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Introduction
Globally, 15 million children are born preterm (i.e., before 37 
weeks of gestation) each year. Complications from preterm 
birth (PTB) result in 1.1 million or 35% of all neonatal 
deaths; the single largest cause of neonatal death in high- and 

middle-income countries and second only to pneumonia in 
low-income countries.1

Health outcomes stemming from PTB are costly to society, 
with the frequency, severity, and cost of complications increasing 
as the length of gestation decreases.2 Disability occurs in 60% 
of survivors born at 26 weeks and in 30% of those born at 31 
weeks.3 Complications include respiratory distress, chronic lung 
disease, neonatal sepsis, and neonatal and childhood mortality.4 
Impaired neurodevelopmental function5, learning impairment, 
visual disorders,6 and a higher risk of social and behavioral 
problems are also seen in those born preterm.4

Only three epidemiologic studies of nitrate in drinking water 
and PTB have previously been conducted, all of which were in 
the United States. These US studies all provide some evidence 
for an association between nitrate in drinking water and PTB7–9; 
however, two were based on ecologic estimates of nitrate expo-
sure and all of them were based on birth in areas with high 
nitrate concentrations and possible pesticide exposure. Maternal 

What this study adds
Nitrate is one of the most common water contaminants in the 
world. Only three previous epidemiologic studies have exam-
ined whether maternal exposure to nitrate in drinking water 
increases the risk of preterm births, and all reported some evi-
dence of an association. Our study with over 1 million births 
and high-quality data on nitrate exposure during pregnancy, 
adds substantially to the evidence that nitrate in drinking water 
increases the risk of preterm births. Notably exposures in our 
study were low and an increased risk was evident among women 
who were exposed to nitrate concentrations below current regu-
latory standards.

Background: Evidence is emerging that preterm birth (PTB, birth before 37 completed weeks of gestation), a risk factor for 
neonatal mortality and future morbidity, may be induced by maternal nitrate (NO−

3 ) exposure from drinking water. The objective of this 
study is to assess the association between maternal exposure to nitrate and the risk of PTB in a nationwide study of liveborn singletons.
Methods: We estimated maternal nitrate exposure from household tap water for 1,055,584 births in Denmark to Danish-born par-
ents during 1991–2015 by linkage of individual home address(es) with nitrate concentrations from a national monitoring database. 
Nitrate exposure during pregnancy was modeled using four categories and continuously. Logistic models adjusted for sex, birth year, 
birth order, urbanicity, and maternal age, smoking, education, income, and employment, with generalized estimating equations were 
used to account for sibling clusters.
Results: A total of 1,009,189 births were included, comprising 51,747 PTB. An increase in the risk of PTB was seen across cate-
gories of exposure (P < 0.001) with an odds ratio (OR) in the uppermost category (>25 mg/L nitrate) of 1.05 (95% confidence interval 
[CI] = 1.00, 1.10). Evidence of an exposure–response relationship was observed in models using continuous nitrate (OR = 1.01 [95% 
CI = 1.00, 1.03] per 10 mg/L nitrate). In sensitivity analyses, results were robust to the addition of variables for short inter-pregnancy 
interval (<1 year between births), maternal pre-pregnancy body mass index, paternal socioeconomic status and age, season of birth, 
and inclusion of post-term births. Results were virtually unchanged when the analysis was restricted to women exposed to less than 
the current European Union standard of 50 mg/L.
Conclusion: We observed an increasing risk of PTB with increases in nitrate in household tap water. These findings add to a growing 
body of evidence of adverse effects from nitrate in drinking water at levels below current regulatory levels.
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consumption of nitrosatable drugs along with dietary intake of 
nitrite during pregnancy has been associated with increased risk 
of PTB in a survey-based study of liveborn infants in the US 
National Birth Defects Prevention Study.10

Nitrate is one of the world’s most common drinking water 
contaminants.11 Nitrate pollution of drinking water sup-
plies is of particular concern in agricultural countries, such as 
Denmark, that use nitrogen fertilizers and have intensive animal 
production.12–14 While nitrate concentrations in Danish public 
water supplies are typically below the European Union regula-
tory level (50 mg/L NO−

3 ), household tap water nitrate at this 
sub-regulatory level has been associated with birth defects15, 
reduced birth weight and other markers of fetal growth restric-
tion16 in similarly designed nationwide studies in Denmark.

