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PREFACE 

The World Health Organization assembled a diverse group of nutrition, medical and 
scientific experts in Rome in November 2003, at the WHO European Centre for Environment and 
Health, to address a number of questions relating to the nutrient composition of drinking water 
and the possibility that drinking water could in some circumstances contribute to total dietary 
nutrition. The original impetus of the meeting was as a contribution to development of Guidance 
on health and environmental aspects of desalination that was initiated by the WHO Eastern 
Mediterranean Regional Office, and intended ultimately to contribute to the development of the 
4th edition of the WHO Guidelines for Drinking Water Quality (GDWQ). There were 18 invited 
experts from Canada, Chile, Czech Republic, Germany, Ireland, Italy, Moldova, Singapore, 
Sweden, United Kingdom and United States of America. Additional papers were provided by 
invitees who could not attend. The task was to examine the potential health consequences of long-
term consumption of water that had been ‘manufactured’ or ‘modified’ to add or delete minerals. 
In particular, the meeting originated from the question of the consequences of the long-term 
consumption of waters that had been produced from demineralization processes like desalination 
of seawater and brackish water as well as possibly some membrane treated fresh waters, and their 
optimal reconstitution from the health perspective. 

The scope of the review included these questions: 

• What is the potential contribution of drinking water to human nutrition?
• What is the typical daily consumption of drinking water for individuals, considering
climate, exercise, age and other factors?
• Which substances are found in drinking water that can contribute significantly to health and
well-being?
• Under what conditions can drinking water become a significant contribution to the total
dietary intake of certain beneficial substances?
• What conclusions can be drawn about the relationship between calcium, magnesium and
other trace elements in water and mortality from certain types of cardiovascular disease?
• For which substances, if any, can a case be made from the public health perspective for
supplementation of the mineral content of treated drinking water derived from demineralized
water?
• What is the role of fluoride in such water with respect to dental benefits, dental fluorosis
and skeletal fluorosis?

Drinking water is usually subjected to one or more treatment processes aimed at improving 
its safety and/or its aesthetic quality. Fresh waters can be treated by one or more processes such as 
coagulation, sedimentation, granular media filtration, adsorption, ion exchange, membrane 
filtration, slow sand filtration, and disinfection, and sometimes softening. The conversion of high 
salinity waters like seawater and brackish waters to potable water by desalination is being 
increasingly practiced in water-short areas as demand for water increases, and the technology 
becomes more economically attractive. More than 6 billion gallons of desalinated water are 
produced daily throughout the world. Remineralization of desalinated water is necessary to 
control its aggressiveness to piped distribution systems. Since remineralization of desalinated 
water is required, a logical question is: are there methodologies that could bring with them 
additional benefits such as by reconstituting certain important minerals?  

Natural waters are of widely diverse compositions depending upon their geologic and 
geographical origin and the treatments that they have undergone. For example, rain waters and 
some rain water-dominated surface waters have very low salinity and mineralization, whereas 
some ground waters can become highly, and sometimes excessively mineralized. If 
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remineralization of processed water is desirable for health reasons, another logical question is 
whether some natural waters would also be more healthful if they also contained appropriate 
amounts of beneficial minerals. 

 The meeting concluded that only a few minerals in natural waters had sufficient 
concentrations and distribution to expect that their consumption in drinking water might 
sometimes be a significant supplement to dietary intake in some populations. Magnesium and 
possibly calcium were the two most likely significant contributors to dietary intake in populations 
that consumed ‘hard’ water. Information was provided on about 80 of many epidemiology studies 
of varying quality over the last 50 years that had addressed the issue of hard water consumption 
and possibly reduced incidence of ischemic cardiovascular disease in populations. Although the 
studies were mostly ecological and of varied quality, the meeting concluded that on balance they 
indicated that the hard water /CVD beneficial hypothesis was probably valid, and that magnesium 
was the more likely positive contributor to the benefits. This conclusion was supported by several 
case control studies as well as clinical studies. There were other possible health benefits that had 
been reported, but there was not sufficient data in hand to address those matters. The meeting also 
concluded that before making a Guidance determination, WHO should undertake a more detailed 
assessment of that hypothesis to include an examination of its biological plausibility. A follow-up 
symposium and meeting is being planned in 2006 to address that recommendation. 

 In respect to fluoride, the meeting concluded that optimal levels of fluoride intake from 
water are known to contribute beneficially to dental health. It also noted that higher intake levels 
can contribute to dental fluorosis, and much higher levels cause skeletal fluorosis. It concluded 
that a decision to remineralize demineralized water with fluoride would depend upon: the 
concentration of fluoride in the existing water supply, the volume of water consumed, the 
prevalence of risk factors for dental caries, oral hygiene practices and the level of public dental 
health awareness in the community, and the presence of alternative vehicles for dental care and 
fluoride available to the population. 



 

iii 

ACKNOWLEDGEMENTS 

 WHO wishes to express its appreciation to Houssain Abouzaid, Coordinator, Healthy 
Environments, in the WHO Eastern Mediterranean Regional Office, for initiating the desalination 
guidance development process, and to Roger Aertgeerts, WHO European Regional Advisor for 
Water and Sanitation, and Helena Shkarubo of the WHO Rome office for hosting the meeting. 
Joseph Cotruvo, USA, and John Fawell, UK, organized the meeting. Professor Choon Nam Ong, 
Singapore, chaired the meeting. Gunther Craun, USA, contributed to the document editing and 
reviews of comments. 

 Specific thanks are due to the experts that participated in the WHO Workshop on 'Nutrient 
Minerals in Drinking Water', whose work was crucial to the development of this document: 
Rebecca Calderon, Gerald Combs, Gunther Craun, Jan Ekstrand, Floyd Frost, Ann Grandjean, 
Suzanne Harris, Frantisek Kozisek, Michael Lennon, Silvano Monarca, Manuel Olivares, Denis 
O'Mullane, Souleh Semalulu, Ion Shalaru and Erika Sievers. 

 WHO especially wishes to acknowledge the organizations that generously sponsored the 
meeting. These included: the International Life Sciences Institute (ILSI), the U.S. Environmental 
Protection Agency’s Office of Science and Technology (Washington), and Office of Research and 
Development (Research Triangle Park, North Carolina), the American Water Works Association 
Research Foundation, the Center for Human Nutrition at the University of Nebraska Medical 
Center (Omaha), and Health Canada’s Water Quality and Health Bureau (Ottawa, Ontario). 

 



 

  
1 

 

1. 
NUTRIENTS IN DRINKING WATER 

Potential Health Consequences Of Long-Term Consumption Of Demineralized, 
Remineralized And Altered Mineral Content Drinking Water 

Expert Consensus 
Meeting Group Report 

_________________________________________________________________________ 

I. INTRODUCTION 

 Desalination of sea water and brackish water is widely practiced and it is rapidly growing 
as the principal source of new fresh water in the world. Water treatment processes including 
desalination followed by remineralization alter the mineral composition of drinking water 
compared to water derived from many fresh water sources. 

 The WHO Guidelines for Drinking-water Quality (GDWQ) provide a point of reference for 
drinking water quality regulations and standards setting world-wide. The Guidelines are kept up-
to-date through a process of ‘rolling revision’ that includes the development of accompanying 
documents substantiating the content of the guidelines and providing guidance on experience 
with good practice in achieving safe drinking-water. This plan of work includes the development 
of guidance on good practices of desalination as a source of safe drinking water.  

In 1999, WHO’s Eastern Mediterranean Regional Office initiated a proposal to develop 
WHO "Guidance for Safe Water: Health and Environmental Aspects of Desalination", because 
numerous existing facilities had developed on a case-by-case basis with potentially inconsistent 
consideration of important principles of siting, coastal zone protection, chemicals and contact 
surfaces used in plant operation, water treatment and plant construction , contaminants, water 
distribution, microbial control and final product water quality. International guidance would 
reduce ad hoc decision making and facilitate informed decision making, assist the provision of 
higher quality water, assure consideration of environmental protection factors, reduce costs and 
allow more rapid project completion. Such guidance would be timely given the rapidly 
increasing application of desalination world-wide. In 2000, the proposal to proceed was endorsed 
at a WHO Guidelines for Drinking-water Quality Committee meeting in Berlin, Germany. In 
May 2001, the proposal was examined at a dedicated expert consultation in Manama, Bahrain 
and an operating plan and program were proposed. This report and its supporting papers were the 
product of an meeting conducted in the WHO office for the European Region in Rome, Italy in 
2003. That meeting was part of the development plan for the Desalination Guidance describe 
above. 
Health considerations addressed in this report are those potentially arising from long-term 
consumption of water that has undergone major alteration in its mineral content, such that it must 
be remineralized to be compatible with piped distribution systems. The report also considers the 
relationships between calcium and magnesium in drinking water on certain cardiovascular 
disease risks. In addition there also a brief review of fluoride in remineralized water and dental 
effects in relation to associated water consumption. 

1.  Background 
 Drinking water, regardless of its source, may be subjected to one or more of a variety of 
treatment processes aimed at improving its safety and/or aesthetic quality. These processes are 
selected in each case according to the source water and the constituents and contaminants that 
require removal. Surface fresh waters will often undergo coagulation, sedimentation, rapid sand 
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filtration and disinfection. Ground waters, which are often naturally filtered, usually undergo less 
treatment that could be limited to disinfection alone. Other treatment processes may include pH 
adjustment, softening, corrosion control chemicals addition, alkalinity adjustment, carbon 
filtration/adsorption, membrane filtration, slow sand filtration and supplemental fluoridation. The 
disinfectants applied could include chlorine, chlorine dioxide, ozone, or chloramines. Some 
substances will be added by the chemicals used for treatment, i.e. direct and indirect additives. 

 For waters with high salinity (e.g. from perhaps 1000 ppm up to about 40,000 ppm) such as 
brackish waters or sea water, treatment processes must remove most of the dissolved salts in 
order to make the water potable. The major methods include reverse osmosis, other membrane 
treatments or several distillation/vapor condensation processes. These processes require 
extensive pretreatment and water conditioning and subsequent remineralization, so that the 
finished water that is now significantly different from the source water will not be overly 
aggressive to the piped distribution systems that it will pass through on the way to consumers.  

 In the course of treatment of fresh water, contaminants and some potentially beneficial 
nutrients will be removed and some might be added. Other waters, such as those treated by 
softening or membrane filtration may also undergo significant changes in their mineral content 
due to the treatment processes.  

 Remineralization and increasing alkalinity for the purpose of stabilizing and reducing 
corrosivity of water from which dissolved solids have been substantially reduced are often 
accomplished by use of lime or limestone. Sodium hydroxide, sodium bicarbonate, sodium 
carbonate, phosphates, and silicates are also sometimes used alone or in combination. The 
mineral composition of limestone is highly variable depending upon the quarry location and it is 
usually predominantly calcium carbonate, but it sometimes also contains significant amounts of 
magnesium carbonate along with numerous other minerals. Quality specifications exist in many 
countries for chemicals and materials including lime used in the treatment of drinking water. 
These specifications are intended to assure that drinking water treatment grade chemicals will be 
used and that their addition will not concurrently contribute significant levels of potentially 
harmful contaminants to the finished drinking water under foreseeable use conditions. 

