog. Ecotoxicol. Rev. 23, 261–278. 

Tirado, R., 2007. Nitrates in Drinking Water in the Philippines and Thailand. htt 
ps://www.greenpeace.to/publications/Nitrates_Philippines_Thailand.pdf. 

Townsend, A.R., Howarth, R.W., Bazzaz, F.A., Booth, M.S., Cleveland, C.C., Collinge, S. 
K., Dobson, A.P., Epstein, P.R., Holland, E.A., Keeney, D.R., Mallin, M.A., Rogers, C. 
A., Wayne, P., Wolfe, A.H., 2003. Human health effects of a changing global nitrogen 
cycle. Front. Ecol. Environ. 1, 240–246. 

Valentine, J.C., Pigott, T.D., Rothstein, H.R., 2010. How many studies do you need?:A 
primer on statistical power for meta-analysis. J. Educ. Behav. Stat. 35, 215–247. 

Van Leeuwen, J.A., Waltner-Toews, D., Abernathy, T., Smit, B., Shoukri, M., 1999. 
Associations between stomach cancer incidence and drinking water contamination 
with atrazine and nitrate in Ontario (Canada) agroecosystems, 1987-1991. Int. J. 
Epidemiol. 28, 836–840. 

van Loon, A.J., Botterweck, A.A., Goldbohm, R.A., Brants, H.A., van den Brandt, P.A., 
1997. Nitrate intake and gastric cancer risk: results from The Netherlands cohort 
study. Cancer Lett. 114, 259–261. 

van Loon, A.J., Botterweck, A.A., Goldbohm, R.A., Brants, H.A., van Klaveren, J.D., van 
den Brandt, P.A., 1998. Intake of nitrate and nitrite and the risk of gastric cancer: a 
prospective cohort study. Br. J. Cancer 78, 129–135. 

Volkmer, B.G., Ernst, B., Simon, J., Kuefer, R., Bartsch Jr., G., Bach, D., Gschwend, J.E., 
2005. Influence of nitrate levels in drinking water on urological malignancies: a 
community-based cohort study. BJU Int. 95, 972–976. 

Wang, W., Fan, Y., Xiong, G., Wu, J., 2012. Nitrate in drinking water and bladder cancer: 
a meta-analysis. J. Huazhong Univ. Sci. Technol. Med. Sci. 32, 912–918. 

Ward, M.H., Cantor, K.P., Riley, D., Merkle, S., Lynch, C.F., 2003. Nitrate in public water 
supplies and risk of bladder cancer. Epidemiology 14, 183–190. 

Ward, M.H., Cerhan, J.R., Colt, J.S., Hartge, P., 2006. Risk of non-Hodgkin lymphoma 
and nitrate and nitrite from drinking water and diet. Epidemiology 17, 375–382. 

Ward, M.H., deKok, T.M., Levallois, P., Brender, J., Gulis, G., Nolan, B.T., VanDerslice, J., 
International Society for Environmental, E., 2005a. Workgroup report: drinking- 
water nitrate and health–recent findings and research needs. Environ. Health 
Perspect. 113, 1607–1614. 

Ward, M.H., Heineman, E.F., Markin, R.S., Weisenburger, D.D., 2008. Adenocarcinoma 
of the stomach and esophagus and drinking water and dietary sources of nitrate and 
nitrite. Int. J. Occup. Environ. Health 14, 193–197. 

Ward, M.H., Heineman, E.F., McComb, R.D., Weisenburger, D.D., 2005b. Drinking water 
and dietary sources of nitrate and nitrite and risk of glioma. J. Occup. Environ. Med. 
47, 1260–1267. 

Ward, M.H., Jones, R.R., Brender, J.D., Kok, T.M.d., Weyer, P.J., Nolan, B.T., 
Villanueva, C.M., Breda, S.G.v., 2018. Drinking water nitrate and human health: an 
updated review. Int. J. Environ. Res. Publ. Health 15, 1557. 

Ward, M.H., Kilfoy, B.A., Weyer, P.J., Anderson, K.E., Folsom, A.R., Cerhan, J.R., 2010. 
Nitrate intake and the risk of thyroid cancer and thyroid disease. Epidemiology 21, 
389–395. 

Ward, M.H., Mark, S.D., Cantor, K.P., Weisenburger, D.D., Correa-Villasenor, A., 
Zahm, S.H., 1996. Drinking water nitrate and the risk of non-Hodgkin’s lymphoma. 
Epidemiology 7, 465–471. 

Ward, M.H., Rusiecki, J.A., Lynch, C.F., Cantor, K.P., 2007. Nitrate in public water 
supplies and the risk of renal cell carcinoma. Cancer Causes Control 18, 1141–1151. 

Weng, H.H., Tsai, S.S., Wu, T.N., Sung, F.C., Yang, C.Y., 2011. Nitrates in drinking water 
and the risk of death from childhood brain tumors in Taiwan. J. Toxicol. Environ. 
Health 74, 769–778. 

Weyer, P.J., Cerhan, J.R., Kross, B.C., Hallberg, G.R., Kantamneni, J., Breuer, G., 
Jones, M.P., Zheng, W., Lynch, C.F., 2001. Municipal drinking water nitrate level 
and cancer risk in older women: the Iowa Women’s Health Study. Epidemiology 12, 
327–338. 

WHO, 2016. Nitrate and Nitrite in Drinking-Water [Online]. https://www.who.int/water 
_sanitation_health/dwq/chemicals/nitrate-nitrite-background-jan17.pdf. 

