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A B S T R A C T   

Introduction: Cardiovascular diseases are globally a major cause of death. Magnesium deficiency is associated 
with several diseases including cardiovascular diseases. 
Objective: To examine if a low concentration of magnesium in drinking water is associated with increased car-
diovascular mortality and mortality due to acute myocardial infarction and stroke. 
Methods: A nationwide population-based cohort study using national health registries was used. A total of 
4,274,132 individuals aged 30 years or more were included. Magnesium concentration in drinking water was 
estimated by linkage of residential addresses in the period 2005–2016 with the national drinking water quality 
monitoring database. The association between magnesium concentration in drinking water and cardiovascular 
mortality and mortality due to acute myocardial infarction and stroke was examined using a Poisson regression 
of number of deaths and logarithmic transformation of follow-up time as offset. The incidence rate ratio (IRR) 
was adjusted for differences in age, sex, calendar year, cohabitation, country of origin, and socioeconomic status. 
Results: Median magnesium concentration in drinking water at inclusion was 12.4 mg/L (range: 1.37–54.2 mg/ 
L). The adjusted IRR for cardiovascular mortality was 0.96 (95% CI: 0.94; 0.97) for the lowest magnesium 
quintile (<6.5 mg/L) as compared to the highest magnesium quintile (>21.9 mg/L). The adjusted IRR for 
mortality due to acute myocardial infarction and stroke was 1.22 (1.17; 1.27) and 0.96 (0.93; 0.99), respectively, 
for the lowest magnesium quintile as compared to the highest quintile A decreasing mortality due to acute 
myocardial infarction was seen with an increasing magnesium concentration in a dose–response manner. 
Conclusion: Low concentrations of magnesium in drinking water were associated with an increased mortality due 
to acute myocardial infarction. Low concentrations of magnesium in drinking water were associated with 
decreased cardiovascular mortality, and mortality due to stroke.   

1. Introduction 

Cardiovascular (CV) diseases are globally the major cause of death 
and accounts for 31% of all deaths (World Health Organization (WHO), 
2017a). In the European Union, CV diseases are responsible for 37% of 
all deaths (Wilkins et al., 2017). CV diseases are a broad term for all 
diseases related to the heart and circulatory system. Some of the most 
common diseases are acute myocardial infarction (AMI) and stroke. In 

Denmark, they account for around 3% and 6% of all deaths, respectively 
(Schmidt et al., 2017; Danmarks Statistik, 2022). Magnesium is essential 
for human health and magnesium deficiency is associated with a number 
of diseases including CV disease (DiNicolantonio et al., 2018). One of the 
major naturally occurring components in drinking water is magnesium 
and, therefore, the association between drinking water magnesium and 
CV death is important to examine. 

The mean magnesium concentration in groundwater-based drinking 
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water in Denmark is 12.1 mg/L ranging from 2.8 mg/L to 35 mg/L (2.5% 
and 97.5 % percentiles, respectively) (Wodschow et al., 2018). The 
magnesium concentrations vary naturally due to absent or different 
degree of carbonate dissolution in the aquifers, depending on e.g., the 
geological settings from where the water is abstracted and potentially 
also applied water treatment at waterworks. For comparison, magne-
sium in European drinking water ranges from nearly nothing to >200 
mg/L (Ong et al., 2009). The World Health Organization (WHO) has not 
proposed guidelines values for the concentration of magnesium in 
drinking water (World Health Organization (WHO), 2017b), however, 
until October 2017, the Danish guideline value of a maximum of 50 mg/ 
L was proposed (Ministry of Environment and Food, 2016) mainly due to 
bitter taste and risk of a mildly laxative effect. 

In Denmark, tap water is based on groundwater (Thorling et al., 
2018) and it is the main source of water for drinking, cooking, tea and 
coffee, as consumption of bottled water is very low (European Federa-
tion of Bottled Waters, 2018). However, the greatest source of magne-
sium comes from ingestion of food. One study suggests the intake of 
magnesium through drinking water to be 12% ± 9.8% (mean ± stan-
dard deviation) of the total intake (Hankin et al., 1970). A French study 
examined the relative intake of magnesium through mineral water and 
observed that for the group consuming very magnesium rich water it 
contributes with 17% of the total intake, whereas for the group 
consuming water with very low magnesium concentrations, it contrib-
utes with 1% of the total intake (Galan et al., 2002). The bioavailability 
of magnesium in water has also been suggested to be higher than the 
bioavailability of magnesium in food (Durlach et al., 1985; Löwik et al., 
1982). 

The European Food Safety Agency has estimated an adequate intake 

of magnesium to be 350 mg/day for men and 300 mg/day for women 
(EFSA Panel on Dietetic Products and Allergies, 2015). Studies from 
various countries show average intakes close to the recommendations, 
but also large variations that indicate a subpopulation ingesting much 
less than the recommendations (Abbott et al., 2003; Becker and Kum-
pulainen, 1991; Galan et al., 2002; Jodral-Segado et al., 2003; Song 
et al., 2005). In a national diet survey in Denmark, the average mag-
nesium intake among adults was above the daily recommended intake, 
although the intake was below the recommended level in the lowest 
percentile and the average magnesium intake was lower among those 
aged 65–75 years compared to 35–64 years (Fødevareinstituttet, 2015). 