Our study leverages extensive nitrate measures in drinking 
water samples collected across Denmark, detailed information on 
individual household water supply, and largely complete residen-
tial and birth registries for the entire Danish population over the 
span of more than two decades. Furthermore, the study popula-
tion has access to free health and prenatal care, reducing the possi-
bility of confounding by this important factor.8,17,18 The aim of this 
analysis is to examine the associations between maternal exposure 
to nitrate in drinking water during pregnancy and the risk of PTB 
in a large population exposed to relatively low levels of nitrate.

Methods

Study design

We linked data on gestational age, sex, and smoking from the 
Danish Medical Birth Registry (DNBR)19 with estimates of 
household levels of nitrate in drinking water from the Danish 
national monitoring geodatabase Jupiter.20 Data were linked 
using the unique personal identification number assigned to each 
liveborn resident in Denmark.21 We restricted our population to 
liveborn singletons born from 1 January 1991 to 31 December 
2015 who had a gestational age of ≥140 and ≤293 days and 
who had Danish born parents, and mothers who had residence 
in Denmark throughout the index pregnancies (Figure 1).

Exposure assessment

We estimated annual average nitrate levels at the water-
works-level using the monitoring database Jupiter, for all Danish 
water supply areas. The water supply dataset is described in 
detail in Schullehner.21 Nitrate was quantified via high-perfor-
mance liquid chromatography by certified Danish laboratories. 
As analytic tests improved over the two decades this cohort 
spans, the limit of detection decreased from typically 1 to 
≤0.3 mg/L NO−

3  or even lower. Analyses of water samples at the 
exit of treatment plants and from the home faucets they serve 
have demonstrated nearly identical nitrate levels (R2: 0.98).22

Residential address histories for each mother–child dyad 
were obtained from the Danish Civil Registrations System,23 
which were linked to the annual average nitrate levels for the 
water system(s) supplying water to their home address during 
the pregnancy. For women who moved during pregnancy, we 
computed time-weighted average exposures, weighted by the 
number of days living at the respective residences.

We computed annual averages on water supply area level, as we 
have earlier shown that seasonality is negligible.24 This is due to 
water production exclusively being based on groundwater, where 
seasonal variations are attenuated, and trends tend to change grad-
ually. An individual’s exposure level could therefore change when 
the person changed residence, or when the pregnancy covered 
two calendar years. Given the stability of nitrate concentrations 
in drinking water,24 if a nitrate measurement was available within 
a 3-year time window, we imputed missing years at a residence by 
linear interpolation. We did not consider using trimester specific 
estimates of exposure since the correlations between these mea-
sures and pregnancy averages was extremely high (R = 0.93–0.98).

We restricted analyses to individuals with complete nitrate 
exposure information during pregnancy (Figure 1). Missingness 
could arise if a mother moved to a residence without a linkable 
measurement during the pregnancy, or if the pregnancy spans 
into a calendar year without a nitrate estimate.

Households supplied by private wells (3% of the Danish pop-
ulation) were identified based on their proximity to a private 
well in Jupiter. Those supplied by well water were excluded due 
to incomplete exposure data, with estimates for only 53% of the 
private well users.24

Outcome definition

As recommended by Quinn et al,25 PTB (140–258 days or 20–36 
weeks of gestation) was subdivided into extremely preterm (EPTB; 
140–195 days or 20–27 weeks), very preterm (VPTB; 196–223 
days or 28–31 weeks), and moderate preterm (MPTB; 224–258 
days or 32–36 weeks of gestation). Term births were defined as 
259–293 days (or 37–41 weeks) of gestation. To assign the date 
of conception, we used the date of birth and the gestational age 
registered in the DMBR, which reflects the period between the 
date of birth and the date of last menstrual period corrected by 
two ultrasounds, if ultrasound data were available and different 
from the estimated gestational period (ultrasound measurements 
were largely regularly used since 2004 in Denmark).

