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A B S T R A C T   

Background: There is limited evidence that nitrate, a common contaminant in drinking water, increases the risk of 
childhood cancers. Our objective was to examine this association in Denmark. 
Methods: We conducted a nationwide case-control study based on all singletons liveborn to Danish-born parents 
from 1991 to 2015 (N = 1,219,140) that included 596 leukemias, 180 lymphomas, and 310 central nervous 
system cancers (CNC) who were ≤15 years of age at diagnosis and were identified from the Danish Cancer 
Registry. Approximately 100 controls were randomly selected and matched to each case on date of birth and sex. 
Nitrate measurements in public water systems were linked with an address registry to estimate individual 
average nitrate concentrations during preconception, prenatal, and postnatal periods. Odd ratios (OR) and 95% 
confidence intervals (95%CI) were estimated using conditional logistic regression controlling for the matching 
variables, and birth order, birthweight, urbanicity, maternal education, employment, income and smoking, and 
parental age. 
Results: There was no evidence of an association of nitrate with leukemia or lymphoma. An association between 
CNC and the highest category of nitrate exposure (>25 mg/L nitrate) was observed for preconception (OR =
1.82, 95%CI:1.09 to 3.04), prenatal (OR = 1.65, 95%CI:0.97 to 2.81), and postnatal exposure (OR = 1.48, 95% 
CI:0.82 to 2.68) in fully adjusted models. There was also some evidence of an exposure–response in models of 
continuous nitrate exposure and CNC. 
Conclusions: Our findings provide some evidence that exposure to nitrate from drinking water may increase the 
risk of childhood CNC cancer, but not leukemia or lymphoma.   

1. Introduction 

Nitrate (NO3
–) is a common contaminant in drinking water world-

wide. Nitrate contamination results primarily from the use of nitrogen 
fertilizers and manure from large-scale animal operations (Shukla et al., 
2019; Spalding and Exner, 1993). In 2012, approximately 2.5% of the 
Danish population that received drinking water from public supplies and 
37% of the population that received water from private wells had 

elevated concentrations of nitrate (>25 mg/L) (Schullehner and Hansen, 
2014). 

Leukemia is the most common childhood cancer (Buffler et al., 
2005), and brain cancers are the leading cause of childhood cancer 
mortality (Baldwin and Preston-Martin, 2004). Aside from radiation 
(Ron et al., 1988; Little et al., 2018) and perhaps pesticides (Turner 
et al., 2010) and ambient air pollution (Filippini et al., 2019), there are 
no well recognized environmental risk factors for childhood cancer and 
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genetic factors are believed to only account for a small proportion 
(Spector et al., 2015). 

Three previous studies of childhood brain cancer (Mueller et al., 
2001; Mueller, 2004; Weng et al., 2011) and two studies of leukemia 
(Infante-Rivard et al., 2001; Thorpe and Shirmohammadi, 2005) have 
examined the risk associated with nitrate in drinking water with mixed 
results. A common limitation of prior studies was their uncertain as-
sessments of nitrate in drinking water. Our objective was to fill this data 
gap by conducting a study based on over 1.2 million singleton births, 
utilizing individual level estimates of nitrate in drinking water and 
childhood cancer in Denmark. 

2. Methods 

We performed a nationwide nested case-control study based on the 
population delineated using the Danish Civil Registration System linked 
on an individual level with the Danish Medical Birth Registry (Knudsen 
and Olsen, 1998) of all live born singletons born in Denmark from 1991 
to 2015 by Danish born parents (N = 1,219,140 children). The parental 
place of birth was obtained from the Danish Civil Registration System 
(Pedersen, 2011). 

The children were linked with the Danish National Cancer Registry 
(Storm et al., 1997) using the unique identification number assigned to 
every Danish resident (Petersson et al., 2011). We identified all incident 
cases of childhood cancer from birth through 15 years of age. A total of 
682 leukemia, 211 lymphoma, and 358 central nervous system cancer 
(CNC) cases were identified. One hundred controls per case were 
randomly selected, without replacement, from all births using incidence 
density sampling (Lubin and Gail, 1984). Controls were matched to 
cases on sex and date of birth (±5 days). The main analyses were further 
restricted to individuals receiving water solely from public water sys-
tems and who did not have missing nitrate exposure estimates. This 
resulted in a final study size of 596 cases and 52,308 controls for leu-
kemia, 180 cases and 15,329 controls for lymphoma, and 310 cases and 
26,897 controls for CNC. 

Analyses were conducted for the major categories of leukemia, 
lymphoma, and CNC as defined by the International Classification of 
Childhood Cancer (ICCC) (Steliarova-Foucher et al., 2005). We also 
performed an analysis of common subtypes of leukemia and CNC. 

2.1. Exposure assessment 

The methodology for the estimation of household levels of nitrate in 
drinking water has been thoroughly described in previous publications 
(Schullehner and Hansen, 2014; Schullehner et al., 2017). In brief, we 
developed a spatial model linking drinking water quality measurements 
from the national monitoring database, Jupiter, at the waterworks-level 
(Hansen and Pjetursson, 2011) with the locations of all Danish house-
hold addresses. We have refined our spatial model by taking into further 
account historical changes in the water supply areas. 

In total, we calculated annual average nitrate ion concentrations 
from 130,944 drinking water samples in 3,907 public waterworks taken 
between 1991 and 2015. Yearly averages are adequate since no seasonal 
variation of nitrate concentrations in Danish public supplies has been 
observed and levels seldom change over a year (Schullehner et al., 
2017). Over the period of this study, average nitrate levels in public 
supplies have been gradually declining (Schullehner and Hansen, 2014). 
Approximately 11% of water supply areas had a nitrate sample from 
more than one waterworks in a given year. In these cases, we computed 
average concentrations, weighted by the annual drinking water pro-
duction volume of each waterworks. 

We imputed annual nitrate concentrations for years with missing 

information (19% of all water supply area/year dyads) using linear 
interpolation between two sampled years or the closest observation for 
the tails. We only imputed data when a sample was taken within three 
years, otherwise no information was assigned to the water supply area/ 
year. 

Longitudinal residential address histories for each mother and child 
pair were obtained from the Danish Civil Registration System (Pedersen, 
2011). Addresses were linked to the calendar-year specific average 
exposure estimates for their water system. We computed time-weighted 
average exposure for each child during pregnancy, for pregnancy tri-
mesters, and for 90 days prior to conception. Time weighted average 
postnatal exposures were estimated at the age of diagnosis for the case 
and at the same age for their matched controls during childhood (age 
0 to 15), age 0 to <5, age 5 to <10, and age 10 to 15. 