2. Scope of the Review 
 Several issues were examined relating to the composition of drinking water that has 
undergone significant treatment relevant to drinking water guidelines aimed at protecting and 
enhancing public health: 

• What is the potential contribution of drinking water to total nutrition? 
• What is the typical daily consumption of drinking water for individuals, considering 
climate, exercise, age etc.?  
• Which substances are often found in drinking water that can contribute significantly to 
health and well-being? 
• Under what conditions can drinking water be a significant contribution to the total dietary 
intake of certain beneficial substances? 
• What conclusions can be drawn on the relationship between calcium, magnesium, and 
other trace elements in water and mortality from certain types of cardiovascular disease? 
• For which substances, if any, can a case be made for supplementation of mineral content in 
treated reduced mineral content drinking water from the public health perspective?  
• What is the role of fluoride in remineralized drinking water with respect to dental benefits 
and dental fluorosis, and skeletal fluorosis? 
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II. TOPICS EXAMINED IN THE MEETING  

1.  Drinking Water Consumption  
 It is important to understand water consumption patterns. The daily water volume ingested 
will also determine the consumption of any minerals that it contains. An individual’s daily 
aqueous fluid ingestion requirement can be said to roughly equate to the obligatory water losses 
plus sweat/perspiration losses resulting from increased physical exertion and climate. WHO 
(2003) and others (ILSI 2004) have reviewed water consumption and hydration needs under a 
variety of conditions. Table 2.1 provides information on volumes of water required for hydration. 
An assumed water intake of 2 liters per day for adults is commonly used by WHO and regulators 
in computing drinking water guidelines and standards. Physical exertion, especially in extreme 
heat, can significantly increase water requirements. Sweat rates can reach 3 – 4 liters per hour, 
with variations in rate depending upon work/exercise intensity and duration, age, sex, 
training/conditioning, heat acclimatization, air temperature, humidity, wind velocity, cloud cover 
and, clothing. The US Army has estimated hourly water intake in relation to heat categories and 
has also concluded that liquid intake should not exceed 1.03 liters/hr or 11.35 liters/day. Persons 
under thermal and physiologic stress need to pay special attention to fluid and total salt (sodium 
chloride) intake, with salt requirements ranging from 2 to 4 grams per day in cool environments 
to 6 to12 grams per day in very hot environments. Hyponatremia can be a fatal consequence of 
inadequate salt intake under those conditions. 

Table 1. Volumes (liters/day) of Water Required for Hydration - Reference value estimates, 
WHO 2003 

 Humans ingest water as plain drinking water, water in other beverages, and water in food 
(inherent, and/or added during preparation) and they also obtain some water from metabolism of 
food. Approximately one third of the daily average fluid intake is thought to be derived from 
food. The remaining water requirement must be met from consuming fluids.  

 Availability, ambient temperature, flavor, flavor variety, beverage temperature, proximity 
of the beverage to the person, and even beverage container have all been shown to impact total 
intake. Cultural variations are also known to impact the types of beverages consumed. 
Obviously, the total daily intake of both potentially harmful contaminants and beneficial 
elements will be directly associated with the total amount and type of water that is being 
consumed. 

2. Drinking Water as a Source of Essential Minerals 
 Some 21 mineral elements are known or suspected to be essential for humans. This number 
includes four that function physiologically as anions or in anionic groupings {chlorine as Cl-, 
phosphorus as PO4-3, molybdenum as MoO4-2, fluorine as F-}, eight that function in their 

 Average 
Conditions 

Manual Labor in High 
Temperature 

Total Needs in 
Pregnancy/Lactation 

Female 
Adult 

2.2 4.5 4.8 (pregnancy) 
3.3 (lactation) 

Male Adult 2.9 4.5  

Children 1.0 4.5  
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simple cationic forms {calcium (Ca+2), magnesium (Mg+2), sodium (Na+), potassium (K+), 
ferrous iron (Fe+2), copper (Cu+2), zinc (Zn+2), manganese (Mn+2) } and which are subject to 
chelation by either intact proteins or a variety of small, organic molecules; ions of two non-
metals {iodine (I) and selenium (Se)} that function as constituents of covalent compounds (e.g., 
iodothyronine, selenocysteine) that are formed metabolically; and ions from five additional 
elements: boron (B), chromium (Cr), nickel (Ni), silicon (Si), vanadium (V)} the nutritional 
significance of which remain to be fully elucidated. Thus, fourteen mineral elements are 
established as being essential for good health; these elements in combined form affect bone and 
membrane structure (Ca, P, Mg, F), water and electrolyte balance (Na, K, Cl), metabolic catalysis 
(Zn, Cu, Se, Mg, Mn, Mo), oxygen binding (Fe), and hormone functions (I, Cr).  

 Health consequences of micronutrient deficiencies include increased morbidity, mortality 
due to reduced immune defense systems and impaired physical and mental development. 
Deficiencies of several mineral elements, particularly iron and iodine, are the basis of health 
problems in many parts of the world. Nearly 40% of the world’s women are estimated to be 
anemic due, to a great extent, to poorly bioavailable dietary iron. Low intakes of Ca, and perhaps 
Mg, contribute to rickets in children and osteoporosis in women worldwide. Due to inadequate 
diets, many children are deficient in Fe, Zn, and Cu and other micronutrients especially in 
developing countries. One third of the world's children fail to reach their physical and mental 
potentials and many are made vulnerable to infectious diseases that account for half of all child 
deaths. Nearly 750 million people have goiter or my edematous cretinism due to iodine 
deficiency, and almost 2 billion people have inadequate iodine nutrition. These nutritional 
deficiencies decrease worker productivity and increase the rates of disease and death in adults. 
Many result from diets that may also involve insufficient intakes of Cu, Cr and B. In developed 
countries changing dietary patterns such as reduced milk consumption may predispose to 
conditions like osteoporosis. 

 Drinking water supplies may contain some of these essential minerals naturally or 
through deliberate or incidental addition. Water supplies are highly variable in their mineral 
contents and, while some contribute appreciable amounts of certain minerals either due to natural 
conditions (e.g., Ca, Mg, Se, F, Zn), intentional additions (F), or leaching from piping (Cu), most 
provide lesser amounts of nutritionally - essential minerals. Many persons consume mineral 
waters because of the perception that they may be more healthful. 
 The enteric absorption of minerals from drinking water is determined by several factors 
including the intrinsic properties of particular chemical species that are present, physiological 
conditions of the gut environment, and exogenous factors related to the meal/diet in which the 
minerals are ingested. Accordingly, waterborne selenium (selenite, selenate) is passively 
absorbed at somewhat lower efficiencies (60-80%) than the selenoaminoacids in foods (90-95%) 
that are actively transported across the gut. The inorganic oxidized iron in water will be absorbed 
at very low (<5%) efficiencies similar to that of non-heme iron in plant foods. Mineral absorption 
is also subject to age-related declines in efficiency (Cu, Zn), early post-natal lack of regulation 
(Fe, Zn, Cr), adaptive increases in efficiency by receptor up-regulation during periods of 
deficiency (Fe, Zn, Cu, Mn, Cr), dependence on other co-present nutrients for metabolism (Se-I, 
Cu-Fe), and to anabolic and catabolic effects on tissue sequestration (Zn, Se, Cr). 

 Minerals in water are subject to most of the same determinants of bioavailabilty that affect 
the utilization of those minerals in foods. For example, phytate, phosphorus and triglycerides can 
each reduce the lumenal solubility and, hence, the absorption of calcium. Phytate and other non-
fermentable fiber components can bind Fe, Zn, Cu and Mg, and sulfides can bind Cu, reducing 
the absorption of each. Minerals that share transporters can be mutually inhibitory (SO3-2 vs. 
SeO3-2; Ca+2 vs. Zn+2; Cd+2 vs. Zn+2; Zn+2 vs. Cu+2). In contrast, the bioavailability of the 
divalent cations (Ca++, Fe++, Cu++, Zn++) can be enhanced by certain chelating substances 
(e.g., unidentified factors in meats, ascorbic acid) that promote their enteric absorption, and by 
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certain pro-biotic factors (e.g., inulin and other fructo-oligosaccharides) that promote their hind 
gut absorption. In general, poor bioavailability can be expected of water-borne iron consumed 
with plant-based diets containing phytates and/or polyphenols and a few promotor substances. 
Similarly, waterborne calcium will be poorly utilized when consumed with oxalate-containing 
vegetables (amaranth, spinach, rhubarb, beet greens, chard); and water-born Ca, Fe, Mg, P or Zn 
will be poorly utilized when consumed with foods/diets high in unrefined, unfermented cereal 
grains or high phytate soy products. This complexation between calcium and oxalate in the gut 
could reduce the potential for kidney stone formation. The typical bioavailability and occurrence 
of these minerals is summarized in Table 2. 

 The potential contributions of drinking water to nutritional status also depend on water 
consumption, which is highly variable depending on both behavioral factors and environmental 
conditions. Individuals with the greatest relative consumption of water include infants, residents 
in hot climates, and individuals engaged in strenuous physical activity. 

Table 2. Typical Bioavailability and Occurrence of Nutritionally Important Minerals in 
Drinking Water 

Occurrence Bioavailability 

Moderate Amounts in Some 
Supplies 

Low Amounts in Most 
Supplies 

High Se* 
Na 
Cl 
F 

P 
K* 
Mo 
I* 
B* 

Moderate/Variable Ca* 
Mg* 
Cu* 
Zn* 

Mn 

Low Fe* Cr 

*sub-optimal consumption and/or prevalent deficiency in at least some countries 

 With all of these considerations in mind, the nutrients sometimes found in drinking water at 
potentially significant levels of particular interest are:  

• Calcium – important in bone health and possibly cardiovascular health 
• Magnesium – important in bone and cardiovascular health 
• Fluoride – effective in preventing dental caries 
• Sodium – an important extracellular electrolyte, lost under conditions of excess sweat 
• Copper – important in antioxidant function, iron utilization and cardiovascular health 
• Selenium – important in general antioxidant function and in the immune system 
• Potassium is important for a variety of biochemical effects but it is usually not found in 
natural drinking waters at significant levels. 

3. Infants and Neonates 
 The needs of water and essential minerals in infancy and childhood are increased compared 
to adults in relation to body weight. The highest intake per body weight water volume is needed 
in the neonate and it decreases with age. Special situations require additional water intake, e.g. 
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premature or low birth weight infants or diarrhoeal disease. The elderly and infirm often do not 
consume sufficient water or other fluids and can become dehydrated with significant adverse 
health consequences (WHO 2003)  

 The WHO Global Strategy on Infant and Young Child Feeding promotes exclusive 
breastfeeding in the first six months of life. If this is not feasible, it may be necessary to consider 
feeding formula. Variable mineral content of drinking water used to reconstitute feeding formula 
will result in variability in the mineral content of formula milk. Some types of water may not be 
suitable for use in the reconstitution of infant formula due either to deficiency of appropriate 
minerals or to the presence of excess salts that may be harmful to infants and young children. 
Sodium is a good example since the requirement of infants for sodium is low. 

 Formula-fed infants are also a group at risk for excess intake of potentially toxic elements 
in drinking water, e.g. excess copper or lead leaching from copper or lead pipes associated with 
highly corrosive water. In the latter case not using ‘first draw’ water for formula preparation, by 
allowing the tap water to run to waste for a short time, would usually significantly reduce the 
metal content in the water if the lead is derived from lead-containing brass faucet fixtures or from 
lead soldered pipe joints. Lead services or lead pipe require other actions. 
Remineralization/stabilization of demineralized water for drinking water supply should take into 
account the special requirements of infants and children, including calcium, magnesium, and 
other minerals based upon regional dietary composition. 

III. DRINKING WATER AND HEALTH RELATIONSHIPS 

1. Water Hardness and Cardiovascular Disease: Epidemiological studies of water 
 hardness, Ca and/or Mg, and CVD risks 
 More than 80 observational epidemiological studies were collected from the worldwide 
literature published since 1957 which related water hardness and cardiovascular disease risks 
(see Calderon and Monarca papers and Table 3.1 for partial summaries). These studies were 
conducted in more than 17 countries, primarily in North America, Europe, and Japan. Most of the 
studies summarized in this report were published in peer reviewed English-language scientific 
journals, and some were translated from eastern european literature. 