In two recent meta-analyses, an association between low dietary 
magnesium and increased risk of both ischemic heart disease (IHD) and 
stroke was found (Del Gobbo et al., 2013; Larsson et al., 2012). A similar 
pattern was found for dietary magnesium and IHD. The risk of stroke 
was reduced by 8% for an increment of 100 mg/day in dietary magne-
sium (Larsson et al., 2012). 

Magnesium measured in blood was found to have a strong associa-
tion with reduced CV disease risk, here an increment of 0.2 mmol/L 
(corresponding to 4.86 mg/L) resulted in a 30% risk reduction (Del 
Gobbo et al., 2013). Trends towards lower risk of IHD and fatal IHD was 
also observed. However, others have not found an association between 
either dietary magnesium in women and incident CV disease (Song et al., 
2005) or serum magnesium and CV disease (Khan et al., 2010). It is 
suggested that the mechanisms linking a low concentration of magne-
sium with CV diseases is different between serum magnesium and di-
etary magnesium, which may explain the different finding between 
studies of serum magnesium and dietary magnesium and risk of CV 
diseases (Ohira et al., 2009). Furthermore, the association between 

Fig. 1. Cohort flow diagram showing number of included and excluded individuals and linkage with exposure at each water supply area (WSA). WSA, Water supply 
area; Mg, magnesium; CRS, Civil Registration System. 
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magnesium in serum and magnesium intake from the diet is limited (Del 
Gobbo et al., 2012). Thus, despite the somewhat inconsistent associa-
tions, for dietary magnesium there seems to be a protective effect for CV 
diseases including both IHD, and stroke. This makes it plausible that 
magnesium ingestion through drinking water could have a beneficial 
effect as well. The underlying biological mechanisms linking inorganic 
magnesium with CV death are not clear. However, subclinical magne-
sium deficiency increases risk of hypertension and calcification, which 
may play a role in the pathogenesis of CV death (DiNicolantonio et al., 
2018). 

The impact of magnesium in drinking water on CV mortality has 
been studied for decades in several countries, though not before in 
Denmark, and more well-designed epidemiological studies are needed in 
different environments. Previous studies have indicated both a protec-
tive effect and no association between magnesium in drinking water and 
death caused by various CV diseases. 

In a meta-analysis by Catling et al. (2008), the results indicated a 

significant protective effect of magnesium in drinking water on CV 
death. However, though similar conclusions were reached by Pepin and 
Sauvant in an earlier review study, they also state that any causality 
between drinking water magnesium and CV death has not yet been 
proven (Sauvant and Pepin, 2002). A significant protective effect of 
drinking water magnesium on fatal AMI has been found in Sweden 
(Rubenowitz et al., 1996, 1999; Rubenowitz et al., 2000). However, an 
ecological study from England by Maheswaran et al. showed no asso-
ciation between magnesium in drinking water and AMI or IHD 
(Maheswaran et al., 1999). Furthermore, in a large cohort study from 
the Netherlands, no significant association between magnesium in 
drinking water and neither IHD nor stroke was found (Leurs et al., 
2010). Finally, a research group in Taiwan examined the association 
between drinking water magnesium and death from AMI, cerebrovas-
cular diseases, and hypertension. They found a protective effect from 
magnesium on cerebrovascular death and hypertension death, but not 
on fatal AMI (Yang, 1998; Yang et al., 2006; Yang and Chiu, 1999). 

Fig. 2. Geographical distribution of the mean estimated magnesium concentration in the period 2005–2016 for all water supply areas. The concentrations are 
divided into five different exposure groups used in the analyses. As the magnesium concentration in a water supply area can change during the study period, the 
colors of the map indicate the most likely exposure group of the area. WS, water supply. 
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The aim of the present study was to examine the association between 
levels of magnesium in drinking water and CV mortality, in particular 
death caused by AMI or stroke, in a Danish context. The research 
question was that low concentration of magnesium in drinking water is 
associated with increased cardiovascular mortality and mortality due to 
acute myocardial infarction and stroke. 

2. Materials and methods 

2.1. Study population and design 

The study was carried out as a retrospective open cohort study with a 
study period of 12 years (2005–2016). The study population included 
the entire Danish population aged 30 or more. 

Table 1 
Baseline characteristics of the study population at inclusion by quintile (Q) of magnesium concentration at the residence at inclusion.  

Characteristics N Magnesium exposure (mg/L) 
Median (min–max)   

Q1 

4.85 (1.37–6.65) 
Q2 

8.51 (6.66–10.3) 
Q3 

12.3 (10.4–14.6) 
Q4 

18.6 (14.7–21.8) 
Q5 

27.1 (21.9–54.2) 

All individuals 4,274,132 841,596 833,189 854,936 892,623 851,788 
Age, mean (SD)  49.3 (16.5) 49.5 (16.4) 48.6 (16.6) 48.8 (16.7) 46.3 (16.8) 
Age groups 