We excluded users of private wells at any time in the main analysis of 
this study because drinking water quality monitoring of private wells is 
much less complete (about 50% of wells) and private wells have 
generally poorer water quality than public supplies (Schullehner and 
Hansen, 2014). We also examined whether well use at any time was 
associated with childhood cancer. 

2.2. Covariates 

Information on birthweight (continuous), birth order (1st, 2nd, 
≥3rd), maternal and paternal age (years), maternal smoking during 
pregnancy (yes/no), and pre-pregnancy maternal weight (kilograms) 
and height (meters) were obtained from the Danish Medical Birth Reg-
istry (Thorpe and Shirmohammadi, 2005) and used to calculate the body 
mass index (BMI). Information on parental employment (employed, 
unemployed, not in the workforce), parental education (primary, high 
school or higher) and parental income (Danish kroner), which was 
normalized for inflation to 2013 using the Consumer Price Index (The 
World Bank, 2021), was obtained from the Integrated Database for 
Longitudinal Labour Market Research (Petersson et al., 2011). Income, 
education, and employment were delineated two years prior to birth. An 
index of urbanicity was created based on the maternal address at the 
time of birth (i.e., rural areas are municipalities having towns with less 
than 10,000 inhabitants, provincial towns are municipalities having 
towns with 10,000 to 100,000 inhabitants, provincial cities are munic-
ipalities that have towns with more than 100,000 inhabitants, the sub-
urbs of Copenhagen and Copenhagen). 

2.3. Statistical analysis 

Conditional logistic regression was used to examine the association 
between nitrate and childhood cancers. Results from the primary ana-
lyses are presented for a base model, which controlled for the matching 
variables (sex and date of birth) by design, and for fully adjusted models 
that also controlled for birth order, birthweight, urbanicity, parental 
age, maternal smoking, education, employment, and income. Maternal 
and paternal age were modeled using restricted cubic splines with four 
knots at the quantile breaks. All other covariates were categorized (see 
Table 1) and included in the models as indicator variables. The cova-
riates for inclusion in the fully adjusted models were chosen a priori. 

Nitrate concentrations were modeled as both categorical and 
continuous variables. Six categories of exposure were defined a priori 
based on the distribution of exposure in the population and their use-
fulness for assessing current standards. The highest category >25 mg/L 
is half of the current EU standard. Using a likelihood ratio test, a test of 
linearity for continuous nitrate exposure was performed by comparing 
the restricted cubic spline model with the linear model. 

Statistical interactions between nitrate in drinking water and all 
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Table 1 
Distribution of mean nitrate (NO3

–) exposure (mg/L) and study covariates stratified by case and control status and cancer site.   

Leukemia Lymphoma CNC  

Variable 
Cases 
n (%) 

Controls 
n (%) 

Cases 
n (%) 

Controls 
n (%) 

Cases 
n (%) 

Controls 
n (%) 

Preconception NO3
– (mg/L)     

≤1 159 (27) 13,136 (25) 47 (26) 3953 (26) 72 (23) 6819 (25) 
>1 to ≤2 169 (28) 14,235 (27) 48 (27) 4021 (26) 83 (27) 7073 (26) 
>2 to ≤5 177 (30) 16,244 (31) 48 (27) 4805 (31) 102 (33) 8313 (31) 
>5 to ≤10 41 (7) 3766 (7) 19 (11) 1080 (7) 18 (6) 2055 (8) 
>10 to ≤25 31 (5) 3012 (6) 12 (7) 899 (6) 15 (5) 1623 (6) 
>25 19 (3) 1915 (4) 6 (3) 571 (4) 20 (7) 1014 (4)  

Prenatal NO3
– (mg/L)      

≤1 172 (29) 13,069 (25) 43 (24) 3897 (25) 71 (23) 6695 (25) 
>1 to ≤2 159 (27) 14,073 (27) 47 (26) 4046 (26) 91 (29) 7082 (26) 
>2 to ≤5 176 (30) 16453(32) 52 (29) 4811 (31) 89 (29) 8363 (31) 
>5 to ≤10 44 (7) 3881 (7) 18 (10) 1144 (8) 23 (7) 2106 (8) 
>10 to ≤25 27 (5) 2979 (6) 14 (8) 888 (6) 18 (6) 1649 (6) 
>25 18 (3) 1853 (4) 6 (3) 543 (4) 18 (6) 1002 (4)  

Postnatal NO3
– (mg/L)     

≤1 156 (26) 12,970 (25) 46 (26) 3682 (24) 71 (23) 6492 (24) 
>1 to ≤2 175 (29) 14,077 (27) 41 (23) 4189 (27) 87 (28) 7132 (27) 
>2 to ≤5 177 (30) 16,928 (32) 56 (31) 5031 (33) 99 (32) 8795 (33) 
>5 to ≤10 46 (8) 3881 (7) 23 (13) 1174 (8) 22 (7) 2139 (8) 
>10 to ≤25 20 (3) 2833 (5) 14 (8) 834 (5) 17 (6) 1491 (6) 
>25 22 (4) 1619 (3) <5a 419 (3) 14 (5) 848 (3)  

Sex       
Male 312 (52) 27,211 (52) 127 (71) 10,882 (71) 154 (50) 13,384 (50) 
Female 284 (48) 25,097 (48) 53 (29) 4447 (29) 156 (50) 13,513 (50)  

Birth order       
1st 277 (47) 23,057 (44) 86 (48) 6819 (45) 142 (46) 11,846 (44) 
2nd 220 (37) 20,174 (39) 70 (39) 5916 (39) 110 (36) 10,446 (39) 
≥3rd 99 (17) 9077 (17) 24 (13) 2594 (17) 58 (19) 4605 (17)  

Birth weight (kg)      
<2.5 14 (2) 1780 (3) 7 (2) 918 (3) 5 (3) 525 (3) 
≥2.5 to <3.0 60 (10) 5211 (10) 26 (8) 2728 (10) 16 (9) 1433 (9) 
≥3.0 to <3.5 188 (32) 16,197 (31) 99 (32) 8373 (21) 40 (22) 4564 (30) 
≥3.5 to <4.0 208 (35) 18,482 (35) 106 (34) 9380 (35) 68 (38) 5489 (35) 
≥4.0 to <4.5 96 (16) 8410 (16) 62 (20) 4393 (16) 44 (24) 2666 (17) 
>4.5 30 (5) 2059 (4) 10 (3) 1002 (4) 7 (4) 602 (4) 
Missing <5a 169 (0) 0 (0) 103 (0) 0 (0) 50 (0)  