Covariates

Data on potential confounders were obtained from the Integrated 
Database for Longitudinal Labour Market Research and the 
Danish Medical Birth Registry. Continuous covariates were mod-
eled as restricted cubic splines with four knots that were defined 
by Stata using Harrell’s recommended percentiles.26 Covariates 
included in the main analyses were sex (male/female), year of birth 
(spline), gravidity (1, 2, or ≥3), urbanicity (five categories), and 
maternal age at birth (spline), maternal smoking during pregnancy 
(yes/no), and markers of socioeconomic status (SES) including 
maternal income normalized for inflation using the Consumer 
Price Index (The World Bank 2019) (spline), maternal educational 
attainment (less than high school, high school, higher), and mater-
nal employment status (employed, unemployed, not in the work-
force). All SES variables (i.e., income, education, and employment) 
were as recorded 2 years before birth. For children born in the 
period before 1997 smoking was recorded at the first pregnancy 
healthcare visit with no specifications as to the timing. For chil-
dren born from 1997 onward smoking is during pregnancy.

Statistical analyses

Multivariable logistic regression models were fitted for the risk 
of PTB, MPTB, VTPB, and ETPB, using generalized estimating 
equations (GEE) to account for the non-independence of siblings 
with the same mother. We excluded extremely preterm cases in 
the analysis of VPTB, and to exclude EPTB and very preterm 
births (VPTB) in the analysis of moderate preterm. This was done 
so that the referent group would not include more severe forms 
of preterm. No exclusions were made in the analyses for PTB or 
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for EPTB since PTB is defined as including all births that were less 
than 259 days, and EPTB was the most extreme outcome used.

Pregnancy average nitrate concentrations were modeled as 
categorical or continuous variables. Three cut points for the cat-
egorical analysis were defined a priori based on the distribution 
of exposure in the population and their usefulness for assess-
ing current regulatory standards. The referent category was 
defined as any weighted average ≤2 mg/L NO−

3  while the highest 

category included those with weighted averages >25 mg/L NO−
3 ,  

which is half the European Union regulatory limit and chosen 
due to the relatively low concentrations within our data.

Effect modification by mother’s and father’s income and education, 
maternal smoking with nitrate exposure was examined by comput-
ing a likelihood ratio test comparing the main model with the model 
containing the interaction terms. GEE was not used in this analysis 
because it does not permit the estimation of a likelihood ratio test.

Figure 1.  Flow diagram of restriction of the cohort to the main analysis population. Main model covariates included calendar year, sex, gravidity, urbanicity, and 
maternal age, smoking, education, income, and employment status.
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We performed a series of sensitivity analyses to test the 
robustness of our findings. In the first sensitivity analysis, we 
included a binary variable for short interpregnancy interval (<1 
year for those with more than one birth), dropping those with 
an interval of ≤36 days as implausible (n = 56). Short interpreg-
nancy interval has been shown to be strongly correlated with 
PTB, but necessitates at least two births to the same woman in 
the study period, reducing the dataset by 440,806 births.

In the second sensitivity analysis, we adjusted for pre-preg-
nancy maternal body mass index (BMI; restricted cubic splines 
with four knots defined by Stata)—variables which was only 
available from 2003 onward (a reduction of 555,626 births).

The third sensitivity analysis examined additional adjustment 
by the covariates not considered a priori confounders: season 
of birth (four categories), paternal age, income, education, and 
employment status 2 years before birth.

Due to differences in definitions of full-term across studies, 
a fourth sensitivity analysis included post-term births up to 44 
weeks (n = 74,067) in the full-term definition.

Finally, a fifth sensitivity analysis was performed in which 
children with mothers who had pregnancy average exposures 
greater than the EU and WHO standards of 50 mg/L were 
excluded to determine whether adverse effects occur below 
the current allowable limits. The US EPA MCL of 10 mg/L as 
NO3-N is nearly equivalent to the WHO limit of 50 mg/L as 
NO3 (multiply 50 × 0.2258=11.3 mg/L).

All statistical analyses were conducted using Stata (StataCorp. 
2019. Stata Statistical Software: Release 16; StataCorp LLC, 
College Station, TX).

