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A B S T R A C T   

Introduction: Prenatal exposure to arsenic is suspected to impair fetal health, including congenital malformations. 
Few studies investigated an association between maternal exposure to arsenic and congenital heart disease. 
Objective: To examine the association between maternal exposure to arsenic through drinking water and 
congenital heart disease among offspring. 
Methods: This nationwide cohort study included all liveborn children in Denmark, 1997–2014. Maternal ad-
dresses at fetal age 4 weeks were linked to drinking water supply areas. Exposure was arsenic concentration in 
drinking water in first trimester in four categories (<0.5 μg/L, 0.5–0.9 μg/L, 1.0–4.9 μg/L, ≥5.0 μg/L). Outcomes 
were defined as congenital heart disease diagnosed within the first year of life, with sub-categorization of severe, 
septal defects and valvular heart defect. Associations between arsenic levels and congenital heart disease were 
analysed using logistic regression, presented as odds ratios (OR) with 95% confidence interval (CI), and adjusted 
for year of birth, mother’s educational level and ethnicity. 
Results: A total of 1,042,413 liveborn children were included of whom 1.0% had a congenital heart disease. The 
OR of congenital heart disease was higher among children exposed to all levels of arsenic above 0.5 μg/L; the OR 
was 1.13 (95% CI: 1.08–1.19) for exposure of 0.5–0.9 μg/L, 1.33 (95% CI: 1.27–1.39) for 1.0–4.9 μg/L and 1.42 
(95% CI: 1.24–1.63) for ≥5.0 μg/L. Similar associations were observed for congenital septal defects. The OR was 
also higher for severe congenital heart disease but at the same level among all exposure levels ≥0.5 μg/L. The OR 
of congenital valvular heart defects was only higher among children with maternal exposure to arsenic in 
drinking water ≥5.0 μg/L. The associations were similar for boys and girls. 
Conclusion: The findings indicate that maternal exposure to arsenic in drinking water even at low concentrations 
(i.e., 0.5–0.9 μg/L) increased the risk of congenital heart disease in the offspring.   

1. Introduction 

Congenital heart disease (CHD) is the most frequent malformation 
and accounts for one third of all major malformations. The worldwide 
birth prevalence of CHD is 9.1 per 1000 live birth with geographical 
differences (van der Linde et al., 2011). The total prevalence at birth is 
even higher due to terminations of pregnancy for fetal anomaly and 

perinatal death (Dolk et al., 2011; van der Linde et al., 2011). 
The prevalence of CHD has been increasing for many years (Liu et al., 

2019), which has partly been explained by improved diagnostics, better 
registration and increasing age among first-time mothers (van der Linde 
et al., 2011). However, environmental factors are also suspected to 
contribute to this development (Lin et al., 2018; van der Linde et al., 
2011). 
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Arsenic is a metalloid occurring naturally in the crust of the earth. 
The element is introduced into water through dissolution of rocks, 
minerals and ores, from industrial processes and atmospheric deposi-
tion. Humans are exposed through ingestion of drinking water and food 
(Ramsay et al., 2021; WHO, 2011). Food mainly contains arsenic in the 
organic form, but some products contribute to exposure to inorganic 
arsenic (e.g. rice, seafood). Another route for inorganic arsenic is water, 
and even low concentrations of arsenic in drinking water have been 
linked to several health consequences, including cardiovascular disease 
(Ersbøll et al., 2018; Monrad et al., 2017). Due to the public health 
concern, the World Health Organization guidelines recommended a 
provisional upper limit at 10 μg/L arsenic in drinking water (WHO, 
2011). However, in 2001 the Danish guideline value was lowered from 
50 μg/L to 5 μg/L for drinking water leaving the waterworks (Ramsay 
et al., 2021). Since 2016, the Netherlands has pledged for a voluntary 
limit of 1 μg/L (Ahmad et al., 2020), while other countries retain a 
criterion of 50 μg/L if source waters with lower arsenic levels are not 
available. This is to discourage replacing noncompliant well water with 
contaminated surface water (Ramsay et al., 2021). The naturally 
occurring arsenic levels in Danish groundwater, which are used for 
drinking water production are comparatively low. After implementation 
of the 2001 guideline value, non-compliant waterworks took mitigation 
measures to reduce arsenic levels, and in 2016, approximately 1.2% of 
waterworks were still above 5 µg/L (Ramsay et al., 2021). 