30–34 1,188,930 210,413 (25.0%) 200,217 (24.0%) 237,033 (27.7%) 240,593 (27.0%) 300,674 (35.3%) 
35–39 434,875 85,214 (10.1%) 85,177 (10.2%) 84,401 (9.9%) 92,836 (10.4%) 87,247 (10.2%) 
40–44 411,482 83,150 (9.9%) 84,207 (10.1%) 81,522 (9.5%) 87,591 (9.8%) 75,012 (8.8%) 
45–49 373,531 78,287 (9.3%) 78,009 (9.4%) 74,816 (8.8%) 78,342 (8.8%) 64,077 (7.5%) 
50–54 358,598 75,510 (9.0%) 75,288 (9.0%) 72,016 (8.4%) 74,425 (8.3%) 61,359 (7.2%) 
55–59 383,746 78,627 (9.3%) 80,309 (9.6%) 77,013 (9.0%) 80,864 (9.1%) 66,933 (7.9%) 
60–64 316,408 63,869 (7.6%) 64,940 (7.8%) 64,658 (7.6%) 66,604 (7.5%) 56,337 (6.6%) 
65–69 239,678 49,685 (5.9%) 49,925 (6.0%) 49,965 (5.8%) 49,180 (5.5%) 40,923 (4.8%) 
70–74 190,108 40,049 (4.8%) 39,691 (4.8%) 38,904 (4.6%) 39,459 (4.4%) 32,005 (3.8%) 
75–79 157,201 32,833 (3.9%) 32,099 (3.9%) 31,695 (3.7%) 33,567 (3.8%) 27,007 (3.2%) 
80–84 119,756 24,353 (2.9%) 23,879 (2.9%) 23,598 (2.8%) 26,650 (3.0%) 21,276 (2.5%) 
85–90 65,234 12,841 (1.5%) 12,802 (1.5%) 12,636 (1.5%) 14,774 (1.7%) 12,181 (1.4%) 
90+ 34,585 6,765 (0.8%) 6,646 (0.8%) 6,679 (0.8%) 7,738 (0.9%) 6,757 (0.8%) 

Sex 
Male 2,094,528 416,068 (49.4%) 408,743 (49.1%) 420,230 (49.2%) 433,544 (48.6%) 415,943 (48.8%) 
Female 2,179,604 425,528 (50.6%) 424,446 (50.9%) 434,706 (50.8%) 459,079 (51.4%) 435,845 (51.2%) 

Family income 
Very Low 1,021,989 188,601 (22.4%) 188,557 (22.6%) 204,731 (23.9%) 214,627 (24.0%) 225,473 (26.5%) 
Low 879,345 195,655 (23.2%) 185,978 (22.3%) 184,503 (21.6%) 162,146 (18.2%) 151,063 (17.7%) 
Medium 837,622 179,976 (21.4%) 172,274 (20.7%) 172,008 (20.1%) 160,815 (18.0%) 152,549 (17.9%) 
High 791,075 154,923 (18.4%) 155,562 (18.7%) 158,985 (18.6%) 162,289 (18.2%) 159,316 (18.7%) 
Very high 744,101 122,441 (14.5%) 130,818 (15.7%) 134,709 (15.8%) 192,746 (21.6%) 163,387 (19.2%) 

Cohabitation 
Living alone 1,428,719 243,628 (28.9%) 247,888 (29.8%) 278,321 (32.6%) 321,722 (36.0%) 337,160 (39.6%) 
Not living alone 2,845,413 597,968 (71.1%) 585,301 (70.2%) 576,615 (67.4%) 570,901 (64.0%) 514,628 (60.4%) 

Hypertension 
Yes 714,827 148,844 (17.7%) 148,315 (17.8%) 146,597 (17.2%) 148,073 (16.6%) 122,998 (14.4%) 
No 3,559,305 692,752 (82.3%) 684,874 (82.2%) 708,339 (82.9%) 744,550 (83.4%) 728,790 (85.6%) 

Country of origin 
Western 4,006,383 809,195 (96.2%) 793,258 (95.2%) 810,582 (94.8%) 822,491 (92.1%) 770,857 (90.5%) 
Non-western 267,749 32,401 (3.8%) 39,931 (4.8%) 44,354 (5.2%) 70,132 (7.9%) 80,931 (9.5%) 

Population density 
Capital 1,402,899 69,539 (8.3%) 71,047 (8.5%) 281,510 (32.9%) 399,409 (44.8%) 581,394 (68.3%) 
Larger cities 1,117,957 268,013 (31.9%) 295,235 (35.4%) 197,317 (23.1%) 240,271 (26.9%) 117,121 (13.8%) 
Smaller cities 1,099,103 318,472 (38.0%) 303,018 (36.4%) 240,001 (28.1%) 143,758 (16.1%) 92,854 (10.9%) 
Rural areas 600,691 172,764 (20.5%) 151,981 (18.2%) 124,226 (14.5%) 98,413 (11.0%) 53,307 (6.3%) 
Unknown 53,482 11,808 (1.4%) 11,908 (1.4%) 11,882 (1.4%) 10,772 (1.2%) 7,112 (0.8%) 

Mean annual hours of bright sunlight 
Low 1,272,783 589,628 (70.1%) 392,692 (47.1%) 267,815 (31.3%) 19,075 (2.1%) 3,573 (0.4%) 
Medium 2,100,224 109,737 (13.0%) 206,692 (24.8%) 413,909 (48.4%) 652,604 (73.1%) 717,282 (84.2%) 
High 901,125 142,231 (16.9%) 233,805 (28.1%) 173,212 (20.3%) 220,944 (24.8%) 130,933 (15.4%) 