Results

Main analyses

We included a total of 1,055,584 births in the study (Figure 1). 
The median nitrate exposure in the cohort, averaged over the 
entire pregnancy, was 1.9 (inter quartile range [IQR]: 1.0–3.4) 
mg/L NO−

3 , and 3.6% experienced drinking water with nitrate 
contamination >25 mg/L NO−

3 . Approximately 5% of the births 
were PTB (Table  1) and the distribution of relevant covari-
ates differed between PTB-cases and non-cases (all P < 0.001; 
Table S1; http://links.lww.com/EE/A198), as did the distribu-
tion of covariates between the four nitrate exposure categories 
(Table 1), where all X2 tests were highly significant (P < 0.001) 
except for sex (P = 0.04). There were moderately strong correla-
tions (R = 0.42–0.49) between maternal education, income, and 
age. This correlation resulted in the program dropping maternal 
education variables from the models due to multicollinearity.

Preterm birth

The risk of PTB increased monotonically across the four expo-
sure categories compared with the lowest (≤2 mg/L NO−

3 ) in 
the adjusted models (Table  2). An adjusted odds ratio (OR) of 
1.05 (95% CI = 1.00, 1.10) was estimated for those with levels 
>25 mg/L NO−

3  compared with the referent category. Based on 
the continuous model, NO−

3  was associated with a significant (P 
< 0.04) increase in the risk of preterm births (OR for a 10 mg/L 
increase in NO−

3 : 1.01; 95% CI = 1.00, 1.03; Table 2; Figure 2). 
There was no evidence of effect modification by maternal (P = 
0.50) or paternal (P = 0.66) education or by maternal (P = 0.31) or 
by paternal (P = 0.65) income or by maternal smoking (P = 0.44).

Subcategories of preterm birth

Within the cohort, there were 2,117 cases of extremely PTB, 
5,094 cases of very PTB, and 44,536 cases of moderate PTB. 
The risk of moderate PTB was the only category with evidence 
of an exposure–response relationship (Table  2). A monotonic 
increase in moderate PTB risk was observed across categories 

of exposure (P < 0.001) and we estimated an OR: 1.02 (95%  
CI = 1.00, 1.03) with every 10 mg/L increase in NO−

3  based on 
the continuous exposure model.

Overall, our results were robust in our sensitivity analyses. 
Our findings did not change meaningfully when controlling for 
short interpregnancy interval (Table S2; http://links.lww.com/EE/
A198; Figure 2), maternal pre-pregnancy BMI (Table S3, http://
links.lww.com/EE/A198; Figure 2), season or paternal SES (Table 
S4, http://links.lww.com/EE/A198). No change in effect estimates 
was observed when post-term births were included in the anal-
ysis (Table S5, http://links.lww.com/EE/A198). Finally, dropping 
children whose mothers had pregnancy average exposures greater 
than the current EU standard (50 mg/L) had nearly no effect on 
the results (Table S6, http://links.lww.com/EE/A198).

Discussion
In this study, spanning 24 years and with more than 1 million 
births, we examined the association between maternal exposure 
to nitrate from household drinking water and PTB at the indi-
vidual level for the entire country of Denmark. We observed 
the strongest evidence of an elevated risk of PTB among those 
born moderately preterm (224–258 days or 32–37 weeks gesta-
tion). Changes from main model results in sensitivity analyses 
were generally minor and appeared to be due to changes in the 
sample and not confounding (Tables S2–S5, http://links.lww.
com/EE/A198). Notably, we observed an increased risk below 
current allowable limits (EU: 50 mg/L NO−

3  US: 44 mg/L NO−
3

) suggesting that this level is not protective for PTB (Table S6, 
http://links.lww.com/EE/A198).