Exposure to arsenic has a number of adverse health effects including 
cardiovascular disease (Cosselman et al., 2015). Epidemiological studies 
have shown that high levels of arsenic in drinking water is a risk factor 
for cardiovascular disease (e.g., Chen et al., 2011; Chiou et al., 1997; 
Tseng et al., 2003; Yuan et al., 2007). Association between low levels of 
arsenic and cardiovascular disease has been studied with inconsistent 
findings (e.g., Monrad et al., 2017; Ersbøll et al., 2018; James et al., 2014 
are examples of studies showing an association between low-level 
arsenic concentration and incidence and mortality of cardiovascular 
disease). Two reviews of the association between arsenic exposure and 
adverse pregnancy outcomes describe findings of spontaneous abortion, 
stillbirth, neonatal death, post neonatal death, low birth weight and 
preterm delivery (Milton et al., 2017; Quansah et al., 2015). A few 
human studies indicate an increased risk of impaired fetal growth 
associated with maternal exposure to arsenic in drinking water (Hope-
nhayn et al., 2003; Yang et al., 2003). The arsenic levels in most of the 
studies described in the reviews were high. Therefore, there is a need for 
large cohort studies with low-level arsenic in drinking water to further 
guide mitigation strategies. 

Arsenic is known to be teratogenic in animals (Golub et al., 1998), 
however, reliable human data are needed (Vahter, 2009). Arsenic easily 
passes the human placenta (Concha et al., 1998; Vahter, 2009). The 
underlying biological mechanisms linking inorganic arsenic with 
congenital heart disease are not clear, but are hypothesized to involve 
impaired methylation and epigenetic action (Na et al., 2020; Nicoll, 
2018) impairing the fetal heart development. 

Studies in animals supports that arsenic may cause CHD (Dolk et al., 
2011; van der Linde et al., 2011), but evidence among humans are 
sparse and inconsistent. Two studies found an association between 
drinking water containing arsenic above 10 μg/L and increased risk of 
CHD (Marie et al., 2018; Rudnai et al., 2014). The French study by Marie 
and coworkers (Marie et al., 2018) examined the association between 
arsenic in drinking water in the municipality of the mother the year 
before date of birth and congenital anomalies overall and stratified by 
the most common types of anomalies including the heart. Arsenic levels 
above 10 μg/L compared to 0–10 μg/L showed an association with 
congenital heart anomalies among girls (odds ratio, OR = 3.66, 95% CI: 
1.62–7.64). The Hungarian study by Rudnai and coworkers (Rudnai 
et al., 2014) examined the association between arsenic exposure of the 
mothers during pregnancy in the residential area and congenital heart 
anomalies overall and stratified by type. Arsenic level above 10 μg/L 
compared to 0–10 μg/L showed an increased risk of congenital 

anomalies overall (OR = 1.41, 95% CI: 1.28–1.56). An even stronger 
association was seen for ductus Botalli persistens and atrial septal defect. 
One study measuring arsenic exposure in hair, likewise found arsenic 
levels above 62 ng/g to increase the risk of CHD for most subtypes of 
CHD (Jin et al., 2016). Contrary, others found no association between 
arsenic exposure during pregnancy and CHD (Sanders et al., 2014; 
Zierler et al., 1988). 

We conducted a Danish nationwide register study to examine 
whether maternal exposure to arsenic in groundwater-based drinking 
water at low concentrations is associated with congenital heart disease 
in the offspring. 

2. Materials and methods 

2.1. Study population and study design 

The study was conducted as a cohort of births between 1997 and 
2014 registered in the Danish Medical Birth Register. The register in-
cludes all births in Denmark by mothers with Danish residence (Bliddal 
et al., 2018). Children were included if they were liveborn, born after 22 
completed weeks of gestation and before 44 completed weeks of gesta-
tion, and had an plausible birth weight according to gestational age (GA) 
(Alexander et al., 1996). The study was designed as complete case and 
children with missing data on covariates were excluded. 

The assignment of a unique personal identification number to all 
Danish residents at birth or immigration enable individual-level linkage 
of national registers (Pedersen, 2011). It allows for linking a birth (child) 
to the mother, residential address, educational level and ethnicity. 

2.2. CHD outcomes 

Information on congenital malformations identified within the first 
year of life including CHD was obtained from The Danish Medical Birth 
Register (Bliddal et al., 2018). Diagnoses in the Danish Medical Birth 
Register have since 1997 been recorded according to the International 
Classification of Disease (ICD), version 10 (ICD-10 codes). CHD was 
classified according to the definition of European Surveillance of 
Congenital Anomalies (EUROCAT) (EUROCAT, 2013), and categorized 
into four different outcomes: overall CHD, severe CHD, septal defects, 
and valvular defects. Detailed overview of included and excluded codes 
is available in Supplementary Table S1. 