 Most, but not all, of the studies found an inverse (protective) association between 
cardiovascular disease mortality and increased water hardness (measured by calcium carbonate 
or another hardness parameter and/or the calcium and magnesium content of water). The 
associations were reported in numerous countries, and by many different investigators, with 
different study designs. Both population and individual-based studies have observed benefits. 
The most frequently reported benefit was a reduction in ischemic heart disease mortality. The 
strongest epidemiologic evidence for beneficial effects was for drinking water magnesium 
concentrations; there was also evidence - but not as strong - for drinking water calcium 
concentrations. In addition, there is supporting evidence from experimental and clinical 
investigations suggesting a plausible mechanism of action for calcium and magnesium. The 
potential significance of the epidemiological findings is that beneficial health effects may 
possibly be extended to large population groups on a long-term basis by simple adjustments the 
water quality. 
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Figure 1. Principal epidemiological studies 1979-2003 

 Several intervention and clinical studies (which were not specifically included in this 
report) for magnesium and also calcium indicate that they may be effective in reducing blood 
pressure in hypertensive individuals. Magnesium exerts multiple cellular and molecular effects 
on cardiac and vascular smooth muscle cells, which could be a plausible basis to explain its 
protective action. Several medical treatment studies involving infusion of magnesium after a 
cardiac event have had mixed results, but in one example treatment of suspected myocardial 
infarction cases with intravenous magnesium salts reduced mortality due to arrhythmia and 
infarction thirty days post therapy. Other controlled human consumption studies have measured 
physiological differences when comparing persons on low and higher magnesium diets. 

2. Studies of other water constituents  
 Other micronutrients and trace element nutrition studies have not been extensively 
examined in this review, but nutritional studies suggest that some may have an indirect or direct 
beneficial role associated with their presence in drinking water. However, a recently published 
study in Finland suggested that iron and copper in drinking water may be associated with 
increased risks of heart attack. On the other hand, it has been suggested that the apparent benefits 
associated with consumption of hard water might also be explainable as an indirect consequence 
of lower corrosivity compared to soft water, thus reducing human exposures to metals extracted 
from the pipe and fixtures. More studies are needed to better understand the possible risks and 
benefits of these essential and other trace elements found in water and the conditions of water 
exposure. 
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3. Discussion 
 Hard water is a dietary source of calcium and sometimes magnesium, although the absolute 
and relative concentrations will vary greatly by source and the water consumption levels. 
Consumption of moderately hard water containing typical amounts of calcium and magnesium 
may provide an important incremental percentage of the daily dietary requirement. Inadequate 
total dietary intakes of calcium and magnesium are common worldwide, therefore, an 
incremental contribution from drinking water can be an important supplement to approach more 
ideal total daily intakes. It has also been suggested that hard water can reduce the losses of 
calcium, magnesium and other essential minerals from food during cooking. If low mineralized 
water were used for food and beverage production, reduced levels of Ca, Mg, and other essential 
elements would also occur in those products. Low intakes would occur not only because of the 
lower contribution of these minerals from water used in beverages, but also possibly because of 
higher losses of the minerals from food products (e.g., vegetables, cereals, potatoes or meat) into 
water during cooking.  

 Most of the reported epidemiology studies are of the less precise ecological type, but there 
are also several cohort and case control studies. Based upon the studies that have been reviewed, 
the meeting concluded that on balance there is sufficient epidemiological and other biological 
evidence to support the hypothesis of an inverse relationship between magnesium and possibly 
calcium concentrations in drinking water and (ischemic) cardiovascular disease mortality. 

 There are no known harmful human health effects in the general public associated with the 
consumption of calcium and magnesium within a large range, and the nutritional essentiality of 
calcium and magnesium is well known In addition, limited but suggestive evidence exists for 
benefits associated with other diseases (stroke, renal stone formation, cognitive impairment in 
elderly, very low birth weight, bone fractures among children, pregnancy complications, 
hypertension, and possibly some cancers). The suggestion is that reintroduction of magnesium 
and calcium into demineralized water in the remineralization process would likely provide health 
benefits in consumer populations. Adding calcium and magnesium carbonates (as lime or 
limestone) to the demineralized water is a common water stabilization practice and is relatively 
inexpensive. The increased daily intake of those elements from that source does not require 
individual behavioural change, and it is already done as part of many water treatment processes. 

 Epidemiological studies in the United Kingdom, United States, Sweden, Russia, and 
France and research on changes in calcium/phosphorus metabolism and bone decalcification 
provide information about drinking water levels of calcium and magnesium (and water hardness) 
that may provide beneficial health effects. Several authors have suggested that 
reduced cardiovascular mortality and other health benefits would be associated with minimum 
levels of approximately 20 to 30 mg/l calcium and 10 mg/l magnesium in drinking water. The 
percentage of the recommended daily allowance of calcium and magnesium provided by 
drinking water at these minimum levels will vary among and within countries. Thus, lower 
concentrations in water may be sufficient to provide health benefits in some areas, but higher 
levels may be beneficial in others. Overall health benefits would be dependent upon total dietary 
intakes and other factors in addition to water concentrations. Because the exposure-response 
information is limited, further analyses, and possibly additional studies, are needed to determine 
the levels of calcium and magnesium that may provide most favorable population benefits in 
each location.  

4. Fluoride in Remineralized Drinking Water 
 Most drinking waters contain some fluoride. Fluoride is present in seawater at 
concentrations of about 1.2 to 1.4 mg/l, in groundwater at concentrations from nil to about 67 
mg/l, and in surface waters sometimes at concentrations as low as 0.1mg/litre or less. The 
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amount of fluoride in treated drinking water is also affected by treatment processes such as anion 
exchange that will remove it along with the target contaminant (e.g.arsenic). Demineralization 
and some other treatment processes will also remove fluoride.  

 Very high levels of excess fluoride intake cause crippling skeletal fluorosis which is almost 
always associated with high fluoride intake from drinking water. This is a significant irreversible 
health problem in parts of India, China and Africa, for example. Ingestion of excess fluoride 
during tooth development , particularly at the maturation stage, may also result in dental 
fluorosis; these effects may also be mitigated by co-exposure to some minerals such as calcium 
or magnesium. Mild dental fluorosis presents as barely detectable whitish surface striations in 
which the enamel is fully functional. As the excess intake of fluoride increases the severity of 
dental fluorosis also increases. Severely fluorosed enamel is more prone to wear and fracture, 
and may present as pitted, darkly stained and porous enamel. 

 Fluoride intake has been known for the past 50 to 60 years to play a beneficial role in 
dental health; there is some evidence that it may be beneficial for bone formation, but this has not 
been proven. The optimal drinking water concentration of fluoride for dental health is generally 
between 0.5 to 1.0 mg/litre and depends upon the volume of drinking water consumed and the 
uptake and exposure from other sources. These values are based on epidemiological studies 
conducted over the past 70 years in communities in many countries with natural and added 
fluoride in their drinking water. In this concentration range the maximum caries preventative 
effect is achieved while minimizing the levels of dental fluorosis. The WHO drinking-water 
guideline value for fluoride is 1.5 mg/l. The US Environmental Protection Agency has set a 
Maximum Contaminant Level of 4.0 mg/l in the U.S. based upon prevention of crippling skeletal 
fluorosis in its climate, and a guidance level of 2.0 mg/l to avoid moderate to severe dental 
fluorosis. The prevalence of dental and skeletal fluorosis will also be influenced by inhalation 
exposure to fluoride from other sources such as burning high fluoride coal (e.g. in parts of 
China), other dietary sources, and total water consumption. Other water factors, such as lack of 
calcium and magnesium may possibly also exert some influence. 

 Dental caries (tooth decay) is the result of an interaction on the tooth surface between 
certain bacteria in the mouth and simple sugars (e.g. sucrose) in the diet. The level of oral 
hygiene care and habits of the community, including the use of fluoridated toothpaste, dental 
treatment such as the topical application of fluoride, and consumption of fluoridated water are 
major factors contributing to reduction of caries incidence. Dietary sugar intake is a significant 
contributing tooth decay factor. Communities in which sugar intake is low (less than 
approximately 15 kg per person/year) will usually have a low risk for dental caries, while 
communities in which sugar intake is high (greater than approximately 40 kg per person/year) 
will be at high risk.  

 Where the risk for skeletal and dental fluorosis is high as a consequence of excess fluoride 
intake from drinking water, fluoride levels in drinking-water should be reduced to safe levels, or 
a lower - fluoride source used, especially for young children, and control of significant non-
ingestion/inhalation exposures Where the aggregate risk factors for dental caries are low (and are 
remaining low) consuming low fluoride water would probably have little or no impact on dental 
caries, but to guard against possible net loss of fluoride from the skeleton, the meeting 
participants felt that consideration should be given to maintaining a baseline level of 0.1 to 0.3 
mg/l. 

 Where caries risk is high or increasing authorities may consider addition of fluoride to the 
demineralized public water supply up to in the range of the WHO GDWQ level of 1.5 mg/l, 
preferably adjusted to water consumption rates; however, other factors must also be considered. 
For example, in countries such as those in Scandinavia, where public dental awareness is very 
high and alternative vehicles for fluoride (e.g. fluoridated toothpaste) are widely available and 
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widely used, a decision to not fluoridate the water, or remove fluoride, or to supply drinking 
water with suboptimal levels of fluoride would likely be of little consequence. On the other hand 
in developing and developed countries where public dental health awareness in some population 
groups (e.g. lower income) might be much lower, water containing either natural or added 
fluoride at concentrations of 0.5 to1.0 mg/l would be important for dental health. Some countries 
use fluoridated table salt as a means of supplementing fluoride in deficient areas. A decision to 
use demineralized water as a drinking water source without addition of fluoride during 
remineralization will depend upon: the concentration of fluoride in the existing local supply, the 
volume of water consumed, the prevalence of risk factors for dental caries (including sugar 
consumption data), oral hygiene practices and dental care, the level of public dental health 
awareness, and the presence of alternative vehicles for fluoride intake available to the whole 
population. 