Year of inclusion 
2005 3,341,105 677,766 (80.5%) 680,333 (81.7%) 662,349 (77.5%) 706,759 (79.2%) 613,898 (72.1%) 
2006 93,618 17,093 (2.0%) 16,211 (1.9%) 19,001 (2.2%) 20,865 (2.3%) 20,448 (2.4%) 
2007 88,986 15,553 (1.8%) 15,787 (1.9%) 17,654 (2.1%) 19,961 (2.2%) 20,031 (2.4%) 
2008 108,913 16,298 (1.9%) 17,418 (2.1%) 29,935 (3.5%) 24,361 (2.7%) 20,901 (2.5%) 
2009 84,797 15,227 (1.8%) 15,343 (1.8%) 16,538 (1.9%) 17,820 (2.0%) 19,869 (2.3%) 
2010 84,182 15,840 (1.9%) 13,204 (1.6%) 16,694 (2.0%) 20,340 (2.3%) 18,104 (2.1%) 
2011 77,129 14,099 (1.7%) 11,538 (1.4%) 16,198 (1.9%) 14,748 (1.7%) 20,546 (2.4%) 
2012 76,265 13,174 (1.6%) 11,590 (1.4%) 15,584 (1.8%) 12,114 (1.4%) 23,803 (2.8%) 
2013 74,395 13,005 (1.5%) 12,398 (1.5%) 13,980 (1.6%) 10,751 (1.2%) 24,261 (2.8%) 
2014 76,359 13,892 (1.7%) 12,803 (1.5%) 14,169 (1.7%) 11,339 (1.3%) 24,156 (2.8%) 
2015 81,288 14,403 (1.7%) 12,963 (1.6%) 15,350 (1.8%) 16,223 (1.8%) 22,349 (2.6%) 
2016 87,095 15,246 (1.8%) 13,601 (1.6%) 17,484 (2.0%) 17,342 (1.9%) 23,422 (2.7%)  
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2.2. Data sources 

Data in the present study originated from the Danish Register of 
Causes of Death, the Danish Civil Registration System, the Register on 
Family Income and the Danish National Patient Register. The Danish 
Register of Causes of Death was established in 1970 and includes all 
deaths among citizens dying in Denmark (Helweg-Larsen, 2011). The 
cause of death is identified by a medical doctor, and it is possible to 
register a primary cause of death and multiple secondary causes. The 
Danish Civil Registration System was established in 1968 and contains 
data on residence, family relations, sex and age among other things and 
includes all individuals with a Danish residence (Pedersen, 2011). The 
Income Statistics Register on family income relates the family id to a 
family equivalent income, where the total income is divided by the 
number of family members (using different weights for children of 
different ages). The Income Statistics Register was established in 1970. 
The income data stem from multiple other registers (Baadsgaard and 
Quitzau, 2011). The Danish National Patient Register contains nation-
wide data including diagnoses and treatments on all non-psychiatric 
hospital discharges since 1977. From 1995, patients discharged from 
emergency departments and outpatient clinics have also been registered 
(Lynge et al., 2011). The registers were linked by a unique personal 
identification number, given at birth or immigration to all individuals 
with a Danish residence. 

Water sample measurements of magnesium concentrations in 
drinking water measured at public waterworks were extracted from the 
national geo-database JUPITER, administrated by Geological Survey of 
Denmark and Greenland (Hansen and Pjetursson, 2011). Information on 
location of private wells was also extracted from the database. Drinking 
water magnesium concentrations were linked to addresses using infor-
mation on the spatial layout of the approximately 2600 Danish water 
supply areas (Schullehner and Hansen, 2014). The geographic 

coordinates of each residential address were extracted from the National 
Address Register (Styrelsen for Dataforsyning og Effektivisering, 2018) 
and the Building and Housing Register (Christensen, 2011) which 
include all existing addresses in Denmark in 2018 and 2010, 
respectively. 

2.3. Cardiovascular death 

CV death and death caused by AMI or stroke were identified using 
the underlying cause of death from the Danish Register of Causes of 
Deaths (Helweg-Larsen, 2011). The 10th revision of the International 
Classification of Disease (ICD-10) was used with CV death defined as 
ICD-10: I, AMI ICD-10: I21 and stroke as ICD-10: I60, I61, I63 and I64 
(hemorrhagic stroke, ICD-10: I60, I61; ischemic stroke, ICD-10: I63, 
I64). 

2.4. 28-day cardiovascular mortality 

Hospitalization in connection with CV death was used to verify the 
cause of death. It was deemed more reliable that the cause of death was 
correct when the patients died either in hospital or up to 28 days 
following a CV-related hospitalization compared to the registered cause 
of death for a person who died outside of hospital with no prior CV 
related contact to the hospital. Diagnosis of CV disease at a hospital 
(ICD-10: I) was found in the Danish National Patient Register (Lynge 
et al., 2011). 