Smokingb       

Yes 120 (20) 11,171 (21) 40 (22) 3286 (21) 76 (25) 6304 (23) 
No 450 (76) 39,108 (75) 140 (78) 11,425 (75) 219 (71) 19,379 (72) 
Missing 26 (4) 2029 (0) <5a 618 (4) 15 (6) 1214 (0)  

Urbanicityc       

Rural areas 87 (15) 7233 (14) 29 (16) 2092 (14) 40 (13) 3483 (13) 
Provincial towns 59 (10) 6655 (13) 20 (11) 1946 (13) 36 (12) 3409 (13) 
Provincial cities 75 (13) 6339 (12) 26 (14) 1849 (12) 48 (16) 3433 (13) 
Copenhagen suburb 167 (28) 15,319 (29) 47 (26) 4501 (29) 91 (29) 7844 (29) 
Copenhagen 208 (35) 16,762 (32) 58 (32) 4941 (32) 95 (31) 8728 (32)  

Maternal educationd      

Primary school 123 (21) 11,963 (23) 41 (23) 3560 (23) 83 (27) 6681 (25) 
High school 292 (49) 25,181 (48) 82 (46) 7436 (49) 141 (46) 12,977 (48) 
Higher education 181 (30) 14,743 (28) 57 (32) 4208 (28) 79 (26) 6986 (26) 
Missing <5a 421 (1) <5a 125 (1) 7 (2) 253 (1)  

Paternal educationd      

Primary school 127 (21) 11,337 (22) 42 (23) 3386 (22) 71 (23) 6028 (22) 
High school 310 (52) 27,405 (52) 87 (48) 8001 (52) 178 (57) 14,355 (53) 
Higher education 154 (26) 12,842 (25) 51 (28) 3716 (24) 53 (17) 6136 (23) 
Missing 5 (0) 724 (1) <5a 226 (2) 8 (3) 378 (1)  

Maternal employmentd      

Employed 499 (84) 42,701 (82) 140 (78) 12,428 (81) 246 (79) 21,838 (81) 
Unemployed 34 (6) 3378 (7) 14 (8) 1004 (7) 18 (6) 1927 (7) 
Not in workforce 63 (11) 6135 (12) 26 (14) 1875 (12) 46 (15) 3089 (12) 
Missing <5a 94 (0) <5a 22 (0) 0 (0) 43 (0)  

Paternal employmentd      

Employed 549 (92) 47,325 (91) 162 (90) 13,782 (90) 277 (89) 24,230 (90) 
Unemployed 16 (3) 2058 (4) 8 (4) 637 (4) 15 (5) 1226 (5) 

(continued on next page) 
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Table 2 
Results for childhood leukemia from continuous and categorical models of 
preconception, prenatal, and postnatal nitrate (NO3

–) exposure (mg/L) in basea 

and fully adjusted models.b  

Leukemia     
Base (cases = 596)  Fully adjusted (cases = 564) 

NO3
– exposure (mg/L) OR (95% CI)  OR (95% CI) 

Preconception    
Continuousc 0.94 (0.83, 1.06)  0.95 (0.83, 1.08) 
Categories    

≤1 Ref.  Ref. 
>1 to ≤2 0.98 (0.79, 1.22)  1.00 (0.79, 1.27) 
>2 to ≤5 0.90 (0.72, 1.12)  0.97 (0.77, 1.23) 
>5 to ≤10 0.89 (0.63, 1.26)  0.93 (0.64, 1.33) 
>10 to ≤25 0.84 (0.57, 1.24)  0.81 (0.54, 1.22) 
>25 0.82 (0.51, 1.32)  0.84 (0.52, 1.36) 

Prenatal    
Continuousc 0.92 (0.81, 1.04)  0.91 (0.80, 1.04) 
Categories    

≤1 Ref.  Ref. 
>1 to ≤2 0.86 (0.69, 1.07)  0.85 (0.67, 1.08) 
>2 to ≤5 0.81 (0.66, 1.00)  0.87 (0.69, 1.10) 
>5 to ≤10 0.86 (0.61, 1.19)  0.85 (0.60, 1.22) 
>10 to ≤25 0.68 (0.45, 1.03)  0.67 (0.43, 1.02) 
>25 0.74 (0.45, 1.20)  0.75 (0.46, 1.23) 

Postnatal    
Continuousc 0.95 (0.84, 1.09)  0.95 (0.83, 1.08) 
Categories    

≤1 Ref.  Ref. 
>1 to ≤2 1.03 (0.83, 1.28)  1.07 (0.84, 1.35) 
>2 to ≤5 0.87 (0.70, 1.08)  0.93 (0.73, 1.18) 
>5 to ≤10 0.98 (0.70, 1.36)  0.99 (0.70, 1.41) 
>10 to ≤25 0.58 (0.37, 0.93)  0.56 (0.34, 0.92) 
>25 1.13 (0.72, 1.77)  1.15 (0.73, 1.82) 

Abbreviations: OR = odds ratio. CI = confidence interval. Ref. = referent group. 
a Base analysis: controlled for the matching variables (i.e., sex and date of 

birth). 
b Fully adjusted analysis: controlled for birth order, birth weight, urbanicity, 

paternal age, and maternal age, smoking, education, employment, and income 
in addition to the matching variables (i.e., sex and date of birth). 

c Per 10 mg/L increase. 