Comparison with other studies

Our results are largely consistent with the three prior studies that 
have examined the relationship between nitrate in drinking water 
and PTB.7–9 All three studies reported evidence of an increased 
risk of PTB from maternal consumption of nitrate in drinking 
water. However there, are some differences worth noting. The 
strongest association with nitrate exposure in a study in the 
Midwestern US7 was for very preterm births (<32 weeks), and in 
one of the California studies9 the strongest association was with 
births between 20 and 31 weeks, which corresponds most closely 
to our definition of extremely preterm (20–27 weeks). In contrast, 
in our study, the risk was most pronounced among moderate 
preterm births (OR>25mg/L = 1.06 [1.01, 1.12]; Ptrend < 0.001) and 
we only observed a weak association with very PTB (OR>25mg/L = 
1.03 [0.89, 1.19]; Ptrend = 0.34), and no evidence of an associa-
tion with extremely preterm (OR>25mg/L = 0.93 [0.72, 1.19]; Ptrend = 
0.55). These differences might be explained by higher exposures 
in the US studies which could result in more severe outcomes. 
The prior studies had a higher percentage (0.6%–1.8%) of expo-
sures above the current EU and US standards than our study 
(<0.1%). It is also possible that mothers in the United States had 
higher exposures to other water contaminants (e.g., pesticides) 
than mothers in our study; however, we have no evidence of this. 
Finally, differences in levels of other risk factors (e.g., obesity) that 
might modify the risk could conceivably explain these differences.

Support from mechanistic studies

An association between nitrate in drinking water and PTB may 
be mediated by nitric oxide metabolites. Endogenous nitro-
sation of nitrate is a precursor to the formation of N-nitroso 
compounds, most of which are believed to be carcinogenic and 
teratogenic.27 Approximately 6%–7% percent of nitrate is con-
verted to nitrite in the salivary glands, which can be converted 
to nitrous oxide, nitrous acid and other metabolites that pro-
mote the formation of N-nitroso compounds.28 Higher levels of 
nitric oxide metabolites have been found in the serum and urine 

http://links.lww.com/EE/A198
http://links.lww.com/EE/A198
http://links.lww.com/EE/A198
http://links.lww.com/EE/A198
http://links.lww.com/EE/A198
http://links.lww.com/EE/A198
http://links.lww.com/EE/A198
http://links.lww.com/EE/A198
http://links.lww.com/EE/A198
http://links.lww.com/EE/A198
http://links.lww.com/EE/A198
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Table 1.

Characteristics of the study population by average nitrate concentration (mg/L NO−
3 ) in home drinking water during pregnancy.