2.5. Magnesium exposure assessment 

Magnesium exposure was assessed by estimating a yearly mean 
magnesium concentration in the drinking water for all water supply 
areas, using magnesium concentration measured at the waterworks 

Fig. 3. Association between 2-year time weighted average (TWA) magnesium concentration in drinking water in quintiles and cardiovascular (CV) mortality and 
mortality due to acute myocardial infarction (AMI) and stroke. N, number of cases; PY, person-years; IR, incidence rate per 100,000 person-years; IRR, incidence rate 
ratio. Analyses are adjusted for age, sex, calendar year, country of origin, and family income. 
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within each area. In the study period, some water supply areas had >100 
magnesium measurements where others only had a single measurement. 
If a waterworks had several measurements within one year a yearly 
mean concentration was calculated. If a water supply area was supplied 
by multiple waterworks, a volume weighted yearly magnesium con-
centration was calculated depending on the amount of water abstracted 
at each waterworks. The estimates used as the magnesium exposure in 
the study was then calculated using the four nearest yearly mean con-
centrations in time for each water supply area and the concentrations 
were weighted using inverse distance weighting. If less than four esti-
mates were available, then all available measurements were used. Next, 
each existing address was linked to a water supply area with magnesium 
analyses of the drinking water. No magnesium exposure was assigned 
for addresses outside a water supply area or for addresses with a nearby 
private well (within 50 m), since it is possible that the address is sup-
plied by drinking water from the private well and not supplied by a 
public waterworks. Annual magnesium exposure at each address was 
afterwards linked to the study population by calendar year and ad-
dresses listed in the Danish Civil Registration System. An individual in 
the study population has a record each year where time-varying vari-
ables are updated annually, including residential information (i.e., ad-
dresses). For each individual in the population, the magnesium exposure 
was then calculated as a two-year time-weighted average (TWA) mag-
nesium concentration. The two-year TWA magnesium concentration 

was categorized into five exposure groups based on quintiles (Q1–Q5). In 
this way, the exposure group for each individual was determined per 
year. Hence, one individual could change exposure group during the 
study period depending on residential address and/or changes in mag-
nesium level in the drinking water during the study period. 

2.6. Potential confounders 

Potential confounders were derived using individual-level data and 
included age (5-year intervals), sex, calendar year, country of origin, 
cohabitation, and family income (quintiles). Income was used as a proxy 
for socioeconomic status. The five quintiles of the family income were 
calculated separately for men and women and older (age 65+) and 
younger (age 30–64) individuals to adjust for the difference between the 
retired and the working population. The country of origin was divided in 
two groups, western and non-western. Here a western origin included all 
individuals from Europe, North America and Australia. Cohabitation 
was defined as a binary variable as living alone or not living alone (i.e., 
married or living with partner). 

2.7. Other variables 

Other variables adjusted for in the analysis include population den-
sity, hypertension and mean annual hours of bright sunlight (as a proxy 

Fig. 4. Supplementary analyses of the association between magnesium concentration in drinking water and cardiovascular mortality. A 2-year TWA magnesium 
concentration in drinking water was examined except in the first analysis using a 5-year TWA. N, number of cases; PY, person-years; IR, incidence rate per 100,000 
person-years; IRR, incidence rate ratio; 70 years or more, individuals were 70 years or more at inclusion; Hospitalization, diagnosis verified by a hospital contact; 
Further adjustment, analyses further adjusted for population density, hypertension and mean annual hours of bright sunlight. 
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of vitamin D exposure). Population density was categorized into the 
capital, larger cities (≥30,000 inhabitants), smaller cities (2,000–29,999 
inhabitants) and rural areas (<2,000 inhabitants). Hypertension was 
defined as having prescription redemptions of at least two classes of 
antihypertensive treatment within a year (Olesen et al., 2011). The 
variable was a binary time-varying variable defined as hypertension the 
year where the individual first full-filled the definition. Mean annual 
hours of bright sunlight at municipally level was categorizes into low 
(25% lowest, 1581–1721 h), medium (middle 25–75%, 1722–1772 h) 
and high (25% highest, 1773–1951 h) (DMI, 2018). 

2.8. Statistical methods 

To examine the association between magnesium in drinking water 
and overall CV mortality, and death caused by AMI and stroke, a 
generalized linear model with a Poisson distribution was used. The 
number of cases (overall CV death, and death due to AMI and stroke, 
respectively) was the outcome and offset was the logarithm of the risk 
time. The analysis is also referred to as the piece-wise exponential model 
(Laird and Olivier, 1981). In this analysis, more than one timescale can 
be examined. In the present study, three timescales were taken into 
account: time since inclusion, age and calendar year. Follow-up time 
was calculated as time from inclusion (in 2005 or at age 30 years) until 
event (overall CV death, and death due to AMI and stroke), emigration 

or end of follow-up (December 31, 2016) whichever came first. 
The incidence rates (IR) were estimated for the five exposure groups. 

The incidence rate ratios (IRRs) and 95% confidence intervals (95% CI) 
were calculated with the highest exposure group as reference. The 
model was adjusted for potential confounders. Furthermore, an unad-
justed model was estimated for comparison. All regression analyses were 
carried out using the GENMOD procedure in SAS 9.4. 

2.9. Supplementary analysis 

In order to assess the robustness of the findings in the main analysis, 
several supplementary analyses were carried out. One supplementary 
analysis extended the exposure period to five years using a five-year 
TWA magnesium concentration, as we had no prior reason to select a 
two-year exposure period. Furthermore, it was suspected that the effect 
of drinking water magnesium could be different for the elderly popu-
lation compared to the younger population. Therefore, a second sup-
plementary analysis only including individuals at age 70 years or more 
was carried out. The individuals were included from the year they 
turned 70 years. In order to verify the cause of death, a third supple-
mentary analysis was performed with diagnose verified by a hospital 
contact. We included only individuals who died during hospital 
admission with a CV diagnosis or who died within 28 days after a CV 
related hospital contact. In the fourth supplementary analysis, we 