IV. CONCLUSIONS AND RECOMMENDATIONS 

The meeting participants concluded that: 
• On balance, the hypothesis that consumption of hard water is associated with a somewhat 
lowered risk of CVD was probably valid, and that magnesium was the more likely 
contributor of those benefits. 
• Stabilization of demineralized and corrosive drinking water should be done where possible 
with additives that will increase or reestablish calcium and magnesium levels. The general 
public and health professionals should have access to information on the composition of 
community supplies and bottled water. Water bottlers may also consider providing some 
waters with mineral compositions that are beneficial for population segments. 
• Unless properly stabilized, demineralized and some natural waters are corrosive to 
plumbing resulting in damage to the plumbing systems, and also in potentially increased 
exposure to metals such as copper and lead. Properly stabilized water should be provided by 
suppliers, and appropriate plumbing materials should be used. 
• There is a need for more precise data on the impact of fluid composition and intake, 
including water and other aqueous beverages, on nutrient intake under a broader range of 
physiologic and climatic conditions for sensitive population segments in order to more 
precisely evaluate the importance of minerals in drinking water on mineral nutrition. 
• Additional studies should be conducted on potential positive or negative health 
consequences associated with consumption of both high and low total dissolved solids 
content waters in addition to consideration of water hardness. Investigators should consider 
exposures to both calcium and magnesium levels in addition to other minerals and trace 
elements that may be present in hard and soft waters and in softened waters. 
• Information should be provided on methods of application of home water softening devices 
so that consumers can also have access to mineralized water for drinking and cooking. 
• Chemicals such as lime used in the treatment of drinking water should be assured to be of 
suitable quality for that application so as not to contribute unacceptable amounts of 
potentially harmful chemicals to the finished water. 
• Investigators may take advantage of natural experiments (communities changing water 
sources and treatment) to conduct population intervention studies to evaluate potential health 
impacts. For example, studies could compare communities before and after changing source 
waters, or the introduction of treatment technologies that significantly change water 
composition. 
• Water utilities are encouraged to periodically analyse their waters for calcium, magnesium, 
and trace elements . This would be helpful in assessing trends and conducting future 
epidemiologic studies. 
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• Studies on the mineral nutritional content and adequacy of world diets should be conducted 
so that adequacies and inadequacies can be documented and possibly mitigated.  
• Studies on the mineral nutritional content and adequacy of world diets should be conducted 
so that adequacies and inadequacies can be documented and possibly mitigated.  
• Studies should evaluate a number of potentially relevant health outcomes (e.g., renal stone 
formation, CVD, hypertension incidence, osteoporosis, stroke, mineral balance, mineral 
nutritional deficiencies). Exposure assessments should include analyses for calcium, 
magnesium, and trace elements. 
• Studies should evaluate the issue of whether there are adverse health consequences 
associated with consumption soft corrosive water due to extraction of metals from pipe. 
There should also be additional studies to determine whether and how softened waters differ 
in that respect from soft waters. 
• Clinical trials of people at high risk of heart attacks and other illnesses such as osteoporosis 
, should be conducted to assess the potential benefits of mineral supplementation. Results of 
previous studies have been inconsistent. 
• In the revisions of the Guidelines for Drinking-water Quality, WHO should consider the 
beneficial roles of nutrient minerals including water hardness characteristics.  
• This subject is of such potential general public health significance that a detailed state-of-
the-art review should be prepared prior to consideration in the next revision of the WHO 
Guidelines for Drinking Water Quality. 
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______________________________________________________________________________________________ 

 

I. INTRODUCTION 

 Desalination is an important and rapidly growing source of drinking water in the world 
originating from sea water or brackish water. The mineral composition of the water is 
significantly altered and then partially reconstituted to achieve a stable product that can be 
distributed in pipes. This water differs from natural waters in the sense that it’s composition is 
controllable whereas natural waters vary over a very wide range of composition that is a matter of 
geology and chance. A logical question is whether the ultimate composition of this and other 
‘manufactured’ water may have some positive or negative impact on the health of long-term 
consumers. The purpose of the World Health Organization Nutrition Meeting described in this 
volume was to explore those questions ultimately leading to recommendations to WHO as it 
addresses them in Desalination Guidance and in the Guidelines for Drinking Water Quality. In 
this introductory chapter background information is provided on water treatment and desalination 
technology and its context in world water production. 

 By 1999, more than 11,000 desalination plants were in operation throughout the world 
producing more than 20 million cubic meters (roughly six billion US gallons) of water per day. 
About 63% of the capacity exists in West Asia and the Middle East. North America has about 
11% and North Africa and Europe account for about 7% each of capacity. Plant sizes and designs 
range from more than 500,000 m3/day down to 20 to 100 m3/day, and low pressure products can 
produce as little as a few liters per day for home point-of-use applications. By the end of 2001 a 
total of 15,233 large desalting units had been installed or contracted providing a total capacity of 
32.4 million m3/day. 

 Most desalination plants use seawater or brackish water as their sources. It appears that 
comprehensive performance, operating and product quality specifications have evolved virtually 
on a site-by-site basis relative to source and the specific end product water use. Most drinking 
water applications outside of North America use World Health Organization Drinking Water 
Guidelines in some way as quality specifications. WHO Drinking Water Guidelines cover a broad 
spectrum of contaminants from inorganic and synthetic organic chemicals, disinfection 
byproducts, microbial indicators and radionuclides. They are aimed at typical drinking water 
sources and technologies. Because desalination is applied to non-typical source waters, and often 
uses non-typical technologies, existing WHO Guidelines may not fully cover the unique factors 
that can be encountered during production and distribution of desalinated water. 

II. DRINKING WATER PRODUCTION 

 Drinking water production processes can be divided into three broad categories each of 
which will impact the quality of the finished water received by the consumer. 
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1. Source Water Quality 
2. Treatment Technology 
3. Distribution 

Some of the factors and issues that distinguish desalination processes from most typical drinking 
water operations are as follows: 

1. Source Water Quality (Tables 1, 2) 
• Total Dissolved Solids as high as about 40,000 ppm. 
• High levels of specific metals and salts including sodium, calcium, magnesium, 

bromides, iodides, sulfates, chlorides. 
 

Table 1. Major Elements of Seawater 

Element Concentration 
(mg/L) 

Element Concentration 
(mg/L) 

Oxygen 8.57 x 10+5 Molybdenum 0.01 

Hydrogen 1.08 x 10+5 Zinc 0.01 

Chlorine 19000 Nickel 0.0054 

Sodium 10500 Arsenic 0.003 

Magnesium 1350 Copper 0.003 

Sulfur 885 Tin 0.003 

Calcium 400 Uranium 0.003 

Potassium 380 Chromium 0.0003 

Bromine 65 Krypton 0.0025 

Carbon 28 Manganese 0.002 

Strontium 8.1 Vanadium 0.001 

Boron 4.6 Titanium 0.001 

Silicon 3 Cesium 0.0005 

Fluoride 1.3 Cerium 0.0004 

Argon 0.6 Antimony 0.00033 

Nitrogen 0.5 Silver 0.0003 

Lithium 0.18 Yttium 0.0003 

Rubidium 0.12 Cobalt 0.00027 

Phosphorus 0.07 Neon 0.00014 

Iodine 0.06 Cadmium 0.00011 

Barium  0.03 Tungsten 0.0001 

Aluminum 0.01 Lead 0.00005 

Iron 0.01 Mercury 0.00003 

Indium <0.02 Selenium 0.00002 



 

 
 15

Table 2. Ionic Composition of Seawater (mg/L) 

-- not reported 

2. Total Organic Carbon types: 
• Petroleum contamination potential 
• Microbial contaminants and other organisms 

3. Treatment 
• Reverse Osmosis membranes and Distillation 
• Leachates from system components 
• Pretreatment and antifouling additives 
• Disinfection byproducts 
• Blending with source waters 

4. Distribution 
• Corrosion control additives 
• Corrosion products 
• Bacterial regrowth in distribution networks 

Constituent Typical Seawater Eastern 
Mediterranean 

Arabian Gulf At 
Kuwait 

Red Sea At 
Jeddah 

Chloride (C1-)  18,980  21,200  23,000  22,219 

Sodium (Na+)  10,556  11,800  15,850  14,255 

Sulfate (SO4
-2)  2,649  2,950  3,200  3,078 

Magnesium 
(Mg+2) 

 1,262  1,403  1,765  742 

Calcium (Ca+2)  400  423  500  225 

Potassium (K+)  380  463  460  210 

Bicarbonate 
(HCO3

-) 
 140  --  142  146 

Strontium (Sr -2)  13  --  --  -- 

Bromide (Br -)  65  155  80  72 

Boric Acid 
(H3BO3) 

 26  72  --  -- 

Fluoride (F-)  1  --  --  -- 

Silicate (SiO3
-2)  1  --  1.5  -- 

Iodide (I-)  <1  2  --  -- 

Other  1  --  --  -- 

Total Dissolved 
Solids 

 34,483  38,600  45,000  41,000 
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Other issues of interest include: 
• Whether any risks are imparted from consumption of low TDS water either from general 

reduced mineralization or reduced dietary consumption of specific minerals. 
• Environmental impacts of desalination operations and brine disposal. 
• Performance of specific technologies particularly for microbial control 
• Bacterial regrowth during distribution especially in warm/hot climates 
• Whether microorganisms unique to saline waters may not be adequately controlled by 

the desalination process or post disinfection. 
• Monitoring of source water, process performance, finished water and distributed water to 

assure consistent quality at the consumer’s tap. 
• Whether additional water quality guidelines specific to desalination are needed. 
• Whether short-term Health Advisory guidelines would be needed to deal with short-term 

excursions from chronic guidelines caused by system upsets. 
• Whether membrane water softening (including home applications) should be included as 

a subtopic in this WHO assessment. 

III. DESALINATION TECHNOLOGIES 

 Following is a brief overview of several common desalination technologies. Desalination 
processes remove dissolved salts and other materials from seawater and brackish water. Related 
processes are also used for water softening and wastewater reclamation. The principal 
desalination technologies in use are reverse osmosis (RO), and distillation. Electrodialysis and 
vacuum freezing also have some applications. 

Reverse Osmosis (RO) 
 Reverse osmosis systems reverse the natural process that is driven by osmotic pressure of 
solvent transport across a semi-permeable membrane from a region of lower solute concentration 
into one of higher solute concentration so as to equalize the free energies. In RO external pressure 
is applied to the high solute (concentrated) water to cause solvent (water) to migrate through the 
membrane pores leaving the solute (salts and other non permeates) in the more concentrated brine. 
The membrane provides a form of “hyperfiltration” by restricting passage of many substances. 
Some membranes will reject 99% of all ionic solids and commonly have molecular weight cut off 
as low as 50 to 100 Daltons. The mechanisms of salts removal by RO membranes are not fully 
understood, and some salts (e.g. borate, arsenite) are not removed with high efficiency. Some 
believe the pure water preferentially passes through the membrane, while others believe that 
surface charges on the membrane polymer affect the polarity of the water. Increased pressure 
increases the rate of permeation, however fouling would also increase.  

 Figure 1 illustrates the basic RO process that includes Pretreatment, Membrane Transport, 
and Post Treatment prior to distribution. RO processes can produce water in the range of 10 to 
500 ppm TDS. 

Figure 1. 

 Saline Feed Water Pressure Membrane 
 Pretreatment Freshwater  
 
 
 
 Brine Post Treatment 
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Pretreatment 
 Feedwater is treated to protect the membranes and to facilitate membrane operation. 
Suspended solids are removed by filtration, pH adjustments (lowering) are made to protect the 
membrane and control precipitation of salts; antiscaling inhibitors are added to control calcium 
carbonates and sulfates. Iron, manganese (e.g. as hydroxides) and some organics also cause 
fouling of the membrane. A disinfectant is added to control biofouling of the membrane. 
Disinfection can involve chlorine species, ozone or UV light and other agents. Marine organisms, 
lgae and bacteria must be eliminated, and when ozone or chlorine are used they should be 
neutralized prior to contact with the membrane. 

IV. MEMBRANES 

 Common membranes are polymeric materials such as cellulose triacetate or polyamides and 
polysulfones. Selection factors for membranes include pH stability, working life, mechanical 
strength, pressurization capacity and selectivity for solutes. Membranes are located in a module 
and they can be configured as hollow fiber, spiral, plate, and tubular. Each has its own 
characteristics that affect selection in particular cases. Spiral wound configurations generally have 
more favorable operating characteristics of performance relative to cost and they are most 
commonly used. Operating pressures are in the range of 250 – 1000 psi (17 to 68 atm). 
Membranes are typically layered or thin film composites. The surface contact layer (rejection 
layer) is adhered to a porous support, which can be produced from the same material as the 
surface. Thin film membranes can be made by polymerization of the rejection layer to the surface 
of the porous support. Membrane thicknesses are on the order of 0.05 mm. 

Post Treatment 
 Product water must be treated to stabilize it and make it compatible with the distribution 
system. Adjustment of pH to approximately 8 is required and addition of corrosion inhibitors like 
polyphosphates may be necessary. Carbonation or other chemicals may be applied, or blending 
with source water may be done to increase TDS and stabilize the water. Post disinfection is also 
necessary to control microorganisms during distribution, as well as to eliminate pathogens from 
the blending process. Degasification may also be necessary. 