2.3. Arsenic exposure 

Prenatal exposure was defined as arsenic concentration in drinking 
water at maternal residential address during the calendar year where 
fetal age was 4 weeks. Maternal exposure at 4 weeks of gestational age 
was selected as the critical period for cardiac development is at 2–7 
weeks of gestational age (Patel and Burns, 2013; Jenkins et al., 2007; 
Srivastava, 2001). Residential address history for all included mothers 
was obtained from the Danish Civil Registration System (Pedersen, 
2011). Addresses from the mothers were linked to all official addresses 
in Denmark registered in the National Address Database (Danmarks 
adresseregister (DAR)) in 2018 and the Building and Housing register 
(BBR) in 2010 to obtain their geographical coordinates. Concentrations 
of arsenic in drinking water were available through a national well 
database (denoted Jupiter) managed by the Geological Survey of 
Denmark and Greenland (Ramsay et al., 2021; Thomsen et al., 2004). 
Arsenic concentrations in the outlet water of waterworks were measured 
between 12 times per year and once every three years, depending on the 
amount of water abstraction (Ministry of Environment and Energy of 
Denmark, 2017). With the introduction of the new guideline value for 
arsenic in Danish drinking water in 2001 (Ministry of Environment and 
Energy of Denmark, 2001), monitoring of arsenic levels was sys-
tematised and the number and quality of the analyses increased (Ram-
say, 2009). The arsenic analyses in drinking water have been performed 
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by different certified laboratories. The most frequent method used was 
inductively coupled plasma mass spectrometry (ICP-MS) (Petersen, 
2018). The limit of detection for arsenic varied during the study period. 
The most common limit of detection was 0.1 µg/L. Arsenic levels below 
the limit of detection were substituted by half the value of the limit of 
detection before calculating annual averages. 

Yearly mean concentration of arsenic were calculated based on 
76,818 measurements taken from the waterworks between 1997 and 
2014 from 3035 public waterworks. These waterworks supply 2478 
water supply areas, and for some areas the drinking water came from 
more than one waterworks. The abstracted volume from each water-
works was used to calculate an annual water volume-weighted average 
arsenic concentration for each supply area. There is a large variation in 
number of arsenic measurements within each water supply area due to 
differences in sampling frequency. For years with no measurements of 
the arsenic concentration, an annual arsenic concentration was esti-
mated based on the available measurements. If arsenic concentrations 
were available in the years before and after a year with no measurement, 
the arsenic concentration was estimated as an average of the arsenic 
concentration the year before and after the year with no measurements. 
If arsenic concentrations were available only before or after the year 
with no measurements, the average of the two nearest arsenic concen-
trations was used. 

Arsenic concentration at residential addresses was obtained by 
linking the addresses to the water supply areas. Arsenic concentration 
was divided into four categories <0.5 μg/L, 0.5–0.9 μg/L, 1.0–4.9 μg/L 
and ≥5.0 μg/L making it possible to distinguish between levels below 
and around the current Danish and Dutch guidelines value. 

2.4. Confounders and other covariates 

Potential confounders were identified from the literature and in 
consultation with a group of experts within epidemiology and perinatal 
exposure. Year of birth was divided in four categories (1997–2000, 
2001–04, 2005–09, 2010–14). Maternal educational level was defined 
based on the highest attained or ongoing education at the year of 
conception and derived using The Populatiońs Education Register 
(Jensen and Rasmussen, 2011). The variable was classified according to 
the International Standard Classification of Education System (ISCED- 
11) and divided in three categories (low: ISCED levels 1–2, medium: 
ISCED level 3 and high: ISCED levels 4–7) as applied elsewhere (Euro-
stat, 2018). Maternal ethnicity was assesed by country of origin and 
information was obtained from the Danish Civil Registration System 
(Pedersen, 2011) and divided in three categories based on the classifi-
cation used by Statistics Denmark as Denmark, Western and non- 
western countries (Statistics Denmark, 2020). Information about 
maternal CHD was retrieved from the Danish National Patient Register 
(Schmidt et al., 2015). Maternal age (<25, 25–29, 30–34, ≥35 years) 
and parity (primipara) was retrieved from the Danish Medical Birth 
Register. 

Information on sex of the child, small for gestational age (SGA), 
preterm birth, multiple births, chromosomal anomalies, multiple mal-
formations and syndromes was retrieved from Danish Medical Birth 
Register. Sex of the child was registered as male/female. SGA was 
defined as birth weight falling below the 10th sex-specific percentile 
according to intrauterine growth standard references (Marsal et al., 
1996). Preterm birth was defined as birth before 37 completed weeks of 
gestation (no/yes). Children from multiple births, with chromosomal 
anomalies, mulitple malformations or syndromes were catgorised as no/ 
yes. 