Fig. 5. Supplementary analyses of the association between magnesium concentration in drinking water and mortality due to acute myocardial infarction (AMI). N, 
number of cases; PY, person-years; IR, incidence rate per 100,000 person-years; IRR, incidence rate ratio; 70 years or more, individuals were 70 years or more at 
inclusion; Hospitalization, diagnosis verified by a hospital contact; Further adjustment, analyses further adjusted for population density, hypertension and mean 
annual hours of bright sunlight. 
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further adjusted for population density, hypertension, and mean annual 
hours of bright sunlight. Since the etiology is different between ischemic 
and hemorrhagic stroke, an analysis stratified by type of stroke was 
examined in the fifth supplementary analysis. Here we also examined CV 
mortality due to other causes than AMI and stroke. Finally, in the sixth 
supplementary analysis we examined a potential dose–response associ-
ation between magnesium and mortality by categorizing magnesium 
into nine categories. 

3. Results 

A total of 4,274,132 individuals were included in the final cohort 
after exclusion of 106,759 individuals (2.4%) (Fig. 1). Eight individuals 
were excluded because they had no municipality indicated in the reg-
ister. A total of 36,345 individuals were excluded due to lack of match 
between address and water supply area. Another 15,445 individuals 
were excluded since they lived in areas in which no magnesium analyses 
had been registered since 1980. Furthermore, 53,849 individuals were 
excluded because they were likely to be supplied by a private water well 
with no or limited data on the magnesium concentrations registered. 
Finally, 56 individuals had no registered family income and 1,056 had 
no country of origin. 

The magnesium concentration at baseline (i.e., year of inclusion of 
each individual) ranged from 1.37 mg/L to 54.2 mg/L with a mean of 
14.2 mg/L and median of 12.4 mg/L. The geographical distribution of 
the average concentration in all water supply areas in the period 

2005–2016 illustrates a low magnesium concentration in the western 
part of the country and higher in the eastern part (Fig. 2). The average 
magnesium concentration is partitioned into five exposure groups used 
in the analyses. 

Baseline characteristics of the study population stratified by mag-
nesium concentration at inclusion is shown in Table 1. In general, the 
socio-demographic characteristics of the individuals are similar in all 
five exposure groups, however, there are some differences. The highest 
exposure group (Q5) has a slightly younger population with more in-
dividuals living alone compared to the other four exposure groups. The 
three lowest exposure groups have a similar pattern regarding the in-
come, for these the number of individuals is decreasing as the income 
increased. For the two highest exposure groups, a different pattern is 
observed, here the very low and the very high-income group have the 
largest number of individuals, whereas the three middle income groups 
contain a similar number of individuals. There is also around twice the 
number of individuals with non-western country of origin in exposure 
groups Q4 and Q5, compared to exposure groups Q1, Q2 and Q3. All 
exposure groups have a similar male/female ratio and hypertension yes/ 
no ratio. The two highest exposure groups are mainly found in the 
capital, whereas the lower exposure groups are found in the larger cities, 
smaller cities, and rural areas. The annual mean hours of bright sunlight 
is lowest in exposure group Q1 and highest in exposure group Q3 and Q5. 

We found a 4–5% lower CV mortality in the three lowest magnesium 
quintiles when compared to the highest quintile (IRR Q1 vs. Q5 = 0.96; 
95% CI: 0.94; 0.97, IRR Q2 vs. Q5 = 0.95; 95% CI: 0.93;0.96, IRR Q3 vs. 

Fig. 6. Supplementary analyses of the association between magnesium concentration in drinking water and mortality due stroke. N, number of cases; PY, person- 
years; IR, incidence rate per 100,000 person-years; IRR, incidence rate ratio; 70 years or more, individuals were 70 years or more at inclusion; Hospitalization, 
diagnosis verified by a hospital contact; Further adjustment, analyses further adjusted for population density, hypertension and mean annual hours of bright sunlight. 
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Q5 = 0.95; 95% CI: 0.93; 0.96) (Fig. 3). We found that a decreasing 
mortality due to AMI was associated with increasing magnesium con-
centration. A 22% increased mortality due to AMI was seen in the lowest 
quintile as compared to the highest quintile (IRR = 1.22; 95% CI: 1.17; 
1.27). The association between magnesium in drinking water and 
mortality due to stroke showed a pattern similar to that of CV death with 
a 4–5% lower mortality in the three lowest quintiles. 

The results in the supplementary analyses supported the overall 
findings in the main analyses (Figs. 4–6). When the exposure period was 
extended to five years (i.e., a 5-year TWA magnesium concentration), a 
19% increased mortality due to AMI was seen in the lowest quintile as 
compared to the highest quintile (IRR = 1.19, 95% CI: 1.14; 1.24) as 
compared to a 22% increased mortality in the main analysis. 

When the population was restricted to individuals at age 70 years or 
more, the results were similar to the results in the main analysis, but the 
association between drinking water magnesium and mortality due to 
AMI was stronger (IRR = 1.25, 95% CI: 1.20; 1.31) for the lowest 
quintile compared to the highest quintile. 

In the third supplementary analysis, the outcome was limited to 
deaths where the deceased had a CV-related contact to the hospital 
within 28-days or died at hospital due to a CV disease, AMI or stroke. 
The patterns were similar to the findings in the main analyses, but much 
stronger for both CV mortality and mortality due to stroke, where the 
least exposed group (Q1) had a reduced risk of 12% and 18%, respec-
tively, compared to the highest quintile (Q5). A protective effect of 
drinking water magnesium on mortality due to AMI was still seen (IRR 
= 1.18, 95% CI: 1.11; 1.27). 