V. DISTILLATION TECHNOLOGIES 

 Principal distillation (vaporization  condensation) systems include Multistage Flash (MSF) 
distillation, Multiple Effect Distillation (MED) and Vapor Compression Distillation (VCD). 
Distillation plants can produce water of about 1 to 50 ppm TDS. 

 In distillation processes source water is heated and vaporized (illustrated in Figure 2) and 
the condensed vapor has very low TDS, while the concentrated brine is produced as a residual. 
Low theoretical plate distillation processes can be applicable to desalination because significant 
amounts of volatile chemicals are usually not present in seawater and brackish waters. Inorganics, 
salts and high molecular weight natural organics are non volatile and thus easily separated, 
however there are circumstances where volatile petroleum chemicals are present due to spills and 
other source water contamination. Even though their vapor pressures can range from low to very 
high, many of them of higher molecular weight can be steam distilled in a physical process where 
the vapor pressure of the steam and the vapor pressures of the organic chemicals together 
contribute to the total vapor pressure of the mixture. In addition, some physical entrainment may 
also allow low volatility substances to be carried over into the distillate. For water, the boiling 
point (where the vapor pressure of the liquid is the same as the external pressure) is 100°C 
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(212°F) at 1 atmosphere (760 mm Hg or 14.7 pounds per square inch). Boiling temperature is a 
colligative property of solutions; as the concentration of solute increases the boiling point 
increases and as the pressure is decreased, the boiling temperature decreases.  

Figure 2.  

Solution + Energy Vapor Liquid + Energy 

 The amount of energy required to vaporize a liquid is called the heat of vaporization. For 
water, this amounts to 2,256 kilojoules per kilogram at 100°C (970 Btu per pound at 212°F). The 
same amount of heat must be removed from the vapor to condense it back to liquid at the boiling 
point. In desalination processes, the heat generated from vapor condensation is transferred to feed 
water to cause its vaporization and thus improve the thermal efficiency of the process and reduce 
cost and fuel consumption. 

Multistage Flash Distillation (MSF) 
 MSF plants are major contributors to desalting capacity. The principle of MSF distillation is 
that heated water will boil rapidly (flash) when the pressure of the vapor is rapidly reduced below 
the vapor pressure of the liquid at that temperature. The vapor that is generated is condensed on to 
surfaces that are in contact with feed water, thus heating it prior to its introduction into the flash 
chamber. This will recover most of the heat of vaporization. Approximately 25 to 50% of the flow 
is recovered as fresh water in multistage plants. Characteristics of MSF plants include high feed 
water volume and flow, corrosion and scaling in the plant, and high rates of use of treatment 
chemicals. 

Multiple Effect Distillation (MEF) 
 Several configurations of MEF plants exist including vertical and horizontal tubes. In all 
cases steam is condensed on one side of a tube causing evaporation of saline water on the other 
side. Pressure is reduced sequentially in each effect (stage) as the temperature declines, and 
additional heat is provided in each stage to improve performance. Scale formation and removal 
seem to be less problematic in vertical tube vs. horizontal tube units.  

Vapor Compression Distillation (VCD) 
 VCD systems do not use steam heat and function by compressing water vapor causing 
condensation on a heat transfer surface (tube) that allows the heat of condensation to be 
transported to brine on the other side of the surface resulting in vaporization of water. The 
principal energy requirement is in the operation of the compressor. The compressor functions to 
increase the pressure on the vapor side and lower the pressure on the feed water brine side to 
lower its boiling temperature.  

Maintenance 
 Periodic cleaning is required to remove scale and salts deposits from pipes, tubing and 
membranes. Alkaline cleaners remove organic fouling and acid cleaners are used to remove scale 
and salts. 

VI. OTHER SYSTEMS 

 Electrodialysis processes utilize selective membranes that contain cation and anion 
exchange groups. Under a direct current electric field, cations and anions migrate to the respective 
electrodes so that ion-rich and ion-depleted streams form in alternate spaces between membranes. 
Reversal of electric fields reduces scaling and flushes the membranes. Pretreatment is required to 
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control scale and extend membrane life and to prevent migration of non-ionized substances such 
as bacteria and organics and silica. 

VII. POTENTIAL TECHNICAL ISSUES ASSOCIATED WITH DESALINATION 

Health Issues 
 In general, it is assumed that food is the principal source of nutrients and hazardous 
substances exposures for humans. Water can also be a source of beneficial dietary substances, as 
well as harmful contaminants including chemicals and microorganisms that can mitigate dietary 
components. Presence or absence of beneficial ions can affect public health in the population over 
the long term, just as the presence or absence of toxicants. Water components can supplement 
dietary intake of trace micronutrients and macronutrients or contribute undesirable contaminants. 
As is usual in toxicology and nutrition, the line between health and illness in a population is not a 
single line but rather a matter of optimal intake, versus adequate intake, versus intake that is 
inadequate to maintain good health, versus a toxic intake that will lead to frank illness in some 
segment of the population. Some parts of the population such as young children, pregnant women, 
the aged and infirm, and the immune compromised can be more sensitive than the typical healthy 
adult to essential and hazardous dietary components. In many cases the specific requirements for 
optimal health states and minimal risk are not understood for these high-risk segments of the 
population, so generalizations must often be the basis for public health decisions. 

 Some of the chemicals of interest in drinking water include calcium, magnesium, sodium, 
chloride, lead, selenium, potassium, bromide, iodide, fluoride, chromium, and manganese. 
Typical fresh waters vary widely in their ionic composition. Seawater is rich in ions such as 
sodium, chloride, magnesium, calcium, bromide and iodide, but low in some essential ions like 
zinc, copper, chromium and manganese. Desalination processes significantly reduce virtually all 
of the ions in drinking water to the point that people who traditionally consume unreconstituted 
desalinated or distilled water may be consistently receiving smaller amounts of some nutrients 
compared to people who consume water from some more traditional sources and thus are 
disadvantaged if their diets do not provide sufficient intake. Since desalinated water is often 
stabilized by addition of lime and blending, some of these ions will be replenished in that process 
depending upon the techniques that are utilized. 

Calcium/Magnesium/Cardiovascular Disease 
 Over about 50 years, a body of epidemiology work especially in UK, USA, Canada and 
Scandanavia has fairly consistently suggested that some types of cardiovascular disease mortality 
rates in many communities are inversely proportional to the hardness of the water supply. 
Calcium and magnesium are the principal components of hard water so many researchers have 
concluded that calcium and particularly magnesium may have a protective effect. There are 
biochemical arguments that can be raised in support of the hypothesis, however the issue is not 
resolved with absolute certainty. More recent studies seem to be finding greater positive effects 
from magnesium rather than calcium intake particularly in regard to reduced risk from stroke or 
ischemic heart disease. 

 Some researchers have argued that softening effects also reduce trace nutrients and increase 
sodium (via ion exchange) in drinking water or that there is a negative health effect from 
decreased mineralization (total of dissolved salts and electrical conductivity changes). Others 
argue that demineralized water is more aggressive to piping, and thus increased risks could be 
caused by exposure to extracted trace elements like lead and cadmium. Some studies have 
indicated that cooking foods in demineralized water increases the depletion of essential minerals 
from the foods, thus potentially adversely affecting health.  
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The health significance of these hypothesized relationships with drinking water in any given 
population would be highly dependent upon many factors including diet, lifestyle, smoking, 
population genetics, occupation and other confounders. 

Trace Nutrients 
 In general, drinking water has not been relied upon as a contributor of significant trace 
nutrients to daily intake, but rather as a serendipitous supplement whenever it occurs. The 
geographic and geologic distribution of the nutrients in drinking water will be varied and 
inconsistent so an appropriate diet should be the principal source.  

 Dietary supplementation is, however, widely practiced for general benefit e.g., Vitamin D in 
milk, Vitamin C in drinks, iron and B Vitamins and folic acid in bread.The principal therapeutic 
substance added to drinking water in some areas is fluoride. For fluoride the intent is to strengthen 
dental enamel and reduce the incidence of tooth decay (dental caries). Water fluoridation is 
controversial in some quarters, but generally believed by the dental community and many public 
health officials to be beneficial without demonstrable risk. Fluoridation is a matter of national 
policy. Seawater contains fluoride and the fluoride is depleted by desalination so desalinated 
water does not contribute significant fluoride to daily intake unless it is present in blending waters 
or added in reconstitution. Iodide is added to drinking water in a few locations to supplement 
inadequate dietary intake that has led to thyroid problems in populations. 

Sodium 
 Sodium is a necessary dietary component. Sodium can be present in desalinated water 
depending upon the efficiency of salts removal and the post treatment blending or stabilization. 
Typical daily dietary intake of sodium can be in the range of 2000 to 10,000 mg and more, and is 
a function of personal taste, dietary and cultural factors. Most experts believe that some segment 
of the population is salt sensitive (hypertensinogenic) which means that blood pressure elevation 
and its commensurate adverse effects occur to a greater degree in those individuals associated 
with their total salt consumption. Estimates of salt sensitivity frequency are in the range of 15% of 
some populations. 

 Water is usually not a significant contributor to total daily sodium intake except for persons 
under physician care who are required to be on highly restricted diets of less than 400 mg sodium 
per day. Thus, sodium concentrations of 20 mg/l (assuming 2 L per day consumption) would 
contribute 10% of the total permissible daily intake for those people. It is virtually impossible to 
limit salt intake from food to less than 360 mg/day. 

VIII. PETROLEUM CONTAMINATION 

 Raw and refined petroleum contains a very large number of toxic substances and also 
substances that impact undesirable taste to finished water. Crude oil contains aliphatic and 
aromatic hydrocarbons, and heterocyclic and other components that contain nitrogen and sulfur. 
Aliphatic hydrocarbons can range from gaseous methane (C1) and other small molecules, to 
midrange liquids (C5 to C16 approximately) like heptane (C7) and cetane (C13), to high molecular 
weight solids that are dissolved or suspended in the mixture. Many of these are neurotoxins at 
higher doses and some like hexane (C6 ) are neurotoxins at relatively low doses. Usually these are 
slightly soluble in water. Aromatic hydrocarbons range from benzene and toluene to polynuclear 
aromatic naphthalene (2 rings) to benzopyrene (6 rings) and above. Benzene is known to cause 
leukemia, and benzopyrene causes skin and other cancers. 

 Numerous sulfur compounds are present both as heterocycles and as thiols and other forms 
including sulfur, and hydrogen sulfide that is highly toxic and particularly malodorous at very low 
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concentrations. Refined petrochemicals and gasoline products challenge the treatment processes 
with high concentrations of mobile, volatile and often more toxic lower and mid-range fractions. 

  The molecular weight cut off is typically in the range of 100-300 Daltons. Larger 
molecules are removed by RO membranes, however significant fouling will impede operations. 
Small molecules pass through the membrane. It is at least theoretically possible that some 
molecules, although rejected by their size, may, depending on their solubility characteristics and 
the chemistry of the polymeric membrane, dissolve in the polymer and diffuse through. 

 Distillation processes can theoretically separate any substance by fractionation based upon 
boiling point differences, however desalination distillation is not designed to be a fractionating 
system, thus substances with boiling points lower than water’s could easily be carried over in the 
vapors, and even many higher boiling substances would “steam” distill and be carried into the 
distillate even though their vapor pressures are very low at the boiling temperature of water. 

 In general, to avoid contamination of finished water by certain organics in source waters, 
pretreatments should be applied and these can involve an adsorption process using granular 
activated carbon or more frequently powdered activated carbon for intermittent contamination. 
Contaminants in blending waters will be transported to the finished water thus appropriate 
pretreatment of blending water may also be required. 