2.5. Statistical analysis 

We used the directed acyclic graphs (DAGs) method to identify the 
variables needed to adjust for confounding (Glymour and Greenland, 
2008). The minimal sufficient adjustment set included year of birth, 

mother’s educational level and ethnicity (Supplementary Figure S1). 
The association between maternal exposure to arsenic in drinking 

water and risk of CHD was examined using logistic regression models 
with CHD as the outcome. We adjusted the analyses for potential con-
founders as defined a priori. Unadjusted and adjusted odds ratios (OR) 
were estimated with a corresponding 95% confidence interval. Some 
women contributed with more than one birth to the cohort. To account 
for the hierarchical data structure (births within women), generalized 
estimating equations (GEE) were applied with robust standard error 
estimator. Statistical analyses were performed with Stata (StataCorp, 
2019). Geographical mapping of arsenic concentration in drinking water 
was performed using the package ggplot2 (Wickham, 2009) in R (R Core 
Team, 2019). 

Since previous studies have seen a differential effect of arsenic con-
centration by sex (Marchiset-Ferlay et al., 2012; Marie et al., 2018; 
Tseng, 2009; Vahter et al., 2007), we examined if sex modified the as-
sociation between maternal exposure to arsenic in drinking water and 
CHD by including an interaction between arsenic concentration and sex 
in the multivariable analysis. 

To examine the robustness of the results, several sensitivity analyses 
were performed. First, the validity of the arsenic exposure data was 
examined by exclusion of children born before 2003 due to low number 
of arsenic measurements. Second, we repeated the main analysis with 
adjustment for mother’s country of origin divided in five categories 
instead of three to limit potential residual confounding. In this analysis a 
supplementary variable of mother’s ethnicity was divided into conti-
nents and with America and Oceania pooled due to low numbers and 
because the CHD prevalence is equal in the two continents (van der 
Linde et al., 2011). Stateless and unspecified was pooled with Asia. 
Third, we included children whose mother’s educational level was 
missing with missing coded as a separate value. Fourth, we excluded 
children with water supply from private wells since information on 
arsenic levels in wells serving less than 10 households was unavailable, 
as they are not routinely monitored and thereby could cause misclassi-
fication. Fifth, we restricted to children whose mother’s had a high 
educational level as an attempt to account for socio-economic con-
founding. Sixth, we excluded multiple births, chromosomal anomalies, 
multiple malformations and syndromes as these factors are associated 
with increased prevalence of CHD (Blue et al., 2012; Herskind et al., 
2013). Seventh, we excluded the unspecified diagnosis of CHD (Q24.9) 
from the case definition. Finally, we repeated the main analysis with 
arsenic level categorized in seven categories to examine the dose- 
response relationship between arsenic level and CHD. 

3. Results 

3.1. Descriptive analysis 

Among 1,152,952 children born in the period 1997–2014, 1,146,516 
(99%) were live-born with GA between 22 and 44 completed weeks and 
a plausible birth weight (Fig. 1). It was possible to link maternal arsenic 
exposure from drinking water to 95% of the children. A total of 47,725 
children were excluded due to missing data on maternal education and 
sex, leaving a study population of 1,042,413 infants. 

At inclusion, we observed a median maternal exposure to arsenic in 
drinking water at 0.53 μg/L (range: 0.0015–36.0 μg/L) (Fig. 2). 

In total, 1.8% children were exposed to maternal arsenic levels ≥5.0 
μg/L and 1.0% had a CHD (Table 1). Mothers exposed to high levels of 
arsenic (≥5.0 μg/L) were more freqently younger, had lower educa-
tional level, had Danish ethnicity and the offspring was predominantly 
born in the earliest years of the study period. 

There was large geographical variation in the mean arsenic con-
centrations in drinking water across Denmark in the study period 
1997–2014, and highest concentrations were seen in defined area of 
North Jutland and South Sealand (Fig. 3). 
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3.2. Association between maternal arsenic concentration in drinking 
water and CHD 

The odds of CHD was higher among children with maternal exposure 
≥0.5 μg/L. The number of CHD increased from 9.2 per 1000 births with 
maternal exposure arsenic <0.5 μg/L to 12.3 per 1000 births with 
maternal exposure to arsenic ≥ 5 μg/L, i.e. 3.1 more cases per 1000 
births at a high exposure level compared to the lowest level. Compared 
with the maternal arsenic level <0.5 μg/L (i.e., the reference), the OR for 
CHD in the offspring was 1.13 (95% CI: 1.08–1.19) for exposure of 
0.5–0.9 μg/L, 1.33 (95% CI: 1.27–1.39) for 1.0–4.9 μg/L and 1.42 (95% 
CI: 1.24–1.62) for ≥ 5.0 μg/L. The association follows a monotonic 
exposure-response relationship (Table 2). 

A similar pattern was seen for septal defects. The number of septal 
defects increased by 1.5 per 1,000 births from the lowest to the highest 

level of exposure. The number of severe CHD increased by 0.5 cases per 
1000 births in offspring with high maternal exposure (≥0.5 μg/L) 
compared to offspring exposed to the lowest level (<0.5 μg/L). The as-
sociation did not show an exposure–response relationship since the OR 
of severe CHD was similar among offspring of mothers exposed to all 
levels ≥0.5 μg/L (Table 2). 