Table 3 
Results for childhood lymphoma from continuous and categorical models of 
preconception, prenatal, and postnatal nitrate (NO3

–) exposure in basea and fully 
adjusted models.b  

Lymphoma     
Base (cases = 180)  Fully adjusted (cases = 174) 

NO3
– exposure (mg/L) OR (95% CI)  OR (95% CI) 

Preconception    
Continuousc 0.99 (0.81, 1.21)  0.96 (0.74, 1.23) 
Categories    

≤1 Ref.  Ref. 
>1 to ≤2 1.01 (0.67, 1.51)  0.93 (0.60, 1.45) 
>2 to ≤5 0.84 (0.56, 1.26)  0.82 (0.52, 1.28) 
>5 to ≤10 1.46 (0.85, 2.51)  1.36 (0.76, 2.44) 
>10 to ≤25 1.11 (0.59, 2.11)  1.16 (0.61, 2.22) 
>25 0.88 (0.38, 2.07)  0.85 (0.36, 2.01) 

Prenatal    
Continuousc 0.98 (0.77, 1.25)  0.96 (0.74, 1.23) 
Categories    

≤1 Ref.  Ref. 
>1 to ≤2 1.05 (0.70, 1.60)  0.97 (0.62, 1.52) 
>2 to ≤5 0.98 (0.65, 1.47)  0.98 (0.63, 1.53) 
>5 to ≤10 1.41 (0.81, 2.47)  1.31 (0.72, 2.38) 
>10 to ≤25 1.42 (0.77, 2.61)  1.24 (0.65, 2.39) 
>25 1.00 (0.42, 2.36)  0.93 (0.39, 2.23) 

Postnatal    
Continuousc 0.98 (0.77, 1.25)  0.96 (0.74, 1.23) 
Categories    

≤1 Ref.  Ref. 
>1 to ≤2 0.78 (0.51, 1.19)  0.76 (0.48, 1.18) 
>2 to ≤5 0.89 (0.60, 1.31)  0.88 (0.57, 1.36) 
>5 to ≤10 1.55 (0.94, 2.58)  1.34 (0.77, 2.32) 
>10 to ≤25 0.96 (0.48, 1.90)  1.00 (0.50, 2.00) 
>25 0.77 (0.27, 2.14)  0.74 (0.26, 2.10) 

Abbreviations: OR = odds ratio. CI = confidence interval. Ref. = referent group. 
a Base analysis: controlled for the matching variables (i.e., sex and date of 

birth). 
b Fully adjusted analysis: controlled for birth order, birth weight, urbanicity, 

paternal age, and maternal age, smoking, education, employment, and income 
in addition to the matching variables (i.e., sex and date of birth). 

c Per 10 mg/L increase. 

Table 1 (continued )  

Leukemia Lymphoma CNC  

Variable 
Cases 
n (%) 

Controls 
n (%) 

Cases 
n (%) 

Controls 
n (%) 

Cases 
n (%) 

Controls 
n (%) 

Not in workforce 31 (5) 2695 (5) 10 (6) 841 (6) 18 (6) 1348 (5) 
Missing <5a 230 (0) <5a 69 (1) <5a 93 (0)  

Maternal incomed      

1st Quartile 142 (24) 13,030 (25) 52 (29) 3850 (25) 77 (25) 6747 (25) 
2nd Quartile 156 (26) 12,938 (25) 43 (24) 3823 (25) 73 (24) 6865 (26) 
3rd Quartile 138 (23) 12,901 (25) 45 (25) 3743 (24) 98 (32) 6971 (26) 
4th Quartile 160 (27) 13,423 (26) 40 (22) 3907 (26) 62 (20) 6306 (23) 
Missing 0 (0) 16 (0) <5a 6 (0) 0 (0) 8 (0) 

Maternal age, mean (SD) 30 (5) 30 (5) 30 (5) 30 (5) 29 (5) 29 (5) 
Paternal age, mean (SD) 33 (6) 32 (6) 31 (5) 32 (6) 32 (5) 31 (5) 

Abbreviations: CNC = central nervous system cancer. SD = standard deviation. 
a To protect confidentiality, the exact number of cases in this cell is not reported and added to the cell above. 
b During pregnancy. 
c Based on maternal residency at the time of birth. 
d Assessed two years prior to birth. 
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covariates included in the fully adjusted models were examined for each 
outcome. We decided a priori to only report interactions that were highly 
significant (p < 0.01) due to the large number of interactions examined. 
All tests of statistical significance were two-sided. 

Sensitivity analyses were performed to assess whether results 
changed from: 1) inclusion of children from homes with private wells; 2) 
adjustment for paternal education, employment, and income which 
were not included in the main analysis due to a high rate missingness; 3) 
inclusion of maternal BMI, which was only available from 2003 onward; 
and 4) dropping individuals who had average nitrate exposure levels 
greater than the EU standard of 50 mg/L nitrate. 

All statistical analyses were conducted using R (R Core Team 2019). 

3. Results 

The distribution of nitrate exposure and the covariates by case and 
control status is presented in Table 1. The only significant difference 
observed between leukemia cases and controls was for maternal (p =
0.01) and paternal (p = 0.005) age with the mean ages being higher in 
cases than controls. The percentage in the highest category of nitrate 
exposure (>25 mg/L) was higher in CNC cases than controls for 

preconception (cases = 6.5%, controls = 3.8%), prenatal (cases = 5.8%, 
controls = 3.7%), and postnatal (cases = 4.5%, controls = 3.1%) 
exposure. There were strong correlations (R2 = 0.9) between the pre-
conception and prenatal estimates of nitrate exposure. Postnatal esti-
mates were modestly correlated with both preconception (R2 = 0.6) and 
prenatal (R2 = 0.7) estimates of nitrate exposure. Nitrate exposures 
declined over the time period of the study. For example, the pregnancy 
average exposure declined from 5.2 mg/L (SD = 8.1 mg/L) in 1991 to 
3.6 mg/L (SD = 7.2 mg/L) in 2015. 

The results from the main leukemia, lymphoma, and CNC analyses 
for preconception, prenatal and postnatal nitrate exposures are pre-
sented in Tables 2–4. Separate results are presented from the base and 
fully adjusted models. The results generally did not differ between the 
base and fully adjusted models. 

There was no evidence of an increased risk of leukemia or lymphoma 
in any of the analyses. A significant interaction (p = 0.009) was observed 
in the model for leukemia between continuous prenatal nitrate exposure 
and maternal income group. This interaction reflected a weak associa-
tion among women in the highest income group (OR for an increase of 
10 mg/L (OR10) = 1.21, 95%CI:0.98 to 1.50), and a decreased risk in the 
other income categories. No other significant interactions were 
observed. 

There was evidence of an increased risk of CNC in the highest cate-
gory of nitrate exposure (>25 mg/L), which was strongest in the pre-
conception period (fully adjusted: OR = 1.82, 95%CI:1.09 to 3.04), but 
was also evident in the prenatal (fully adjusted: OR = 1.65, 95% 
CI:0.97–2.81), and postnatal periods (fully adjusted: OR = 1.48, 95% 
CI:0.82 to 2.68). 