Waste Management 
 Wastes from desalination plants include concentrated brines, backwash liquids containing 
scale and corrosion salts and antifouling chemicals, and pretreatment chemicals in filter waste 
sludges. Depending upon the location and other circumstances including access to the sea and 
sensitive aquifers, and concentrations of toxic substances etc., wastes could be discharged directly 
to the sea, mixed with other waste streams before discharge, discharged to sewers or treated at a 
sewage treatment plant, placed in lagoons, and dried and disposed in landfills. 

Energy Consumption 
 Desalination plants require significant amounts of electricity and heat depending upon the 
process, temperature and source water quality. For example, it has been estimated that one plant 
producing about seven million gallons per day could require about 50 million kWh/yr., which 
would be similar to the energy demands of an oil refinery or a small steel mill. For this reason, co-
generation facilities provide significant opportunities for efficiencies and most new projects 
consider co-generation. 

Environmental Impacts 
Installation and operation of a desalination facility will have the potential for adverse impacts on 
air, water/sea, and ground water and possibly other aspects. These should be considered in 
environmental impact assessments, and their acceptability and mitigation requirements would 
usually be matters of national and local regulation and policies. Studies to examine these effects 
would usually be conducted at each candidate site, and post installation monitoring programs 
should be instituted. A brief partial listing of issues follows: 

• Construction: Coastal zone and sea floor ecology, birds and mammals habitat; erosion, non 
point source pollution. 
• Energy: Fuel source and fuel transportation, cooling water discharges, air emissions from 
electrical power generation and fuel combustion. 
• Air Quality: Energy production related. 
• Marine Environment: Constituents in waste discharges, thermal effects, feed water intake 
process, effects of biocides in discharge water, and toxic metals, oxygen levels, turbidity, 
salinity, mixing zones, commercial fishing impacts, recreation, and many others.  
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• Ground Water: Seepage from unlined drying lagoons causing increased salinity and 
possibly toxic metals deposition. 

Disinfection and Microbial Control 
 Sea and brine waters can contain microorganisms that could be pathogens including 
bacteria, protozoa and viruses. Disinfection processes can occur at several points during the 
treatment process. The question is, what is adequate disinfection to protect public health from 
exposure to pathogenic microbes, and are there any unique risks that may be associated with 
desalination practices. During pretreatment a disinfectant, often chlorine, will be added to reduce 
biofouling and protect the membrane from degradation. Membranes also have the capacity to 
separate microorganisms by preventing their passage through the membranes. So long as the 
membrane is intact complete removals of microorganisms can occur, however leaks at seals do 
occur, and some bacteria can grow through the membrane.  

 Even ultrafiltration membranes that have pores (∼0.001 to 0.1 microns) have been 
demonstrated to achieve significant reductions of viruses and protozoa. Better performance could 
be expected from RO membranes. Several challenge tests employing giardia lamblia and 
cryptosporidia cysts and MS2 bacteriophage virus with an ultra- filtration membrane of nominal 
pore size of 0.035 micron and absolute, 0.1 micron have demonstrated very effective removals. 

 Guardia cysts can vary from 4 to 14 microns in length and 5 to 10 microns in width; 
cryptosporidia on cysts range from about 4 to 6 microns. These intact ultrafiltration membranes 
(0.1 micron nominal) should completely remove the cysts. 

 MS2 bacteriophage size is approximately 0.027 micron, which is smaller than the pore size 
of the membrane. However, substantial removal was achieved probably aided by adsorption of the 
virus on suspended particles, adsorption on the membrane or from the secondary filtration due to 
fouling of the membrane surface. Indeed there was a tendency for the MS2 removal to improve as 
membrane fouling increased in the study as indicated by higher transmembrane pressures. 

 Distillation at high temperatures close to the normal boiling point of water would likely 
eliminate all pathogens. However, reduced pressures are used in some desalination systems to 
reduce the boiling point and reduce energy demands. Temperatures as low as 50° to 60°C may be 
reached. Several pathogenic organisms are denatured or killed in a few seconds to minutes at 
temperatures in the 60° to 80°C range, but spores and some viruses usually require higher 
temperatures and longer times.  

Disinfection Byproducts 
 Predisinfection processes certainly produce byproducts, some of which are removed by the 
desalination process. Since desalinated waters are lower in Total Organic Carbon than most 
natural waters it would be expected that the disinfectant demand of desalinated water and also 
disinfectant byproduct formation, would be relatively low, and this has been indicated in some 
studies of trihalomethane production that have been reported. However, this could be significantly 
affected by the type of blending water that is used post treatment to stabilize the water. In 
addition, one of the factors to consider would be the amounts of brominated organic byproducts 
that could be formed from predisinfection of salt waters containing bromide, and from 
disinfection of blending waters, if bromide is reintroduced to the finished waters. This is a 
concern since data is accumulating that some brominated disinfection byproducts may have 
greater carcinogenic potential than many chlorinated byproducts such as chloroform. Indeed 
chloroform may not be carcinogenic at all at levels typically found in drinking water. Since the 
TOC found in seawater could be different than TOC in fresh waters, it is also possible that there 
could be some differences in the chemistry of the byproduct formation reactions that could lead to 
different byproducts or different distributions of byproducts. 



 

 
 23

IX. CONCLUSION 

 Desalination of seawater and brackish waters offers the opportunity to significantly increase 
the world’s supply of fresh water for drinking and other purposes. These processes remove 
virtually all of the salts and dissolved organic matter from the water; then due to the 
aggressiveness of the water substances must be added to the treated water to stabilize it prior to 
transport to consumers. Because of the non typical (for drinking water) saline source waters and 
treatment processes involved, certain issues in finished water composition and process arise that 
are not typically dealt with in usual drinking water supplies. This monograph will address several 
of those issues in respect to trace mineral composition and contributions to daily diet and health in 
respect to long-term consumption of water that has been originally drawn from a saline source. 
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I. INTRODUCTION 

 Water is an essential nutrient for all known forms of life and the mechanisms by which fluid 
and electrolyte homeostasis is maintained in humans are well understood. Until recently, our 
exploration of water requirements has been guided by the need to avoid adverse events such as 
dehydration. Increasing appreciation for the impinging factors that must be considered when 
attempting to establish recommendations of water intake presents us with new and challenging 
questions.  

 This paper, for the most part, will concentrate on water requirements, adverse consequences 
of inadequate intakes, and factors that affect fluid requirements. Other pertinent issues will also be 
mentioned. For example, what are the common sources of dietary water and how do they vary by 
culture, geography, personal preference, and availability, and is there an optimal fluid intake 
beyond that needed for water balance? 

II. ADVERSE CONSEQUENCES OF INADEQUATE WATER INTAKE, 
 REQUIREMENTS FOR WATER, AND FACTORS THAT AFFECT 
REQUIREMENTS 

1. Adverse Consequences 
 Dehydration is the adverse consequence of inadequate water intake. The symptoms of acute 
dehydration vary with the degree of water deficit (1). For example, fluid loss at 1% of body 
weight impairs thermoregulation and, thirst occurs at this level of dehydration. Thirst increases at 
2%, with dry mouth appearing at approximately 3%. Vague discomfort and loss of appetite appear 
at 2%. The threshold for impaired exercise thermoregulation is 1% dehydration, and at 4% 
decrements of 20-30% is seen in work capacity. Difficulty concentrating, headache, and 
sleepiness are observed at 5%. Tingling and numbness of extremities can be seen at 6%, and 
collapse can occur at around 7% dehydration. A 10% loss of body water through dehydration is 
life-threatening (2). During the Six-day War of 1967, more than 20,000 Egyptian soldiers died 
from heat stroke. Egyptian troops were following practices of strict water rationing. During the 
same time, Israeli troops with abundant field water supplies and command-enforced water policies 
had minimal heat casualties (3)  

 While the vague discomfort that accompanies a 2% dehydration may not have a significant 
impact, the 20 – 30% reduction in work capacity seen at 4% can have a significant negative 
impact on productivity. Negative health consequences of chronic dehydration are covered later in 
this paper. 
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2. Minimum Water Requirements 
 The minimum requirement for water is the amount that equals losses and prevents adverse 
effects of insufficient water, such as dehydration. There are numerous limitations associated with 
the requirement estimates used to make recommendations. A review of the research designed to 
define fluid requirements of humans increases one’s appreciation of the complexity of the issue. 
A multitude of intra- and inter-individual factors influence water requirements. As stated in the 
1989 Recommended Dietary Allowances (4) establishing a recommendation that meets the needs 
of all is impossible: 

• The primary determinant of maintenance water requirement appears to be metabolic, 
(Holliday and Segar, 1957) but the actual estimation of water requirement is highly variable 
and quite complex. Because the water requirement is the amount necessary to balance the 
insensible losses (which can vary markedly) and maintain a tolerable solute load for the 
kidneys (which may vary with dietary composition and other factors), it is impossible to set a 
general water requirement. 
• The impracticability of establishing a general water requirement was reiterated in the 
Dietary Reference Intakes for Water, Potassium, Sodium, Chloride, and Sulfate(5): 
• Given the extreme variability in water needs which are not solely based on differences in 
metabolism, but also in environmental conditions and activity, there is not a single level of 
water intake that would ensure adequate hydration and optimal health for half of all apparently 
healthy persons in all environmental conditions. 
 

 Thus, the Panel determined that an Estimated Average Requirement (EAR), and therefore a 
Recommended Dietary Allowance (RDA), could not be established. Hence, an Adequate Intake 
(AI) was established as the reference value for water intake for healthy U.S. and Canadian 
individuals and populations.  

3. Factors That Affect Requirements 
 For sedentary to moderately active individuals under temperate conditions, water is lost 
from the body via urine, feces, respiration, and evaporation. During increased physical activity 
and in conditions other than temperate, sweat loss contributes to body water loss. The minimal 
amount of fluid loss that can occur is referred to as the obligatory water loss. However, a variety 
of factors can affect obligatory loss. For example, obligatory urine loss occurs because of the need 
to remove various solutes from the body. The minimum water required for urine is dependent on 
the daily solute excretory load, primarily determined by diet, and the maximum urinary 
concentration achievable (6;7). Urinary concentrating ability varies with age (8;9) and with renal 
disease. Normally, fecal water loss is small, estimated at about 100 mL/day (4;10). 

 Water that passes through the skin (transepidermal diffusion) and is then lost by 
evaporation, and water that is lost from the respiratory tract, is collectively referred to as 
insensible water loss. Insensible water correlates with metabolic heat dissipation (11;12). The 
estimate of insensible water loss has been shown to vary more in infants than in adults (13), but 
Holliday and Segar (14) proposed an average water loss of 50 mL/100 kcal to apply to all ages. 
Even when caloric expenditure and body surface area are equal, however, insensible water loss 
through the skin and lungs varies. Environmental temperature and humidity, altitude, volume of 
air inspired, air currents, clothing, blood circulation through skin, and water content of the body 
can all affect insensible water loss (15). 

 A study published in 1930 (16) is the only identified primary reference reporting total water 
output in a healthy adult under temperate conditions. Five days of total intake and output data 
were reported on one sedentary 60-kg male subject confined to the laboratory. The average output 
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was 2675 mL, ranging from 2227 mL to 3205 mL. Insensible loss remained fairly constant 
(1073–1213 mL), whereas urine water ranged from 1149 to 2132 mL. Some of the commonly 
referenced average output values are much lower than this 60-kg male’s documented output. 
Nonetheless, the wide range of average daily output reported appears to capture the variability 
within and among individuals. 