The number of valvular defects increased with 0.4 more cases per 
1000 births at high maternal exposure level compared to the lowest 
maternal exposure level. However, there was no significant association 
between maternal exposure and valcular defects. 

No interaction was observed between arsenic and sex (p-value: 0.71), 
and the estimates were similar for females and males, and if anything the 
indication of dose-response was not as pronounced for females as it was 
for males (Supplementary Table S2). 

Fig. 1. Flow diagram of data in the study. GA, gestational age.  

Fig. 2. Frequency distribution of baseline maternal arsenic level at residence when the fatal age was 4 weeks, N = 1,042,413 children.  
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3.3. Sensitivity analyses 

Excluding children born before 2003 and restricting to children of 
mothers with a high educational level revealed a slightly stronger as-
sociation between maternal exposure to arsenic in drinking water and 
odds of CHD. OR for CHD was 1.21 (95% CI: 1.13–1.29) for exposure of 
0.5–0.9 μg/L, 1.40 (95% CI: 1.32–1.48) for 1.0–4.9 μg/L and 1.47 (95% 
CI: 1.21–1.78) for ≥ 5.0 μg/L in the analysis excluding children born 
before 2003. In the analysis of only children with mothers with a high 
educational level OR for CHD was 1.25 (95% CI: 1.15–1.35) for maternal 
exposure of 0.5–0.9, 1.45 (95% CI: 1.35–1.55) for μg/L 1.0–4.9 μg/L and 
1.52 (95% CI: 1.19–1.95) for for ≥ 5.0 μg/L. Changing the categoriza-
tion of mother’s country of origin, including children of mothers with 
missing educational level, and excluding children with water supply 
from small private wells, children of multiple births, with chromosomal 

anomalies, multiple malformations or syndromes showed similar results 
as the main analysis. The same applies to results when excluding un-
specified diagnosis of CHD except from a slightly decrease of OR (1.22, 
95% CI: 1.15–1.29) at exposure level 1.0–4.9 μg/L. Changing the 
number of categories of arsenic level from four to seven showed a steady 
increase in odds of CHD with increasing arsenic level (Supplementary 
Table S3). 

4. Discussion 

We found an increasing risk of CHD in offspring with maternal 
exposure to increasing arsenic levels in drinking water. Among children 
with maternal exposure ≥5.0 μg/L during gestation, we found an OR of 
overall CHD at 1.40 compared to children with maternal exposure below 
0.5 μg/L. A dose-response effect was also seen for septal wall defects 

Table 1 
Baseline characteristics of the children by maternal arsenic concentration at residence when fetal age was 4 weeks, N (%).    

Maternal arsenic concentration (μg/L) 

Characteristics Total <0.50 0.50–0.99 1.00–4.99 ≥ 5.00  

Population 1,042,413 (100) 495,970 (4.6) 235,630 (22.6) 292,222 (28.0) 18,591 (1.8)  

Year of birth       
1997–2000 243,831 (23.4) 84,616 (17.1) 74,342 (31.6) 78,471 (26.9) 6,402 (34.4)  
2001–2004 238,640 (22.9) 98,288 (19.8) 63,431 (26.9) 71,084 (24.3) 5,837 (31.4)  
2005–2009 297,934 (28.6) 156,953 (31.7) 57,639 (24.5) 79,057 (27.1) 5,125 (27.6)  
2010–2014 262,008 (25.1) 156,953 (31.7) 40,218 (17.1) 63,610 (21.8) 1,227 (6.6) 

Sex  
Girl 507,733 (48.7) 241,527 (48.7) 114,783 (48.7) 142,310 (48.7) 9,113 (49.0) 

SGA (14,818 missing)  
Yes 122,603 (11.8) 57,476 (11.6) 27,623 (11.7) 35,159 (12) 2,345 (12.6) 

Preterm birth (18,857 missing)  
Yes 68,915 (6.6) 32,453 (6.5) 15,621 (6.6) 19,508 (6.7) 1,333 (7.2) 

Multiple birth  
Yes 44,340 (4.3) 21,397 (4.3) 10,016 (4.3) 12,112 (4.1) 815 (4.4) 

Congenital heart disease  
Yes 10,627 (1.0) 4,583 (0.9) 2,339 (1.0) 3,477 (1.2) 228 (1.2) 

Severe congenital heart disease  
Yes 2,336 (0.2) 986 (0.2) 590 (0.3) 713 (0.2) 47 (0.3) 

Septal wall defects  
Yes 6,524 (0.6) 2,816 (0.6) 1,472 (0.6) 2,103 (0.7) 133 (0.7) 