There was also weak evidence of an exposure–response in models for 
CNC using continuous exposure of nitrate for preconception (OR for an 
increase of 10 mg/L (OR10) = 1.06, 95%CI:0.92 to 1.22, p = 0.41), 
prenatal (OR10 = 1.07, 95%CI:0.92 to 1.23, p = 0.37), and postnatal 
exposure (OR10 = 1.09, 95%CI:0.93 to 1.27, p = 0.29). The fit of the 
spline models was not significantly better than the fit of the linear 
models suggesting that the exposure–response relationships were linear 
(Supplemental Figure 1). 

We conducted analyses for the more common subtypes of leukemia 
(Table 5) and CNC (Table 6). There was no indication of an increased 
risk in any of the subtypes of leukemia (Table 5), although the results for 
acute myeloid (77 cases) and other leukemias (43 cases) were unstable, 
and there were too few cases to estimate effects in the higher exposure 
groups. An increased risk in the highest nitrate exposure category (>25 
mg/L) was observed in all of the CNC subtypes; however, the results for 
embryonal tumors were somewhat stronger for preconception (OR =
2.10, 95%CI:0.80 to 5.52) and prenatal (OR = 1.96, 95%CI:0.69 to 5.54) 
exposure than those for astrocytoma or other types of CNC (Table 6). 

The results from modeling exposure in different trimesters of preg-
nancy are presented in Table 7. There was no significant evidence of an 
association between leukemia or lymphoma and nitrate in any of the 
trimester specific estimates of exposure. The strongest association for 
CNC with the highest category of nitrate exposure was observed in the 
third trimester (OR = 1.80, 95%CI:1.07 to 3.03). 

The results from modelling exposure in different postnatal age win-
dows are presented in Table 8. There was little evidence of an associa-
tion between nitrate and leukemia in any of the models. There was some 
evidence of a increased risk in lymphoma for age 0 to 5 in the highest 
exposure group (OR = 1.63, 95%CI:0.93 to 2.85), but the risk of lym-
phoma decreased with nitrate exposure (OR10 = 0.96, 95%CI:0.75 to 
1.22). There were too few cases to report results for CNC in the highest 
exposure categories. 

Table 4 
Results for childhood central nervous system cancers from continuous and cat-
egorical models of preconception, prenatal, and postnatal nitrate (NO3

–) expo-
sure in basea and fully adjusted models.b  

Central nervous system cancers    
Base (cases = 310)  Fully adjusted (cases = 289) 

NO3
– exposure (mg/L) OR (95% CI)  OR (95% CI) 

Preconception    
Continuousc 1.07 (0.93, 1.22)  1.06 (0.92, 1.22) 
Categories    

≤1 Ref.  Ref. 
>1 to ≤2 1.11 (0.81, 1.53)  1.05 (0.75, 1.49) 
>2 to ≤5 1.16 (0.86, 1.58)  1.14 (0.82, 1.59) 
>5 to ≤10 0.83 (0.49, 1.39)  0.82 (0.48, 1.41) 
>10 to ≤25 0.87 (0.50, 1.52)  0.76 (0.42, 1.38) 
>25 1.86 (1.13, 3.08)  1.82 (1.09, 3.04) 

Prenatal    
Continuousc 1.08 (0.94, 1.24)  1.07 (0.92, 1.23) 
Categories    

≤1 Ref.  Ref. 
>1 to ≤2 1.22 (0.89, 1.66)  1.17 (0.84, 1.64) 
>2 to ≤5 1.01 (0.73, 1.38)  0.95 (0.67, 1.34) 
>5 to ≤10 1.03 (0.64, 1.65)  1.01 (0.62, 1.66) 
>10 to ≤25 1.02 (0.61, 1.73)  0.93 (0.54, 1.61) 
>25 1.69 (1.00, 2.85)  1.65 (0.97, 2.81) 

Postnatal    
Continuousc 1.10 (0.95, 1.28)  1.09 (0.93, 1.27) 
Categories    

≤1 Ref.  Ref. 
>1 to ≤2 1.11 (0.81, 1.53)  1.10 (0.79, 1.54) 
>2 to ≤5 1.03 (0.75, 1.39)  0.96 (0.69, 1.35) 
>5 to ≤10 0.94 (0.58, 1.52)  0.84 (0.50, 1.41) 
>10 to ≤25 1.04 (0.61, 1.77)  0.98 (0.56, 1.70) 
>25 1.51 (0.85, 2.69)  1.48 (0.82, 2.68) 

Abbreviations: OR = odds ratio. CI = confidence interval. Ref. = referent group. 
a Base analysis: controlled for the matching variables (i.e., sex and date of 

birth). 
b Fully adjusted analysis: controlled for birth order, birth weight, urbanicity, 

paternal age, and maternal age, smoking, education, employment, and income 
in addition to the matching variables (i.e., sex and date of birth). 

c Per 10 mg/L increase. 
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Table 5 
Results for major subcategories of childhood leukemia from continuous and categorical models of prenatal average nitrate (NO3

–) exposure from fully adjusted models.a   

Acute myeloid 
(cases = 77)  

Lymphoid 
(cases = 444)  

Other 
(cases = 43) 

NO3
– exposure (mg/L) OR (95% CI)  OR (95% CI)  OR (95% CI) 

Preconception      
Continuousb 0.45 (0.21, 0.95)  1.02 (0.90, 1.15)  0.39 (0.13, 1.15) 
Categories      

≤1 Ref.  Ref.  Ref. 
>1 to ≤2 1.11 (0.59, 2.08)  0.94 (0.72, 1.24)  1.77 (0.73, 4.28) 
>2 to ≤5 1.26 (0.68, 2.33)  0.88 (0.67, 1.15)  1.75 (0.72, 4.23) 
>5 to ≤10 NAc  0.90 (0.60, 1.35)  2.19 (0.70, 6.89) 
>10 to ≤25 NAc  0.93 (0.60, 1.42)  NAc 

>25 NAc  1.05 (0.64, 1.72)  NAc 

Prenatal      
Continuousb 0.35 (0.14, 0.87)  1.00 (0.99, 1.01)  0.91 (0.82, 1.01) 
Categories      