 Another study assessing the effect of two diets on hydration was conducted on 27 healthy, 
sedentary, male subjects using a crossover design (17). During the trial that provided water as a 
portion of the beverage allotment, subjects consumed one-third of their beverages as plain 
drinking water. In the “without water” trial, no plain drinking water was consumed. Subjects were 
confined to a metabolic unit during the study and physical activity, sleep/wake cycle, and heat and 
humidity were controlled. Results showed no difference in the effect on hydration between the 
two diets, and subjects maintained euhydration on both trials. The mean total water from food and 
beverages, consumed by subjects in this study, was 1.1 mL/kcal. 

 Perhaps the most significant conclusions that can be drawn from an examination of water 
requirements are the limited scientific data, and the magnitude of the variability within and among 
individuals (16-18). This is important to keep in mind when considering recommendations, 
because recommendations are not necessarily requirements. 

4. Factors that Increase Water Requirements 
 While young children, pregnant and lactating women, the elderly, and people with certain 
illnesses may have increased fluid requirements, and/or present additional challenges in meeting 
their requirements (19), space limitations prevent adequate review of such specific populations. 
Requirements and recommendations for fluid intake in hot and humid environments will be 
reviewed here because of the inordinate increase in fluid requirements that can result in such 
conditions and the large number of people worldwide who perform work in such environments. 

5. Thermal and physiological stress 
 Water lost via sweating is usually low in temperate, sedentary conditions, but profuse 
sweating can be a major source of water and electrolyte loss for persons exercising or laboring in 
extreme heat and/or humidity. In physically active individuals, sweating presents the most highly 
variable water loss. Sweat rates can reach 3 to 4 L/hour, with variation in sweat rate depending 
upon exercise intensity and duration, age, gender, training, heat acclimatization, air temperature, 
humidity, wind velocity, cloud cover, clothing, and individual sweat rate (20). Total daily fluid 
requirements have been shown to range from as little as 2 liters per day to 16 liters per day 
pending on the work load and the level of heat stress (21). 

 It has long been known that persons under thermal and physiologic stress need to pay 
special attention to fluid and salt intake (2,22-24). Military personnel have been studied 
extensively in this regard. Monographs and scientific publications present some of the extensive 
research conducted by the United States for purposes of survival and endurance during the Second 
World War (2,25,26). Scientific findings from the research on military and aerospace personnel 
continue to provide essential and fundamental information on fluid requirements under conditions 
of thermal and physiologic stress (27-30). Collectively, research has shown progressive 
decrements in work performance with increasing levels of dehydration, and inter- and intra-
individual variation in sweat rates, water intake, and water requirements. 

 A study on the effects of heat stress on the health and productivity of forest workers using 
manual working methods in temperate conditions was conducted in North East Zimbabwe 
(31,32). The forest workers were given either 0.17 or 0.6 liters of water each half hour. Based on 
the findings of dehydration and reduced productivity, the researcher concluded that International 
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Labour Organization recommendations for the consumption of at least 5 liters of fluid per day 
during heavy forestry work should be extended to work under temperate conditions. 

 Investigators conducting a field study to assess dehydration in 39 male underground miners 
concluded that workers who were educated about the need to drink small amounts frequently did 
not suffer from “voluntary dehydration” (33). The average fluid consumption per shift was 6.48 ± 
2.41 L, with a range of 2.40 – 12.50 liters. The mean full shift average consumption rate was 0.8 ± 
0.27, liters per hour, with a range of 0.32 – 1.47. Urinary specific gravity was used to determine 
hydration status. Start, mid, and end of shift, mean specific gravity were 1.0252, 1.0248 and 
1.0254 respectively. However, specific gravity has been shown to be a somewhat unreliable 
measure of hydration status (34,35). 

 A study designed to determine if the Zimbabwe National Army rations are adequate for 
soldiers doing strenuous physical work, or even for those doing normal work in hot dry 
conditions, compared energy expenditure, and total body water on 12 soldiers (36). Eight soldiers 
were randomly assigned to the test group (strenuous work), and four were assigned to the control 
group (normal work). The study period lasted for 12 days. The average daily fluid intake for the 
test group was 11 liters per day compared to approximately 7 for the control group. The 
investigators concluded that the standard ration is inadequate. 

 The United States Army revised their fluid replacement guidelines in 1999. A study to 
compare the revised guidelines with the previous guidelines was conducted on soldiers engaged in 
outdoor military combat training in hot weather (37). The revised guidelines effectively reversed 
the decrease in serum sodium, reduced the increase in body mass, maintained hydration, and 
minimized overdrinking compared to the previous guidelines. 

Table 1 shows the previous guidelines and Table 2 the revised. 

Table 1. Previous Army Fluid Replacement Guidelines for Hot Weather Training a 

Criteria Controls 

Heat Condition/ 
Category 

WBGT* Index (ºF) Water Intake (qt/h) Work-Rest Cycle 
(min) 

1 78-81.9 At least 0.5 Continuous 

2 82-84.9 At least 0.5 50/10 

3 85-87.9 At least 1 45/15 

4 88-89.9 At least 1.5 30/30 

5 90+ More than 2 20/40 
a: Adapted from: Montain SJ, et al. Fluid Replacement Recommendations for Training in Hot 
Weather. Military Medicine, 164,7:502-508, 1999. 
* WBGI = Wet Bulb Globe Temperature 

 It was determined that the Army’s guidelines may need revision after 190 military personnel 
were hospitalized for water intoxication (hyposmolality/hyponatremia) between 1989 and 1999 
(38). Hyponatremia should be considered a risk when large volumes of plain drinking water are 
consumed, especially when combined with a diet low in salt (sodium chloride). 
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Table 2. Revised Fluid Replacement Guidelines for Hot Weather Training (Average Acclimated 
Soldier Wearing Battle Dress Uniform, Hot Weather) a 

 Easy Work Moderate Work Hard Work 

Heat 
Category 

WBGT* 
Index 
(ºF) 

Work-
Rest 
Cycle 
(min) 

Water 
Intake 
(qt/h) 

Work-
Rest 
Cycle 
(min) 

Water 
Intake 
(qt/h) 

Work-
Rest 
Cycle 
(min) 

Water 
Intake 
(qt/h) 

1 78-81.9 NL** 0.5 NL 0.75 40/20 0.75 

2 82-84.9 NL 0.5 50/10 0.75 30/30 1 

3 85-87.9 NL 0.75 40/20 0.75 30/30 1 

4 88-89.9 NL 0.75 30/30 0.75 20/40 1 

5 >90 50/10 1 20/40 1 10/50 1 
aAdapted from: Montain SJ, et al. Fluid Replacement Recommendations for Training in Hot 
Weather. Military Medicine, 164,7:502-508, 1999. 
* WBGI = Wet Bulb Globe Temperature 
** NL, no limit to work time per hour 

6. Recommendations and Estimates of Requirements 
 The amount of water needed to replace losses is the absolute requirement. Whereas 
requirements are impossible to predict precisely, except under controlled conditions, 
recommendations are standards to be used in the assessment and planning of diets for individuals 
and for groups, and for establishing policy.  

 The Tropical Agriculture Association has published water requirements for humans, 
animals and irrigated crops, given as liters per year (http://www.taa.org.uk). The minimum water 
requirement for fluid replacement for a 70kg human in a temperate zone equates to 3L per day, or 
42.9mL/kg. Minimum requirements for an individual the same size but in a tropical zone equates 
to 4.1 to 6L/day, or 58.6 to 85.7mL/kg. 

 The Recommended Dietary Allowances (RDA), the dietary standards for the United States 
civilian population, have their roots in national defence. The Food and Nutrition Board (FNB), a 
part of the National Research Council, was established in 1940 “to advise on nutrition problems in 
connection with National Defense (39).” The amount of 1 mL water/kcal of energy expenditure 
has been the recommendation since 1945 (40). In 1989 the FNB added a higher amount, stating, 
“…there is so seldom a risk of water intoxication that the specified requirement for water is often 
increased to 1.5 mL/kcal to cover variations in activity level, sweating, and solute load (4).” 

 Age and gender specific Adequate Intakes (AI) for water were established in 2004 by the 
Food and Nutrition Board (5). The Dietary Reference Intakes (DRI) for water are shown in Tables 
3 and 4. 
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Table 3. AI for Boys and Girls Birth to Eight Years of Age 

Table 4. AI for Ages Nine and Older 

 Athletes, like military personnel, are a population wherein hydration status is critical to 
performance. Considerable research has been conducted to explore the measurement and the 
consequences of dehydration during physical performance, as well as strategies 
andrecommendations for fluid intake. Athletes are commonly instructed to replace body water 
lost (measured by change in body weight) during training and competition with an amount of 
fluid that is equal to the amount lost, using the guideline that 1 kg equals 1 L. Numerous 
monographs and papers have been published on fluid needs of physically and environmentally 
stressed individuals (41-47).  

7. Water Intake and Sources 
 Water intake includes that which is consumed as food and beverage, along with relatively 
small volumes of water created by oxidation of food (metabolic water) and breakdown of body 
tissue. Metabolic water is about 350 to 400 mL/d. Determining actual water consumption is 
difficult for a variety of reasons, one being that many of the published reports are for total water 
use (drinking water, water used for basic hygiene, etc.). Additionally, some reports on water 
intake report only tap water, and therefore, water provided as other beverages are not included in 
the calculations. Williams, et. al. (48) reported that estimates of mean water intake rates reported 
in the literature range from 1.04 to 1.63 L/person/day.  

 Humans ingest water as plain drinking water, as beverages, and in food. Water in food can 
be inherent or added during preparation, and also produced by metabolism. All contribute to the 
“total water intake.” Unfortunately, there is a paucity of data on total water consumption. The data 
that do exist show considerable variation in intakes both within and between individuals.  

 Studies in humans have shown that numerous factors affect fluid intake (49;50). 
Availability, ambient temperature, flavor, flavor variety, beverage temperature, proximity of the 
beverage to the person, and even beverage container have all been shown to impact intake. 
Cultural variations have been reported, although the data is limited (See Table 5).  

Table 5. Market Shares (liter per capita) of Beverages in Various Countries a,b 

0 – 6 months 0.7 L/day of water, assumed to be fromhuman milk. 

7 – 12 months 0.8 L/day of water, assumed to be from human milk and complementary foods 
and beverages 

1 – 3 years 1.3L/day 

3 – 8 years 1.7 L/day  

Boys 2.4 L/day 
9 – 13 years 

Girls 2.1 L/day 

Boys 3.3 L/day 
14 – 18 years 

Girls 2.3 L/day 

Men 3.7 L/day 
19 – 70+ 

Women 2.7 L/day 
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Beverage United States 
of America 

Great Britain    Federal 
Republic of    
 Germany 

 Italy    Finland 

Soft drinks  173  91  78  47  31 

Milk  102  126  55  68  104 

Beer  89  108  147  2  63 

Mineral 
water 

 ?  2  62  50  8 

Fruit juice  28  16  27  4  29 

Winec  16  11  23  80  5 

Liquorsd  --  5  19  11  35 

Coffeed  98  13  96  57  156 

Tead  25  40  5  2  3 
a Adapted from Tuorila, H. Individual and cultrual factors in the consumption of beverages. In: 
Ramsay and Booth, eds. Thirst: physiological and psychological aspects. London, Springer-Verlag, 1991. 
b The USA consumption from 1985 (Bunch 1987; Putnam 1987), European figures from 1986 
(Euromonitor 1988). 
c In the US data includes liquors. 
d Volumes estimated from dry substance with dilution ratios given 

 Water content of beverages varies. Plain drinking water and diet soft drinks are 100% water, 
whereas coffee and tea are 99.5%, and sport drinks are 95%. Fruit juices vary from 90 to 94% 
water. Skim milk, 2% fat milk, and whole milk are 91%, 89%, and 87% respectively. While not 
consumption data, the market share data in Table 5 reflects consumption patterns. Water intake 
from these beverages could be estimated with the possible exception of beverages containing 
alcohol. 