Valvular defects  
Yes 938 (0.1) 456 (0.1) 193 (0.1) 265 (0.1) 24 (0.1) 

Chromosomal anomalies  
Yes 1,317 (0.1) 588 (0.1) 300 (0.1) 392 (0.1) 37 (0.2) 

Multiple malformations  
Yes 2,015 (0.2) 832 (0.2) 461 (0.2) 674 (0.2) 48 (0.3) 

Syndromes  
Yes 898 (0.1) 435 (0.1) 190 (0.1) 261 (0.1) 12 (0.1) 

Chromosomal anomalies, multiple malformations or syndromes  
Yes 3,396 (0.3) 1,498 (0.3) 754 (0.3) 1,072 (0.4) 72 (0.4) 

Mother’s age  
<25 years 130,983 (12.6) 56,225 (11.3) 30,722 (13.0) 41,143 (14.1) 2,893 (15.6)  
25–29 years 346,632 (33.3) 156,456 (31.6) 81,754 (34.7) 101,987 (34.9) 6,435 (34.6)  
30–34 years 375,521 (36.1) 183,770 (37.1) 83,509 (35.4) 101,877 (34.9) 6,365 (32.2)  

≥ 35 years  189,277 (18.2) 99,519 (20.1) 39,645 (16.8) 47,215 (16.2) 2,898 (15.6) 
Parity (25,569 missing)  

Primipara 448,694 (43) 214,913 (43.3) 102,701 (43.6) 123,921 (42.4) 7,159 (38.5) 
Mother with congenital heart disease  

Yes 3,973 (0.4) 1,924 (0.4) 884 (0.4) 1,106 (0.4) 59 (0.3) 
Mother’s country of origin, three categories  

Denmark 928,392 (89.1) 442,443 (89.2) 209,230 (88.8) 259,270 (88.7) 17,449 (93.9)  
Western 25,629 (2.5) 14,184 (2.9) 5,424 (2.3) 5,772 (2.0) 239 (1.3)  
Non-western 88,392 (8.5) 39,343 (7.9) 20,966 (8.9) 27,180 (9.3) 903 (4.9) 

Mother’s country of origin, five categories  
Denmark 928,392 (89.1) 442,443 (89.2) 209,230 (88.8) 259,270 (88.7) 17,449 (93.9)  
Europe 52,102 (5.0) 26,198 (5.3) 11,915 (5.1) 13,346 (4.6) 643 (3.5)  
Asia 42,962 (4.1) 18,534 (3.7) 9,987 (4.2) 14,065 (4.8) 376 (2.0)  
Africa 15,047 (1.4) 6,576 (1.3) 3,585 (1.5) 4,799 (1.6) 87 (0.5)  
America & Oceania 3,910 (0.4) 2,219 (0.5) 913 (0.4) 742 (0.3) 36 (0.2) 

Mother’s educational level  
Low 170,454 (16.4) 73,855 (14.9) 39,765 (16.9) 52,758 (18.1) 4,076 (21.9)  
Medium 409,026 (39.2) 187,808 (37.9) 94,592 (40.1) 118,058 (40.4) 8,568 (46.1)  
High 462,933 (44.4) 234,307 (47.2) 101,273 (43.0) 121,406 (41.6) 5,947 (32.0)  
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with an OR at 1.39 among children with maternal exposure ≥5.0 μg/L 
during gestation. For severe CHD we found no dose-response effect, but 
an OR at 1.21–1.24 in maternal levels above 0.5 μg/L. No significant 

association between maternal exposure to arsenic in drinking water and 
congenital valvular heart defects was seen. The association was similar 
for female and male children. 

Germany

Sweden 

Fig. 3. Mean arsenic concentrations in water supply areas in Denmark in the study period 1997–2014. Areas outside water suppy areas (WSA) were defined by areas 
without supply (forests, lakes, etc.) and by variation in detail of digitalization of WSA. Map contains data from © EuroGeographics for the administrative boundaries 
and from the Danish Agency for Data Supply and Efficiency, municipality borders, 2019. 

Table 2 
Association between maternal arsenic concentration in drinking water (in quartiles) and congenital heart disease, septal wall defects, severe congenital heart disease 
and valvular defects, N = 1,042,413 children.  