≤1 Ref.  Ref.  Ref. 
>1 to ≤2 0.93 (0.50, 1.73)  0.83 (0.63, 1.08)  1.00 (0.43, 2.32) 
>2 to ≤5 0.94 (0.50, 1.75)  0.83 (0.64, 1.09)  1.13 (0.50, 2.56) 
>5 to ≤10 0.65 (0.22, 1.92)  0.91 (0.62, 1.35)  NAc 

>10 to ≤25 NAc  0.74 (0.47, 1.16)  NAc 

>25 NAc  0.95 (0.57, 1.57)  NAc 

Postnatal      
Continuousb 0.87 (0.77, 0.97)  1.00 (0.99, 1.02)  0.89 (0.79, 1.01) 
Categories      

≤1 Ref.  Ref.  Ref. 
>1 to ≤2 0.74 (0.40, 1.37)  1.09 (0.83, 1.42)  1.73 (0.77, 3.89) 
>2 to ≤5 0.68 (0.37, 1.25)  0.98 (0.75, 1.28)  1.03 (0.43, 2.48) 
>5 to ≤10 0.73 (0.28, 1.92)  1.09 (0.74, 1.61)  NAc 

>10 to ≤25 NAc  0.70 (0.42, 1.17)  NAc 

>25 NAc  1.52 (0.95, 2.44)  NAc 

Abbreviations: OR = odds ratio. CI = confidence interval. Ref. = referent group. 
a Fully adjusted analysis: controlled for birth order, birth weight, urbanicity, paternal age, and maternal age, smoking, education, employment, and income in 

addition to the matching variables (i.e., sex and date of birth). 
b Per 10 mg/L increase. 
c To preserve confidentiality, and because models were based on less than five cases, results are not available. 

Table 6 
Results for major subcategories of childhood nervous system cancers from continuous and categorical models of preconception, 
prenatal, and postnatal average nitrate (NO3

–) exposure from fully adjusted models.a   

Astrocytoma (cases = 120)  Embryonal (cases = 71)  Other (cases = 98) 
NO3

– exposure (mg/L) OR (95% CI)  OR (95% CI)  OR (95% CI) 

Preconception      
Continuousb 0.95 (0.73, 1.22)  1.14 (0.88, 1.49)  1.11 (0.89, 1.39) 
Categories      
≤1 Ref.  Ref.  Ref. 
>1 to ≤2 1.38 (0.79, 2.41)  1.02 (0.51, 2.06)  0.85 (0.48, 1.51) 
>2 to ≤5 1.80 (1.06, 3.06)  0.91 (0.46, 1.82)  0.74 (0.41, 1.33) 
>5 to ≤10 0.84 (0.33, 2.09)  1.01 (0.36, 2.82)  0.71 (0.29, 1.75) 
>10 to ≤25 NAc  NAc  0.81 (0.33, 1.99) 
>25 1.61 (0.64, 4.03)  2.10 (0.80, 5.52)  1.78 (0.79, 4.03) 

Prenatal      
Continuousb 0.95 (0.74, 1.23)  1.01 (0.77, 1.33)  1.01 (0.80, 1.28) 
Categories      
≤1 Ref.  Ref.  Ref. 
>1 to ≤2 1.37 (0.80, 2.33)  1.26 (0.63, 2.50)  0.97 (0.55, 1.72) 
>2 to ≤5 1.32 (0.77, 2.25)  0.76 (0.36, 1.58)  0.70 (0.38, 1.28) 
>5 to ≤10 0.74 (0.30, 1.83)  1.58 (0.66, 3.80)  0.97 (0.43, 2.19) 

>10 to ≤25 0.92 (0.37, 2.27)  NAc  0.91 (0.37, 2.22) 
>25 1.23 (0.46, 3.27)  1.96 (0.69, 5.54)  1.83 (0.80, 4.18) 

Postnatal      
Continuousb 1.01 (0.77, 1.32)  1.10 (0.81, 1.48)  1.14 (0.89, 1.48) 
Categories      
≤1 Ref.  Ref.  Ref. 
>1 to ≤2 1.34 (0.77, 2.33)  1.44 (0.73, 2.85)  0.78 (0.44, 1.37) 
>2 to ≤5 1.46 (0.85, 2.49)  0.88 (0.42, 1.83)  0.61 (0.34, 1.08) 
>5 to ≤10 1.00 (0.44, 2.27)  1.45 (0.57, 3.68)  0.42 (0.15, 1.22) 
>10 to ≤25 0.89 (0.34, 2.37)  1.84 (0.70, 4.83)  0.66 (0.25, 1.72) 
>25 1.55 (0.57, 4.17)  NAc  1.61 (0.68, 3.80) 

Abbreviations: OR = odds ratio. CI = confidence interval. Ref. = referent group. 
a Fully adjusted analysis: controlled for birth order, birth weight, urbanicity, paternal age, and maternal age, smoking, edu-

cation, employment, and income in addition to the matching variables (i.e., sex and date of birth). 
b Per 10 mg/L increase. 
c To preserve confidentiality, and because models were based on less than five cases, results are not available. 
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Table 8 
Results from continuous and categorical models of average postnatal nitrate (NO3

–) exposure (mg/L) in fully adjusted modelsa stratified by case age.   

Leukemia  Lymphoma  CNC 
NO3

– exposure (mg/L) OR (95% CI)  OR (95% CI)  OR (95% CI) 

0 to <5 years of age      
Continuousb 0.95 (0.84, 1.08)  0.96 (0.75, 1.22)  1.09 (0.93, 1.27) 
Categories      

≤1 Ref.  Ref.  Ref. 
>1 to ≤2 1.15 (0.91, 1.45)  1.08 (0.77, 1.52)  0.70 (0.45, 1.01) 
>2 to ≤5 0.99 (0.78, 1.26)  1.05 (0.75, 1.47)  0.78 (0.51, 1.22) 
>5 to ≤10 1.06 (0.75, 1.50)  0.68 (0.39, 1.19)  1.47 (0.87, 2.48) 
>10 to ≤25 0.64 (0.40, 1.02)  0.89 (0.51, 1.57)  1.02 (0.53, 1.99) 
>25 1.18 (0.75, 1.86)  1.63 (0.93, 2.85)  NAc 

5 to <10 years of age      
Continuousb 0.88 (0.68, 1.14)  0.94 (0.69, 1.28)  1.05 (0.82, 1.35) 
Categories      