Further adjustment of the association between 2-year TWA magne-
sium concentration and mortality (fourth sensitivity analysis) with 
population density, hypertension and mean annual hours of bright 
sunlight resulted in similar patterns as in the main analysis. A 17% 

increased mortality due to AMI was seen in the lowest quintile as 
compared to the highest quintile (IRR = 1.17, 95% CI: 1.11; 1.23). 

The analysis stratified by type of stroke showed a 6–7% lower mor-
tality due to ischemic stroke in the three lowest magnesium quintiles 
when compared to the highest quintile (Fig. 7). A 3–9% increased 
mortality due to hemorrhagic stroke was seen in the four lowest mag-
nesium quintiles when compared to the highest quintile. 

There was a tendency to a dose–response effect of magnesium level 
on mortality due to AMI with decreasing mortality with increasing 
magnesium level (Fig. 3). This is supported by the supplementary 
analysis with nine categories of magnesium level, although some fluc-
tuations are seen between the highest concentrations (Fig. 8). For stroke, 
an opposite association is seen with increasing mortality with increasing 
magnesium level, which is also supported by the supplementary 
analysis. 

4. Discussion 

4.1. Main findings 

In this large-scale register-based nationwide cohort study including 
4,274,132 individuals in Denmark we found that exposure to decreasing 
levels of magnesium in drinking water was associated with increasing 
mortality due to AMI. The findings indicated a dose–response relation-
ship with an increasing AMI mortality with a decreasing magnesium 
level. We found that a high concentration of magnesium in drinking 
water was associated with increased cardiovascular mortality, and 
mortality due to stroke. 

Fig. 7. Supplementary analyses of the association between magnesium concentration in drinking water and ischemic stroke, hemorrhagic stroke, and cardiovascular 
mortality due to other causes than acute myocardial infarction (AMI) and stroke. N, number of cases; PY, person-years; IR, incidence rate per 100,000 person-years; 
IRR, incidence rate ratio. 
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4.2. Impact 

Previous studies have demonstrated geographical differences in CV 
disease and this study indicates that local magnesium concentration in 
drinking water might play an important role. Thus, future strategies in 
preventing CV disease might consider mineral composition of drinking 
water as a risk factor that might need further attention to reduce CV 
disease burden. 

4.3. Strengths 

A major strength of the present study is the large cohort and the long 
study period. Since the entire population aged 30 years or more is 
included, selection bias concerning the participants is limited (Thygesen 
and Ersbøll, 2014). Applied data, including exposure data, were 
collected prospectively and the drinking water data is based on 
comprehensive monitoring data carried out by certified laboratories and 
centrally registered. Furthermore, a large proportion of the residential 
addresses could be linked to a magnesium measurement in drinking 

water. 
The concentrations of magnesium in Danish drinking water vary 

across the country from just a few milligrams per liter to over 50. This 
means that there is a large exposure contrast, which is a strength for the 
analysis. The geographical variation is larger than in many comparable 
studies due to different degree of carbonate dissolution in the Danish 
aquifers (Leurs et al., 2010; Rubenowitz et al., 2000). By assuming an 
individual consumption of 1.85 L tap water per day (Save-Soderbergh 
et al., 2018), the magnesium intake from drinking water may account 
for 1% and up to 30% of the mean recommended daily magnesium 
intake. This variation makes up a relatively large variation in individual 
magnesium intake, particularly for individuals with a low dietary 
magnesium intake. 

4.4. Limitations 

The Danish Register of Causes of Death is in general reliable. How-
ever, it should be noted that many of the diagnoses are given by a doctor 
without any extensive postmortem examination (Madsen et al., 2003). 