 Estimated mean nitrate (mg/L NO3
–) in household drinking water

Characteristic ≤2 >2–5 >5–25 >25 
Total, n (%)a 529,172 (52) 318,135 (32) 124,602 (12) 37,280 (4)
Case status, n (%)     
  Preterm (140–258 days) 26,616 (51.4) 16,547 (32.0) 6,579 (12.7) 2,005 (3.9)
  Full term (259–293 days) 502,556 (52.5) 301,588 (31.5) 118,023 (12.3) 35,275 (3.7)
Gestational age (days), n (%)     
  Q1 (≤273 days) 163,537 (51) 101,451 (32) 42,122 (13) 12,141 (4)
  Q2 (274–280 days) 146,194 (52) 88,684 (32) 35,756 (13) 10,173 (4)
  Q3 (281–287 days) 147,762 (53) 87,624 (31) 33,070 (12) 10,245 (4)
  Q4 (288–293 days) 71,679 (55) 40,376 (31) 13,654 (10) 4,721 (4)
Sex, n (%)     
  Female 258,603 (53) 154,775 (31) 60,738 (12) 17,998 (4)
  Male 270,569 (52) 163,360 (32) 63,864 (12) 19,282 (4)
Birth order, n (%)     
  1 227,350 (52) 146,330 (33) 51,060 (12) 16,066 (4)
  2 207,786 (53) 122,971 (31) 49,621 (13) 14,274 (4)
  ≥3 94,036 (54) 48,834 (28) 23,921 (14) 6,940 (4)
Short interpregnancy interval, n (%)
  No 1,144 (51) 680 (30) 355 (16) 85 (4)
  Yes 300,678 (53) 171,125 (30) 73,187 (13) 21,129 (4)
  Missing (i.e., only child in this period) 227,350 (52) 146,330 (33) 51,060 (12) 16,066 (4)
Urbanicity, n (%)     
  Capital 55,352 (39) 83,871 (58) 4,385 (3) 18 (0)
  Suburb of the capital 52,095 (41) 58,310 (46) 17,178 (13) 163 (0)
  Provincial cityb 86,212 (68) 10,880 (9) 14,677 (11) 15,944 (12)
  Provincial townc 150,204 (52) 91,239 (32) 40,736 (14) 6,398 (2)
  Rural areasd 185,309 (58) 73,835 (23) 47,626 (15) 14,757 (5)
Year of birth, n (%)     
  Q1 (1991–1996) 117,479 (47) 77,511 (31) 45,397 (18) 11,078 (4)
  Q2 (1997–2002) 129,740 (53) 74,448 (31) 30,621 (13) 8,974 (4)
  Q3 (2003–2008) 133,675 (54) 79,816 (32) 26,467 (11) 8,831 (4)
  Q4 (2009–2015) 148,278 (56) 86,360 (33) 22,117 (8) 8,397 (3)
Season of birth, n (%)     
  January–March 126,971 (52) 77,154 (32) 31,084 (13) 9,189 (4)
  April–June 133,726 (52) 80,246 (31) 31,909 (13) 9,382 (4)
  July–September 141,982 (52) 85,831 (32) 32,989 (12) 9,859 (4)
  October–December 126,493 (53) 74,904 (31) 28,620 (12) 8,850 (4)
Maternal age (years), n (%)     
  <25 65,613 (48) 43,750 (32) 20,418 (15) 5,541 (4)
  25–29 192,586 (53) 111,068 (30) 47,825 (13) 15,087 (4)
  30–34 187,860 (54) 110,196 (32) 39,819 (11) 11,949 (3)
  ≥35 83,113 (53) 53,121 (34) 16,540 (11) 4,703 (3)
Maternal smokinge, n (%)     
  No 426,069 (54) 249,304 (31) 92,204 (12) 28,852 (4)
  Yes 103,103 (48) 68,831 (32) 32,398 (15) 8,428 (4)
Maternal BMI, n (%)     
  <18.5 10,032 (55) 6,153 (34) 1,543 (8) 616 (3)
  18.5–24.9 157,553 (56) 93,070 (33) 23,844 (8) 9,328 (3)
  25–29.9 52,754 (56) 28,471 (30) 9,861 (10) 3,327 (4)
  ≥30 32,085 (56) 16,351 (29) 6,491 (11) 2,084 (4)
  Missingf 276,748 (50) 174,090 (31) 82,863 (15) 21,925 (4)
Maternal educationg, n (%)     
  Primary school 111,898 (49) 73,156 (32) 34,718 (15) 9,406 (4)
  High school 247,303 (53) 141,880 (30) 60,735 (13) 17,958 (4)
  Higher education 169,971 (54) 103,099 (33) 29,149 (9) 9,916 (3)
Maternal employment statusg, n (%)
  Employed 431,525 (53) 258,286 (32) 98,825 (12) 29,387 (4)
  Unemployed 28,828 (48) 18,710 (31) 9,620 (16) 2,868 (5)
  Not seeking work 68,819 (52) 41,139 (31) 16,157 (12) 5,025 (4)
Maternal incomeh, n (%)     
  Q1 128,705 (52) 78,541 (32) 31,045 (13) 9,452 (4)
  Q2 132,575 (53) 71,866 (29) 36,213 (14) 11,060 (4)
  Q3 134,520 (53) 75,804 (30) 33,217 (13) 9,761 (4)
  Q4 133,372 (52) 91,924 (36) 24,127 (9) 7,007 (3)
  Missing 128,705 (52) 78,541 (32) 31,045 (13) 9,452 (4)
Paternal age (years), n (%)     
  <25 32,318 (48) 22,662 (33) 10,196 (15) 2,662 (4)
  25–29 142,498 (52) 84,008 (31) 36,884 (13) 11,422 (4)
  30–34 198,549 (53) 114,862 (31) 44,513 (12) 13,649 (4)
  ≥35 155,807 (53) 96,603 (33) 33,009 (11) 9,547 (3)

(Continued)
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of mothers delivering PTB compared to those delivering at full-
term and controls.29 High levels of these reactive oxygen species 
are known to lead to cell cycle arrest, apoptosis, and senes-
cence.30 Nitric oxide metabolites may also damage the collagen 
of the membrane that surrounds the fetus during gestation (i.e., 
the chorioamnion),31 which is associated with elevated risk of 
PTB.32 It has also been shown that nitrate consumed from pub-
lic water supplies may increase the risk of congenital hypothy-
roidism33 and the consumption of nitrate-rich food may increase 
maternal thyroid autoantibodies34 and hypothyroidism.35 These 
conditions could lead to higher risk of PTB.34,36