≤1 Ref.  Ref.  Ref. 
>1 to ≤2 0.99 (0.66, 1.49)  0.74 (0.45, 1.20)  0.96 (0.58, 1.59) 
>2 to ≤5 0.97 (0.65, 1.45)  0.95 (0.60, 1.52)  0.64 (0.37, 1.11) 
>5 to ≤10 1.16 (0.65, 2.09)  1.01 (0.51, 2.01)  1.38 (0.71, 2.68) 
>10 to ≤25 NAc  NAc  1.01 (0.42, 2.43) 
>25 0.86 (0.34, 2.19)  1.31 (0.54, 3.18)  NAc 

10 to 15 years of age      
Continuousb 0.41 (0.15, 1.12)  0.91 (0.56, 1.45)  1.15 (0.78, 1.69) 
Categories      

≤1 Ref.  Ref.  Ref. 
>1 to ≤2 0.83 (0.39, 1.76)  0.91 (0.43, 1.93)  0.69 (0.33, 1.40) 
>2 to ≤5 0.75 (0.34, 1.64)  0.60 (0.27, 1.34)  0.80 (0.41, 1.60) 
>5 to ≤10 1.65 (0.58, 4.64)  NAc  0.90 (0.33, 2.51) 
>10 to ≤25 NAc  NAc  NAc 

>25 NAc  NAc  NAc 

Abbreviations: CNC = central nervous system cancer. OR = odds ratio. CI = confidence interval. Ref. = referent group. 
a Fully adjusted analysis: controlled for birth order, birth weight, urbanicity, paternal age, and maternal age, smoking, education, employment, and income in 

addition to the matching variables (i.e., sex and date of birth). 
b Per 10 mg/L increase. 
c To preserve confidentiality, and because the difference in the number of cases between models is less than five, results are not available. 

Table 7 
Results for childhood cancers from continuous and categorical models of average nitrate (NO3

–) prenatal exposures in fully 
adjusted modelsa stratified by pregnancy trimesters.   

Leukemia (cases = 564)  Lymphoma (cases = 174)  CNC (cases = 289) 
NO3

– exposure (mg/L) OR (95% CI)  OR (95% CI)  OR (95% CI) 

Trimester 1      
Continuousb 0.91 (0.81, 1.04)  1.02 (0.84, 1.24)  1.06 (0.93, 1.23) 
Categories      

≤1 Ref.  Ref.  Ref. 
>1 to ≤2 0.99 (0.78, 1.25)  0.90 (0.58, 1.39)  1.12 (0.80, 1.56) 
>2 to ≤5 0.93 (0.73, 1.17)  0.89 (0.57, 1.39)  0.97 (0.69, 1.36) 
>5 to ≤10 0.91 (0.63, 1.31)  1.11 (0.60, 2.07)  0.79 (0.46, 1.36) 
>10 to ≤25 0.69 (0.45, 1.07)  1.41 (0.77, 2.59)  1.04 (0.61, 1.75) 
>25 0.82 (0.51, 1.33)  0.86 (0.36, 2.05)  1.61 (0.95, 2.74) 

Trimester 2      
Continuousb 0.91 (0.81, 1.03)  1.03 (0.85, 1.26)  1.07 (0.92, 1.23) 
Categories      

≤1 Ref.  Ref.  Ref. 
>1 to ≤2 0.81 (0.64, 1.02)  0.94 (0.60, 1.45)  1.23 (0.88, 1.72) 
>2 to ≤5 0.84 (0.67, 1.06)  0.85 (0.54, 1.33)  1.00 (0.71, 1.41) 
>5 to ≤10 0.88 (0.62, 1.25)  1.36 (0.76, 2.42)  0.93 (0.55, 1.57) 
>10 to ≤25 0.64 (0.42, 0.99)  1.21 (0.64, 2.32)  0.96 (0.56, 1.67) 
>25 0.72 (0.44, 1.17)  0.89 (0.38, 2.13)  1.66 (0.98, 2.82) 

Trimester 3      
Continuousb 0.92 (0.81, 1.04)  1.06 (0.92, 1.23)  1.01 (0.99, 1.02) 
Categories      

≤1 Ref.  Ref.  Ref. 
>1 to ≤2 0.80 (0.63, 1.01)  0.91 (0.58, 1.43)  1.27 (0.91, 1.77) 
>2 to ≤5 0.81 (0.64, 1.03)  0.94 (0.60, 1.47)  1.05 (0.75, 1.48) 
>5 to ≤10 0.93 (0.66, 1.31)  1.44 (0.81, 2.58)  0.85 (0.50, 1.47) 
>10 to ≤25 0.67 (0.44, 1.02)  1.27 (0.67, 2.44)  0.92 (0.52, 1.61) 
>25 0.76 (0.47, 1.23)  1.09 (0.48, 2.46)  1.80 (1.07, 3.03) 

Abbreviations: CNC = central nervous system cancer. OR = odds ratio. CI = confidence interval. Ref. = referent group. 
a Fully adjusted analysis: controlled for birth order, birth weight, urbanicity, paternal age, and maternal age, smoking, edu-

cation, employment, and income in addition to the matching variables (i.e., sex and date of birth). 
b Per 10 mg/L increase. 
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3.1. Sensitivity analyses 

The results were largely unchanged in the sensitivity analyses in 
which well users were included in the analysis, and when covariates for 
paternal income, education, and employment status were included in 
the models (Supplemental Tables 1 and 2). Including maternal pre- 
pregnancy BMI resulted in attenuation of the results for CNC (Supple-
mental Table 3) compared to results in the main analysis (Table 5). 
However, the results from the model with BMI were nearly identical to a 
model without BMI fitted to the same reduced dataset. There was no 
evidence of an increased risk among private well users for leukemia (OR 
= 1.09, 95%CI:0.81 to 1.47), lymphoma (OR = 0.98, 95%CI:0.57 to 
1.69), or CNC (OR = 0.90, 95%CI:0.58 to 1.40). Finally, there was no 
change in our findings when the analyses were restricted to individuals 
who had average exposures below the current EU standard of 50 mg/L 
nitrate (Supplemental Table 4). 

4. Discussion 

Our study, with a study base of over 1.2 million births, is among the 
largest studies to assess the association between nitrate in drinking 
water and childhood cancer. We found no evidence of an association 
between exposure to nitrate in drinking water and an increased risk of 
childhood leukemia or lymphoma. We observed an increased risk of 
CNC in the highest exposure group (>25 mg/L) in all of our analyses. 
These findings were particularly strong for nitrate exposure during 
preconception (OR = 1.82, 95%CI:1.09 to 3.04) and during the third 
trimester (OR = 1.80, 95%CI:1.07 to 3.03). However, the estimates of 
nitrate exposure were highly correlated and thus it was difficult to 
identify what the critical window of exposure is. We did not observe 
significant evidence of an exposure–response relationship in any models 
of continuous nitrate exposure and any of the childhood cancers. 