Arsenic concentration Number of Number of events per 1,000 births OR (95% CI) 

events births Unadjusted Adjusteda 

Congenital heart disease 
<0.5 μg/L 4,583 495,970  9.2 1 (ref) 1 (ref) 
0.5–0.9 μg/L 2,339 235,630  9.9 1.07 (1.02–1.13) 1.13 (1.08–1.19) 
1.0–4.9 μg/L 3,477 292,222  11.9 1.29 (1.23–1.35) 1.33 (1.27–1.39) 
≥ 5.0 μg/L  228 18,591  12.3 1.33 (1.16–1.52) 1.42 (1.24–1.62) 

Septal defects   
<0.5 μg/L 2,816 495,970  5.7 1 (ref) 1 (ref) 
0.5–0.9 μg/L 1,472 235,630  6.2 1.10 (1.03–1.17) 1.18 (1.11–1.26) 
1.0–4.9 μg/L 2,103 292,222  7.2 1.27 (1.19–1.34) 1.32 (1.25–1.40) 
≥ 5.0 μg/L  133 18,591  7.2 1.26 (1.06–1.51) 1.39 (1.17–1.66) 

Severe congenital heart disease   
<0.5 μg/L 986 495,970  2.0 1 (ref) 1 (ref) 
0.5–0.9 μg/L 590 235,630  2.5 1.26 (1.14–1.40) 1.24 (1.11–1.37) 
1.0–4.9 μg/L 713 292,222  2.4 1.23 (1.12–1.35) 1.21 (1.09–1.33) 
≥ 5.0 μg/L  47 18,591  2.5 1.27 (0.95–1.70) 1.22 (0.91–1.64) 

Valvular defects   
<0.5 μg/L 456 495,970  0.9 1 (ref) 1 (ref) 
0.5–0.9 μg/L 193 235,630  0.8 0.89 (0.75–1.05) 0.89 (0.75–1.06) 
1.0–4.9 μg/L 265 292,222  0.9 0.99 (0.85–1.15) 0.98 (0.84–1.14) 
≥ 5.0 μg/L  24 18,591  1.3 1.40 (0.92–2.11) 1.37 (0.90–2.08) 

OR, odds ratio; CI, confidence interval; ref, reference. 
a Analyses were adjusted for year of birth, morther’s educational level and ethnicity. 
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Our results support approximately half of the existing evidence 
which has demonstrated an association between maternal exposure to 
arsenic in drinking water and CHD in the offspring. However, the other 
half of existing studies found no association, and the inconsistency in 
findings is probably explained by some of the studies having small 
sample size, differences in the median arsenic level and range of the 
arsenic level in drinking water between the different studies and dif-
ferences in the definition of outcome. Rudnai et al. (2014) found an 
increased OR of cardiovascular malformations by 41% among children 
with maternal exposure to arsenic levels ≥10 μg/L. The study was per-
formed in Hungary as a case-control study including 9711 children. 
Compared to our study, a low-to-moderate arsenic level was seen, 
ranging from 0 to more than 50 μg/L with 0–10 μg/L in the reference 
group. Furthermore, the study included other congenital malformations 
of the peripheral vascular and circulatory system (ICD-10: Q27-Q28). 
Zierler et al. (1988) investigated the relationship between maternal 
exposure to arsenic in drinking water and severe CHD in a case-control 
study including 935 children in Massachusetts, USA with arsenic level 
range 0–22 μg/L. No difference in odds was observed between exposed 
and non-exposed children. This is contrary to our findings of an 
increased odds of 21–24% among children exposed to arsenic during 
pregnancy. However, the study included a limited number of children. 
The authors found a triple risk of coarctation of aorta. We were unable to 
replicate such an association in our study (data not shown). Our study 
shows an increase in odds of septal wall defects by 18–39% with 
increasing levels of exposure which partially supports previous findings. 
No previous studies evaluated septal wall defect as an overall group. 
However, Sanders et al. has shown a 10% increased risk of atrioven-
tricular septal defect (Sanders et al., 2014) and Rudnai et al. (2014) 
found 79% increased odds of atrial septal defect. Zierler et al. found a 
30% increased risk of ventricular septal defect (Zierler et al., 1988), 
while Rudnai et al. (2014) found no effect. 

Our study is the first to investigate the relationship between CHD in 
offspring and arsenic in drinking water at arsenic levels as low as <0.5 
μg/L (reference category). Zierler et al. (1988) defined the reference 
-category as maternal arsenic levels <0.8 μg/L. We found an increased 
odds of CHD at arsenic levels 0.5–0.9 μg/L. This finding suggests that the 
level of exposure in the reference group of Zierler et al. (1988) masks an 
effect at lower levels of exposure. Furthermore, Rudnai et al. (2014) 
found no increase in odds with increasing levels of exposure. The high 
level of exposure (>10 μg/L) in the reference category in the study by 
Rudnai et al. (2014) could be the explanation of lack of dose-response 
effect. 

The variation in etiology of CHD is great and thereby plausible that 
arsenic have greater implications to some of the heart’s development 
than other. Current evidence suggest that arsenic increase the risk of 
septal wall defects and probably especially atrial septal defect (Rudnai 
et al., 2014). Furthermore, increased risk of overall CHD compared to 
increased risk of severe CHD implies arsenic having a greater effect on 
non-severe CHD. However, this finding could also be due to a limited 
number of severe CHD and thereby lack of power. 