Design limitations

Our study was unable to account for differences in individual 
dietary sources of nitrate and nitrite, or with vitamin C and other 
antioxidant supplementation which may impede the effect of 
nitrate,27,37 or with nitrosatable drug use that may interact with 
nitrate,38 or with the maternal oral microbiome, which contributes 
to transformation of nitrate in the body.27 We were also unable to 
adjust for pesticides and other compounds found in Danish drink-
ing water which might be correlated with nitrate. However, tap 
water in Denmark originates from groundwater which is typically 
less contaminated than in places relying on surface water.

Table 2.

Adjusted odds of preterm birth and preterm birth subcategories given pregnancy concentrations of nitrate in drinking water.

 Mean pregnancy nitrate exposure (mg/L)   

Category of birth ≤2 >2–5 >5–25 >25 Trend Continuous (per 10 mg/L)
All preterm (140–258 days)
  Total (N) 529,172 318,135 124,602 37,280 1,009,189 1,009,189
  Cases (n) 26,616 16,547 6,579 2,005 51,747 51,747
  OR (95% CI) Ref (1) 1.03 (1.01, 1.06) 1.04 (1.01, 1.07) 1.05 (1.00, 1.10)  1.01 (1.00, 1.03)
  P value  0.002 0.01 0.06 <0.001 0.04
Extremely preterm (140–195 days)
  Total (N) 529,172 318,135 124,602 37,280 1,009,189 1,009,189
  Cases (n) 1,094 690 263 70 2,117 2,117
  OR (95% CI) Ref (1) 1.03 (0.93, 1.14) 1.06 (0.93, 1.22) 0.93 (0.72, 1.19)  1.01 (0.94, 1.07)
  P value  0.52 0.39 0.55 0.70 0.86
Very preterm (196–223 days)
  Total (N) 528,078 317,445 124,339 37,210 1,007,072 1,007,072
  Cases (n) 2,642 1,581 670 201 5,094 5,094
  OR (95% CI) Ref (1) 1.01 (0.94, 1.08) 1.05 (0.96, 1.15) 1.03 (0.89, 1.19)  1.01 (0.97, 1.05)
  P value  0.84 0.25 0.73 0.34 0.72
Moderate preterm (224–258 days)
  Total (N) 525,436 315,864 123,669 37,009 1,001,978 1,001,978
  Cases (n) 22,880 14,276 5,646 1,734 44,536 44,536
  OR (95% CI) Ref (1) 1.04 (1.01, 1.06) 1.04 (1.01, 1.07) 1.06 (1.01, 1.12)  1.02 (1.00, 1.03)
  P value  0.001 0.01 0.03 <0.001 0.03

Models were fitted using logistic regression with generalized estimating equations to control for the non-independence of births from the same mother and were controlled for calendar year, sex, gravidity, 
urbanicity, and maternal age, smoking, education, income, and employment status.

Paternal educationg, n (%)     
  Primary school 107,349 (49) 69,249 (32) 32,089 (15) 8,712 (4)
  High school 272,371 (53) 155,999 (30) 67,969 (13) 20,005 (4)
  Higher education 144,258 (55) 88,909 (34) 23,115 (9) 8,245 (3)
  Missing 5,194 (48) 3,978 (36) 1,429 (13) 318 (3)
Paternal employment statusg, n (%)     
  Employed 477,356 (53) 282,767 (31) 111,471 (12) 33,211 (4)
  Unemployed 18,294 (46) 13,328 (34) 6,038 (15) 1,712 (4)
  Not seeking work 31,959 (52) 20,749 (34) 6,780 (11) 2,302 (4)
  Missing 1,563 (49) 1,291 (40) 313 (10) 55 (2)
Paternal incomeh, n (%)     
  Q1 126,569 (51) 81,466 (33) 30,459 (12) 9,635 (4)
  Q2 131,468 (52) 73,180 (29) 35,687 (14) 10,738 (4)
  Q3 135,287 (53) 76,857 (30) 32,226 (13) 9,421 (4)
  Q4 135,570 (53) 86,422 (34) 26,188 (10) 7,481 (3)
  Missing 278 (52) 210 (39) 42 (8) 5 (1)