Our findings for CNC are somewhat consistent with the few other 
epidemiologic studies that have examined this association. Private well 
water, which generally has higher levels of nitrate than public water 
systems, was associated with an increased risk of childhood brain can-
cers in Western Washington State (Mueller et al., 2001). In a multi- 
country study of nitrate in drinking water, Mueller (2004) reported 
mixed results for childhood brain cancer and private well use with a 
significantly increased risks in two and no evidence of an increased risk 
in five other regions included in the study. We did not observe an 
increased risk with private well use, which may be explained by the 
small number of children that had estimates of nitrate exposure resulting 
in a lack of statistical power or selection bias due to fact that only 
approximately 50% of the homes with wells had nitrate measurements. 
Mueller (2004) observed a significant association between astrocytoma 
and higher nitrite levels in tap water measured after diagnosis at the 
pregnancy residence (OR = 5.7, 95% CI = 1.2 to 27.2 for nitrite ≥ 5 mg/ 
L). An association between nitrate in drinking water and childhood brain 
cancer has been reported in a case-control study from Taiwan (OR for 
>1.37 mg/L nitrate = 1.40, 95%CI:1.07 to 1.84) (Weng et al., 2011). 

The most likely mechanism for the carcinogenicity of nitrate is the 
formation of N-Nitroso compounds that are DNA alkylating agents and 
mutagenic (Lijinsky, 1987). In humans, once ingested, about 5 to 8% of 
nitrate is converted to nitrite in the body which may react with nitro-
satable compounds to form N-Nitroso compounds in the stomach (Sha-
piro et al., 1991). Perinatal exposures to N-Nitroso compounds have 
been associated with an increased risk of CNC in both rats and monkeys 
(Rice et al., 1989; Huncharek, 2010). Dietary intake of cured meats 
during pregnancy, which contain N-Nitroso compounds or their pre-
cursors, has been associated with an increased risk of childhood brain 
cancers in most studies (Dietrich et al., 2005). 

The epidemiologic evidence for an association with nitrate exposure 
is weaker for leukemia and lymphoma than it is for CNC. Infante-Rivard 
et al. conducted a population-based case-control study of childhood 
lymphoblastic leukemia (ages 0 to 9) and several water contaminants in 

Quebec, Canada (Infante-Rivard et al., 2001). A deficit of leukemia was 
observed for both prenatal and postnatal exposure to average and cu-
mulative exposure to nitrate. Thorpe and Shirmohammadi (2005) con-
ducted a pilot study using an ecologic design to examine the association 
between childhood cancer incidence (ages 0 to 17) and water contam-
inants in Maryland. An increased risk (OR = 1.81, 95%CI:1.35 to 2.42) 
of childhood leukemia was observed in communities with nitrate con-
centrations in groundwater above the United States (US) maximum 
contaminant level (MCL) of 44.2 mg/L as nitrate ion1. Epidemiologic 
studies of nitrate in water and leukemia and lymphoma among adults 
have generally had null findings (Ward et al., 2018). 

Unexpectedly, we observed weak evidence of an excess of leukemia 
among children born from women in the highest income group, which 
might reflect co-exposure to unmeasured carcinogens or other risk fac-
tors for childhood leukemia. For example, Patel et al. (2020) in a study 
in Denmark reported an increased risk of childhood leukemia among 
those who had a high density of crops near their homes during preg-
nancy, and potential exposure to herbicides which was not controlled for 
in our study. 

Our study has a few limitations. We lacked information on dietary 
sources of nitrate and nitrite intake, and of antioxidants that might 
modify the effect of nitrate exposure on the risk of childhood cancers, 
and on the use of nitrosatable drugs that may promote the formation of 
N-Nitroso compounds by nitrate (Brender et al., 2011). We also lacked 
information on amount of water consumed and water consumption 
outside the home. Although we did not have information on co- 
contaminants in drinking water, public water in Denmark is recog-
nized to be of high quality and generally complies with legal guideline 
values. The nitrate exposures in our study were quite low which might 
explain our lack of findings for leukemia or lymphoma, or for the lower 
categories of exposure in the CNC analyses. Finally, we lacked infor-
mation on ionizing radiation exposure which is a known cause of CNC 
(Ostrom et al., 2019 Nov 4). However, it seems unlikely that exposure to 
ionizing radiation from medical procedures would vary by nitrate ex-
posures in Denmark, and environmental exposure to radon has not been 
associated with CNC in Denmark (Raaschou-Nielsen et al., 2008). 

In addition to its large size, our study also has several strengths. Our 
ability to accurately quantify exposures at the individual level is a major 
advantage compared to prior studies that used ecologic estimates of 
exposure, measured nitrate/nitrite after diagnosis or inferred exposure 
from well use. Our study also benefited from the availability of high- 
quality data on childhood cancer and data on nearly all of the known 
risk factors for childhood cancer. Consumption of bottled water, which 
is a major potential source of exposure misclassification in prior studies, 
is uncommon in Denmark (Rygaard et al., 2009). 

In conclusion, our study does not provide evidence that early life 
exposure to nitrate in drinking water increases the risk of childhood 
leukemia or lymphoma. We did observe an increase in the risk of CNC in 
the highest category of nitrate (>25 mg/L), but only observed weak 
evidence of an exposure–response relationship. Our results were un-
changed when we only included children with average exposures less 
than the current EU standard, which raises concerns about the standard 
and the nearly equivalent MCL in the US1. Additional studies are needed 
that consider dietary intake of nitrate and nitrite and of anti-oxidants 
that may inhibit the formation of N-Nitroso compounds, and the use 
of nitrosatable drugs that may promote the formation of these 
compounds. 

1 The U.S. EPA’s standard for nitrate in drinking water is 10 mg/L measured 
as nitrogen (NO3

–-N). The EU standard is based on measurement of the whole 
nitrate ion (NO3

–). Concentrations of NO3
–-N can be converted to NO3

– by 
multiplying by 4.42. Thus the U.S. standard is 44.2 mg/L as NO3

–, roughly 
equivalent to the EU standard of 50 mg/L. 
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