In this register-based study we included all births registered in 
Denmark between 1997 and 2014. This limits the risk of selection bias 
and gives the power to examine rare outcomes as CHD (Thygesen and 
Ersbøll, 2014). In Denmark, continous analysis of arsenic in drinkring 
water has been performed since 2001, reducing the risk of exposure 
misclassification. Our study contributes with evidence on effects at 
exposure levels below the provisional guideline value of 10 μg/L (WHO, 
2011). Previous studies mainly examined effects at levels >50 μg/L, but 
many populations are exposed to lower levels (Halem et al., 2009; 
Ramsay et al., 2021). 

The present study has also some limitations. The first limitation is 
regarding the exposure assessment. Level of arsenic in drinking water at 
maternal residential address was the best proxy of exposure since no 
information on individual intake was available. This level may vary 
from the true exposure as the mother may drink water from another 

water supply area (e.g., at work), may not be connected to the public 
supply (however, excluding private well users in a sensitivity analysis 
did not change the results, see Table S2), she may drink bottled water 
(although the consumption in DK has always been very low (European 
Federation of Bottled Waters, 2012)), and she may live at a different 
adress with a different arsenic level during embryology. This would 
result in a yearly mean arsenic concentration different from the true 
level of exposure during this period. However, it is expected to be a non- 
differentiel misclassification as it would be equal in mothers with and 
without a child with CHD, and thereby if anyting dilute the estimated 
association toward no association. Drinking water and food (e.g., rice 
and grains) are the main sources of inorganic arsenic exposure. More 
than 95% of the inorganic arsenic in drinking water is absorbed, 
whereas less than 75% of arsenic in food is absorbed (United States 
Environmental Protection Agency, 2001). We did not have access to 
consumption of inorganic arsenic through food, which is a limitation in 
the present study. A second limitation is the lack of information about 
spontaneous abortion, termination of pregnancy due to CHD in the fetus 
and stillbirths with CHD. Severe CHD is related to increased interuterin 
and perinatal mortality (Dolk et al., 2011) and arsenic is related to infant 
mortality (Quansah et al., 2015). Our analysis is therefore conditioned 
on a common effect of arsenic and CHD – being live born offspring. The 
potential selection bias is suggested to underestimate the effect of 
arsenic. Furthermore anomaly scan at 20 GA was introduced in Denmark 
in 2004. This led to an increase of late abortion and at the same a 
decrease in neonatal mortality due to malformations (Schimdt and 
Pinborg, 2012). A third limitation is inclusion of CHD diagnosed within 
the first year of life only since mild defects is detected later in life (Pradat 
et al., 2003). It is suspected to induce some degree of misclassification, 
but it is similar for all children since it is independent of exposure levels. 
If arsenic had an effect on especially milder diagnoses, and children with 
these diagnoses were under-represented, the true effect of arsenic was 
underestimated. Finally, we investigated arsenic as the only exposure in 
drinking water, and thereby cannot exclude the possibility of con-
founding from other geogenic and trace elements correlatied with 
arsenic in groundwater-based drinking water. 

Despite these possible shortcommings, we observed adverse health 
effects even in the exposure category 0.5–0.9 µg/L, which is well below 
the WHO’s provisional guideline value of 10 μg/L and even below the 
voluntary Dutch guideline value of 1 μg/L (Ahmad et al., 2020; WHO, 
2011). Lowering of drinking water criteria coincided with significant 
reduction in arsenic concentrations in both Denmark and the US (Foster 
et al., 2019; Ramsay et al., 2021). Danmark, a high-income, low-dose 
country, is an example where Ramsay et al. (2021) furthermore showed 
that a criterion of 1 μg/L is achievable, by action of more than 500 
waterworks that would affect the drinking water quality of 1.5 million 
Danes. Scenarios by Ramsay et al. (2021) also suggested that it can be 
technically feasible and affordable to lower the arsenic criterion below 
even 5 μg/L in other low-dose, high-income countries. Further in-
vestigations on health outcomes and technical aspects of naturally- 
occuring arsenic in drinking water are hence needed to achieve 
WHO’s recent recommendation of keeping arsenic concentrations “as 
low as reasonably possible” (WHO, 2017). 

5. Conclusion 

The findings indicate that maternal exposure to arsenic in drinking 
water even at low concentrations (i.e., 0.5–0.9 μg/L) increased the risk 
of CHD in the offspring. Further, the risk increased with increasing 
arsenic levels. This adds evidence to the association between arsenic and 
CHD at lower levels of exposure than examined in previous studies. Due 
to inconsistency in the existing evidence further research is needed. 
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