All X2 tests for difference between strata were significant at P < 0.001 except for sex (P = 0.04).
aThe study population: full-term singleton live births in Denmark from 1 January 1991 to 31 December 2015 to Danish-born parents where the mother resided in Denmark for the full pregnancy and who 
had a nitrate estimate for each day of pregnancy, and with non-missing covariates in the base model.
bMunicipalities having a town with >100,000 inhabitants.
cMunicipalities having a town with between 10,000 and 100,000 inhabitants.
dMunicipalities in Denmark where the largest town has <10,000 inhabitants.
eFor children born in the period before 1997 smoking was recorded at the first visit with the midwife with no specifications as to the timing. For children born from 1997 onward smoking is during pregnancy.
fAvailable from 2003 onward only.
gAs reported 2 years before birth.
hAs reported 2 years before birth and standardized to 2013 values.

Table 1.

(Continued)

Estimated mean nitrate (mg/L NO3
–) in household drinking water
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We were also unable to quantify the amount of water a 
woman consumed and assumed equivalent consumption for 
all pregnancies. Exposure misclassification due to consump-
tion of bottled water is possible, but we do not consider this 
to be a large source of bias, as the use of pre-packaged bot-
tled water in Denmark is minimal (19.4 L per capita per 
year).39 Exposure misclassification could also arise from water 
consumed from outside the home tap. It is also possible that 
a residence is supplied by an unregistered private well; private 
wells typically have higher nitrate concentrations than public 
waterworks. Misclassification of gestational age is also possible. 
Generalizability in our study is limited to those experiencing 
nitrate contamination of drinking water at levels largely below 
regulatory limits and to high-income nations with widespread 
access to prenatal care. We were unable to study more specific 
definitions of PTB and we encourage future studies to study the 
associations with spontaneous PTB where contractions begin 
before 37 weeks completed gestation and to exclude PTB by 
induction due to pregnancy or birth complications, such as pre-
eclampsia, to have a more homogeneous definition of PTB.

Strengths

With more than 1 million births, our population-based study is 
well-powered, and we were able to make use of individual-level 
covariates, outcomes, and exposure: importantly accounting for 
nitrate concentrations at each maternal residence during preg-
nancy, not just at residence at the time of birth. Our nitrate data, 

based on measurements performed by certified laboratories, 
have been shown to be a reliable proxy for measurements taken 
in homes at the faucet.23 The validity of the Danish Medical 
Birth Registry with children born at hospital or at home in 
Denmark is also considered very high and includes informa-
tion on maternal smoking.40 Further, appreciable confounding 
by other risk factors for PTB such as environmental pollutants, 
extreme temperature, physical demanding workload or SES 
such as substantial inequalities in income and access to health 
care, as in the United States41 are far less likely.

Conclusions
The findings from our study support the existing evidence of 
an increased risk of PTB with increasing nitrate concentra-
tions. This adds to a growing body of evidence of an increase 
in adverse birth outcomes related to nitrate in drinking water. 
Although the effect sizes were relatively small, given the ubiq-
uity of nitrate in drinking water and the severity of long-term 
consequences associated with being born preterm, our findings 
have large public health implications. Consistent with the prior 
studies, our findings suggest that current EU and US nitrate 
standards may be inadequate to protect children from PTB. It 
is of great concern that we are seeing these effects at expo-
sures to such relatively low nitrate concentrations. One may 
expect much more severe changes in gestational age in develop-
ing countries and in private well users with higher exposures. 
Additional studies are needed that consider dietary intake of 

Figure 2.  Distribution of the pregnancy average nitrate exposure, truncated to those with ≤50 mg/L average nitrate exposure, and the corresponding probability 
of preterm birth in (A) the main model, (B) main model with further adjustment for short interpregnancy interval, and (C) main model with further adjustment for 
maternal pre-pregnancy body mass index. Main model covariates included calendar year, sex, birth order urbanicity, and maternal age, smoking, education, 
income, and employment status.
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nitrate and nitrite and of anti-oxidants that may inhibit the 
formation of N-Nitroso compounds, the use of nitrosatable 
drugs that may promote the formation of these compounds, 
and under higher exposure conditions.
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