World Cancer Research Fund & American Institute for Cancer Research, 2007. Sistematic 
literature review. Specification manual - version 15. In: Food, Nutrition, Physical 
Activity and the Prevention of Cancer: A Global Perspective (Washington DC).  

Yang, C.Y., Cheng, M.F., Tsai, S.S., Hsieh, Y.L., 1998. Calcium, magnesium, and nitrate in 
drinking water and gastric cancer mortality. Jpn. J. Cancer Res. 89, 124–130. 

Yang, C.Y., Chiu, H.F., Chiu, J.F., Cheng, M.F., Kao, W.Y., 1997. Gastric cancer mortality 
and drinking water qualities in Taiwan. Arch. Environ. Contam. Toxicol. 33, 
336–340. 

Yang, C.Y., Tsai, S.S., Chiu, H.F., 2009. Nitrate in drinking water and risk of death from 
pancreatic cancer in Taiwan. J. Toxicol. Environ. Health 72, 397–401. 

Yang, C.Y., Wu, D.C., Chang, C.C., 2007. Nitrate in drinking water and risk of death from 
colon cancer in Taiwan. Environ. Int. 33, 649–653. 

Yu, M.X., Li, C.Y., Hu, C., Jin, J.R., Qian, S.X., Jin, J., 2020. The relationship between 
consumption of nitrite or nitrate and risk of non-Hodgkin lymphoma. Sci. Rep. 10. 

Zeegers, M.P., Selen, R.F., Kleinjans, J.C., Goldbohm, R.A., van den Brandt, P.A., 2006. 
Nitrate intake does not influence bladder cancer risk: The Netherlands cohort study. 
Environ. Health Perspect. 114, 1527–1531. 

Zhang, N., Yu, C., Wen, D., Chen, J., Ling, Y., Terajima, K., Akazawa, K., Shan, B., 
Wang, S., 2012. Association of nitrogen compounds in drinking water with incidence 
of esophageal squamous cell carcinoma in Shexian, China. Tohoku J. Exp. Med. 226, 
11–17. 

Zumel-Marne, A., Castano-Vinyals, G., Kundi, M., Alguacil, J., Cardis, E., 2019. 
Environmental factors and the risk of brain tumours in young people: a systematic 
review. Neuroepidemiology 53, 121–141. 

R. Picetti et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0013-9351(22)00315-2/sref70
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref70
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref70
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref71
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref71
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref71
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref72
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref73
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref73
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref74
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref74
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref75
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref75
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref75
https://strobe-statement.org/index.php?id=available-checklists
https://strobe-statement.org/index.php?id=available-checklists
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref77
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref77
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref77
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref78
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref78
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref78
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref78
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref78
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref78
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref78
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref78
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref79
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref79
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref79
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref80
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref80
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref80
https://www.greenpeace.to/publications/Nitrates_Philippines_Thailand.pdf
https://www.greenpeace.to/publications/Nitrates_Philippines_Thailand.pdf
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref82
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref82
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref82
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref82
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref83
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref83
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref84
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref84
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref84
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref84
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref85
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref85
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref85
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref86
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref86
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref86
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref87
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref87
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref87
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref88
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref88
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref89
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref89
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref90
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref90
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref91
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref91
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref91
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref91
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref92
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref92
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref92
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref93
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref93
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref93
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref94
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref94
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref94
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref95
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref95
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref95
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref96
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref96
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref96
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref97
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref97
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref98
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref98
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref98
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref99
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref99
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref99
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref99
https://www.who.int/water_sanitation_health/dwq/chemicals/nitrate-nitrite-background-jan17.pdf
https://www.who.int/water_sanitation_health/dwq/chemicals/nitrate-nitrite-background-jan17.pdf
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref101
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref101
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref101
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref102
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref102
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref103
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref103
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref103
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref104
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref104
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref105
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref105
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref106
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref106
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref107
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref107
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref107
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref108
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref108
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref108
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref108
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref109
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref109
http://refhub.elsevier.com/S0013-9351(22)00315-2/sref109

	Nitrate and nitrite contamination in drinking water and cancer risk: A systematic review with meta-analysis
	1 Introduction
	2 Methods
	2.1 Search strategy
	2.2 Selection criteria and data extraction
	2.3 Quality assessment
	2.4 Confounding variables
	2.5 Data synthesis

	3 Results
	3.1 Literature search
	3.2 Study characteristics
	3.3 Nitrate and cancer to digestive/gastrointestinal organs
	3.3.1 Stomach
	3.3.2 Esophagus
	3.3.3 Colorectal cancer
	3.3.4 Pancreas

	3.4 Nitrate and cancer to the genitourinary organs
	3.4.1 Bladder
	3.4.2 Kidney
	3.4.3 Reproductive organs

	3.5 Nitrate and neurologic cancer
	3.6 Nitrate and breast cancer
	3.7 Nitrate and hematologic cancers
	3.7.1 Non-Hodgkin lymphoma
	3.7.2 Leukemia

	3.8 Nitrate and other types of cancer
	3.9 Nitrite and cancer
	3.10 Confounding variables

	4 Discussion
	4.1 Summary of findings
	4.2 Research in context
	4.3 Strength and limitations
	4.4 Further research needs and policy relevance

	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