Fig. 8. Supplementary analyses of the association between magnesium concentration in drinking water (nine categories) and cardiovascular (CV) mortality and 
mortality due to acute myocardial infarction (AMI) and stroke. N, number of cases; PY, person-years; IR, incidence rate per 100,000 person-years; IRR, incidence 
rate ratio. 
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This could potentially lead to a misclassification e.g., potentially over-
estimation of some causes and underestimation of other causes. This 
limitation has been averted by the supplementary analysis only 
including individuals with a CV-related hospitalization within 28-days 
or who died during hospitalization. Since these individuals had a 
recent in-hospital CV diagnosis, their cause of death was considered 
highly reliable. A second limitation is that individuals living close to a 
registered private well were excluded from the study, which could 
potentially incur a slight selection bias. They are excluded since only 
very few measurements of magnesium concentrations were available for 
private wells. The magnesium concentrations for each water supply area 
are estimated based on the nearest four measurements in time. For some 
areas, this might be an uncertain estimate if the variation in the existing 
measurements is high or only very few measurements are registered. 
However, both exclusion of private wells and uncertain estimates is 
expected to be non-differential since both few measurements and private 
wells are widely distributed. When calculating both a five-year and two- 
year average, the influence of variation is reduced to some extent. A 
third limitation is the possibility of misclassification of exposure. Mag-
nesium measured at waterworks is used as a proxy for the individual 
magnesium intake from drinking water. Therefore, e.g., actual magne-
sium level in tap water, individual intake of residential tap water and use 
of residential water filters or water softeners that might alter the mag-
nesium level in drinking water are not accounted for in our study. Lack 
of controlling for dietary magnesium intake or use of medication may 
influence the association between magnesium in drinking CV diseases. 
However, the overall diet habits regarding magnesium rich foods and 
use of medication are expected to be fairly evenly distributed in 
Denmark. Altogether, misclassification in our study is expected to be 
independent of CV mortality, mortality due to AMI or mortality due to 
stroke and any exposure misclassification would influence the results 
towards no association. A fourth limitation is potentially other drinking 
water compounds that correlate with magnesium. Both calcium and 
sodium correlates to some extent with magnesium in Danish drinking 
water (Wodschow et al., 2018), however, compared to the dietary intake 
of sodium, the fraction from drinking water is expected to be small. 
Though higher calcium concentrations in drinking water might be 
associated with CV diseases, e.g. AMI mortality (Yang et al., 2006), there 
seems to be less evidence for an association between calcium in drinking 
water and CV diseases (Catling et al., 2008) or calcium supplements and 
CV diseases (Curtis et al., 2021) compared to magnesium and CV dis-
eases. It has been proposed that a high Ca:Mg ratio in groundwater is 
associated with increased risk of incident AMI (Kousa et al., 2006) and 
that it might be the combination of the two cations in drinking water 
that is important for CV health (Rylander, 2014). We were not able to 
include calcium measurements in drinking water in our study, however, 
since calcium and magnesium correlate, a high Ca:Mg ratio is expected 
to occur in areas of low magnesium concentration, and the Ca:Mg would 
therefore effect the association in the same direction as magnesium. 
Finally, residual confounding cannot be rules out. This includes the lack 
of available data regarding confounders such as health behavior. 
Instead, the family income is used as a proxy for health behavior. 

4.5. Comparison with other studies 

During the last decades several epidemiological studies have exam-
ined the association between CV death and drinking water magnesium. 
The studies show to some extent contradicting results. Two Swedish 
studies showed an increased risk of AMI of 35% for men and 30% for 
women exposed to low concentrations of magnesium compared to high 
concentrations (Rubenowitz et al., 1996, 1999). This is similar to the 
increased mortality found in the present study. Contrary to this, a non- 
significant association between magnesium in drinking water and fatal 
and non-fatal incident myocardial infarction was found in another 
Swedish study (Rosenlund et al., 2005). In this study the median mag-
nesium level in drinking water was 4.4 mg/L (min–max: 1.0–23.0 mg/L) 

with a median magnesium intake at 1.9 mg/d (min–max: 0.2–19.2 mg/ 
d). The low magnesium exposure might explain why they did not find an 
association. Compared to the present study, the population in this 
Swedish study would likely belong to exposure group Q1. 

In our study, lower magnesium concentration in drinking water was 
unexpectedly associated with a lower risk of CV mortality and mortality 
due to stroke. No negative cardiovascular health effect is expected with 
the magnesium levels found in Danish drinking water, when considering 
that the previously used upper limit of 50 mg/L was not related to CV 
health and since a too high serum magnesium level is uncommon in the 
healthy population (Van Laecke, 2019). The unexpected association is 
therefore most likely related to something else, e.g., unaccounted risk 
factors with the same geographical variation as the magnesium exposure 
groups. Further adjustment with area and individual-level risk factors 
(population density, hypertension and mean annual hours of bright 
sunlight) did not change the associations. 

Though a significant effect of magnesium on cerebrovascular disease 
mortality (including stroke) has been found (Yang, 1998) another study 
examined the association between magnesium in drinking water and 
mortality caused by ischemic heart disease and cerebrovascular disease 
and they did not find an association with cerebrovascular disease mor-
tality (Rylander et al., 1991). This is also the case for the present study. 
Similar to our findings, no association between magnesium in drinking 
water and ischemic heart disease mortality or stroke mortality was 
found in a cohort study from the Netherlands (Leurs et al., 2010). In 
their study, a large number of confounders were included in the model, 
including hypertension. Since hypertension is associated with magne-
sium deficiency it might be unsuitable to view it as a confounder. 
However, in a sensitivity analysis they removed hypertension from their 
multivariable model, and this did not change the results. Adjusting for 
hypertension in the present study did not change the associations. The 
unexpected association between drinking water magnesium and CV 
mortality and mortality due to stroke is similar to the findings of a recent 
Danish study on magnesium in drinking water and incident atrial 
fibrillation (Wodschow et al., 2021), where an IRR of 1.07 was found for 
a magnesium exposure of 20–62 mg/L compared to 0.1–5 mg/L. How-
ever, when restricting the analysis to one administrative region, a higher 
magnesium exposure was associated with a lower risk of atrial 
fibrillation. 

The difference in the results between CV mortality, and mortality due 
to AMI and stroke might be explained by different mechanisms and 
pathophysiology leading to different CV diseases including AMI and 
stroke. It is possible that magnesium mainly or only has an effect on the 
risk of some of the diseases and therefore, the effect might be difficult to 
detect when combining the CV diseases. 

5. Conclusion 

The present study indicated that a low magnesium concentration in 
drinking water is associated with a higher mortality due to AMI. We 
found no protective effect of magnesium concentration in drinking 
water and CV mortality and mortality due to stroke. Instead, a lower CV 
mortality and mortality due to stroke were associated with lower mag-
nesium concentrations in drinking water. 
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