 Researchers described the diuretic action of alcohol as early as 1932 and subsequent studies 
substantiated a diuretic effect (51-54). A formula proposed by Stookey (55) applied quantitative 
estimates of the effects of alcohol to determine the retention of the water consumed. Making 
numerous assumptions, Stookey estimates water losses of 10 mL/g alcohol. Eggleton, in 1942, 
found that the diuresis following an alcoholic drink is roughly proportional to the amount of 
alcohol present and suggested that the ingestion of drinks containing small quantities of alcohol 
did not impair rehydration in dehydrated individuals (51). A 1995 study supported this notion. 
Taivainen and colleagues (56) found that while diuresis occurred after healthy adult males 
consumed a beverage of fruit juice and alcohol (1.2 g alcohol/kg of body weight), there was a 
subsequent antidiuretic phase that lasted up to 12 hours post alcohol ingestion. The researchers 
concluded that consuming fluids immediately following alcohol consumption (800 ml over 4 
hours) and then 6 hours later (20 ml/kg) will, for the most part, offset the water lost from the 
alcohol induced diuresis. Thus, assuming adequate fluid intake following acute alcohol ingestion, 
it appears that alcohol-induced diuresis is transient and will not result in appreciable fluid losses 
over a 24 hour period. 

 Shirreffs and Maughan (57) conducted a study designed to determine whether alcohol exerts 
a diuretic effect when consumed by dehydrated individuals. After an exercised-induced 
dehydration, the subjects consumed a volume of fluid equal to 150% of the estimated sweat loss. 
The fluids consumed, in the four different trials, were alcohol-free beer, and alcohol-free beer to 
which 1, 2, or 4% alcohol was added. The results suggested that the diuretic effect of alcohol is 
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substantially blunted when consumed by dehydrated individuals. Urine production increased as 
the quantity of alcohol consumed increased, and there was a significant reduction in the rate of 
recovery of blood volume when the 4 % alcohol beverage was consumed. It must be noted that in 
all of the trials in the Shirreffs and Maughan study, the subjects consumed 150% of the estimated 
sweat loss, leaving to question the results if subjects had consumed only 100%, or less than 100%, 
of sweat losses, or if the alcohol content of the beverage had been higher.  

 While research on acute alcohol consumption followed by adequate fluid intake supports a 
dose-response relationship with moderate intake causing no long-term effects on hydration status, 
elevated serum osmolality has been observed in chronic alcohol consumers, both at baseline and 
after ethanol ingestion (58). It is unclear if, and if so to what degree, alcohol induced diuresis, 
neurohormonal aberrations, perception of thirst, and/or fluid consumption habits, contribute to the 
dehydration (as determined by serum osmolality) observed in chronic alcohol consumers (58;59) 

 Further evaluation of alcohol’s effect on fluid balance is warranted, especially in view of the 
numerous cultures that routinely consume alcoholic beverages as part of the daily diet. Chronic 
consumption, as part of the daily diet, verses acute high volume consumption, and dose response 
studies would provide useful information for determining how alcohol should be considered when 
calculating total water intake.  

 In the United States the majority of individuals’ fluid intake is not consumed as plain water, 
but instead from a variety of foods and beverages as influenced by cultural, economic, social, 
environmental, and sensory factors (4;60). Ershow, Cantor, et al. (61) analyzed data from the 
1977–1978 Nationwide Food Consumption Survey (NFCS). They found that water consumed as 
plain drinking water averaged 31.4% of total intake. Beverages other than plain water provided 
43.6% and food provided 25% of total water intake. The water content of the food portion of the 
diet can vary widely. For example, whereas the mean intake of water from food for subjects of 
both sexes, 20 to 64 years of age participating in the 1977–1978 NFCS was 545 gm, the average 
for the 5th and 99th percentile were 223 and 1254, respectively (61). 

 Data from the USDA 1994–1996 Continuing Survey of Food Intakes by Individuals (CSFII) 
showed that approximately one-third of the total fluid intake of persons aged 20 to 64 years of age 
was consumed as plain water (62). The 1994–1996 CSFII (63) also showed that the average 
consumption of milk and other beverages totaled 1,115 grams/day for all subjects. Of that, 35% 
was coffee and tea, 30% was carbonated soft drinks, 17% was milk, 9% was alcohol, and 9% was 
fruit drinks and ades. 

 The perception exists that beverages vary in their capacity to maintain hydration status, with 
caffeine containing beverages purported to have a diuretic effect. This appears to be based on 
studies showing acute increased urine output after caffeine doses in caffeine naïve individuals 
(64-70). However, research shows that a tolerance to caffeine develops (71-76). As such, those 
who are not caffeine naïve do not experience increased urine output or altered indicators of 
hydration status after consuming caffeinated beverages (18;77). 

 In addition to unsubstantiated warnings about caffeine, unsubstantiated claims about the 
essentiality of plain water in meeting fluid requirements are also touted. Public perception in the 
United States is that plain drinking water is more “hydrating” than other beverages, even though it 
has long been put forth in medical, military, nutrition, and physiology texts that water from foods 
and beverages can meet fluid needs (4; 5; 78-82).  
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8. Is There an Optimal Intake? 
 While current knowledge allows us to determine insufficient and adequate fluid intake, our 
scientific knowledge base is inadequate to determine if there is an optimal fluid intake. However, 
there is a growing body of science indicating that an optimal intake level may indeed exist, and 
that such an amount is greater than current recommendations.  

 Research on the relationship of drinking water and the incidence of cancer has been an area 
of study for some time. For the most part, such studies have been concerned with contaminants in 
drinking water as a cause of cancer (83-86). More recently, studies have examined the 
relationship between beverage volume, and in some studies, the specific types of fluids consumed 
as related to the incidence of various diseases. 

 Studies examining the fluid-disease relationship have considered various combinations of 
variables including dehydration, hyperhydration, fluid volume consumed, and types of beverages, 
as they relate to the absence, presence, or treatment of certain diseases or conditions. For example, 
dehydration has been linked to increases in risk for urinary tract infections, dental disease, 
broncho-pulmonary disorders, constipation, kidney stones, and impaired cognitive function (87-
92). A relationship between a high fluid intake and decreased risk of a variety of maladies 
including urinary tract stones, colon and urinary tract cancer, and mitral valve prolapse has been 
shown (83;87;93-104). Some studies examining the relationship between fluid intake and specific 
diseases have found no correlation with the types of beverages consumed (83;86;95;101;102), 
while others have (104-108). For example, one study (108) found an inverse correlation between 
water intake and risk of fatal coronary heart disease and a positive correlation between intake of 
other fluids other than water and risk. As the authors noted, however, potential confounding 
variables need to be considered. Perhaps the water drinkers were more health conscious. 
Moreover, subjects in the study had an intake of milk higher than the average United States 
population, and the type of milk consumed was not reported. Perhaps water drinkers consumed 
less total dietary fat. As with most epidemiology research, known and unknown confounding 
variables make it impossible to draw definitive cause-effect conclusions. 

 That fluoridated drinking water protects against dental carries is well documented. Results 
from a cross-sectional study on 499 Australian Army recruits showed a dose-response 
relationship, suggesting benefits of lifetime exposure to fluoridated drinking water through young 
adulthood (109). 

 Whereas the available information on a fluid-disease relationship is far from conclusive, 
current data indicates need for further study. Determining the amount of fluid necessary to 
maintain hydration is one concern when trying to discern recommendations on fluid intake; 
determining fluid intake necessary to treat or decrease risk of certain diseases or disorders is 
another. 

9. Establishing Recommendations/Guidelines 
 It is important, for public health purposes, to estimate, as exactly as possible, the water 
requirements of a population. Doing so is an inordinate task, due to the numerous factors that 
effect requirements and the variances observed within each of those factors. Acknowledging the 
caveats, the World Health Organization, in their report, “Domestic Water Quantity, Service Level 
and Health” (19) estimated requirements. Based on a 70 kg adult male, and a 58 kg adult female, 
under average conditions, it was estimated that adult females needed 2.2L/day and males 
2.5L/day. Manual labour in high temperatures increased requirements to 4.5L for both men and 
women. Recommendations for children were calculated using 1 liter per day for a 10 kg child and 
0.75 liter for a 5 kg child, which resulted in 1.0L/day under average conditions and 4.5L for 
manual labour in high temperatures.  
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 Table 6 shows the WHO requirements for adults (19) and also estimates from several the 
studies reviewed in this paper. While studies have shown that a low intake of fluid is associated 
with some chronic diseases, evidence is insufficient, at this time, to delineate specific amounts 
needed to prevent various diseases. 

Table 6. Volumea of water recommended and/or found to support hydration under specific 
conditions.bc 

 Sedentary, Temperate 
Environment 

Physically Active 
and/or Increased 
Temperature 

Optimal (Disease 
Prevention) 

Female Adult 2.2 (19) 4.5 (19) ? 

Male Adult 2.9 (19) 4.5 (19) 
5.0 (31) 
0.8/h (33) 
11.0 (36) 

? 

Male & Female 2 – 4 (21) 
0.5 qt/h (37) 

8 – 16 (21) 
¾ - 1 qt/h (37) 

? 

a Volume is given as litres per day unless otherwise indicated. 
b When reviewing this table, please keep in mind that data is not comparable in data collection 
methodology, subjects, environmental conditions, activity intensities (in reports on physically 
active), length of study/observation period, or purpose of study. Data are presented herein to 
demonstrate the ranges of recommendations/observations. 
c The number in parentheses after the volume refers to the citation number in the reference list. 

 An incremental formula by which water requirements could be more precisely estimated for 
populations, groups of people, and perhaps even individuals would need to consider requirements 
under sedentary conditions at temperate environment with adjustments for altitude, heat, 
humidity, activity level, clothing, and other factors. While such a formula does not currently exist, 
development of such a formula could provide a point from which to more closely estimate 
requirements. 

10. Future Challenges 
For six decades, the driving force behind fluid and electrolyte research has been medical care, 
survival, and optimal physical performance. Empirical and clinical research, and field studies 
have been conducted on military personnel, athletes, and hospitalized patients. Missing, however, 
is comprehensive data more pertinent to “average” individuals who comprise the majority of 
many populations. Additionally, research is surfacing that moves beyond water requirements per 
se, and examines the relationship between optimal fluid intake and disease prevention, balancing 
requirements with availability, and exploring nutrients and other compounds (both beneficial and 
detrimental) that can accompany water. It is appropriate to move beyond the role of fluids in 
preventing dehydration and decrements in performance, and toward determining the contribution 
of fluids (and their mineral components) to longer, healthier, and more productive lives.  

The current and future challenge is to continue research on topics such as fluid recommendations 
for various ages, the relationships between disease and the amount and types of fluids consumed, 
health-promoting properties of nutrients indigenous or endogenous to water, optimal intake levels, 
and consumption patterns. Additionally, guidelines or formulas that can more precisely determine 
the amount of water needed by individuals and/or populations would be advantageous. 
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I. INTRODUCTION 

 Most of the inorganic chemicals in drinking water are naturally occurring. They are 
acquired by the contact of water with rocks and soil and the effects of the geological setting, 
including climate (1-4). However, the chemical composition of drinking water also depends on 
the contaminating effects of industry, human settlements, agricultural activities and water 
treatment and distribution (1-4). Depending on water quality at the source, filtration, coagulation, 
and addition of chemicals to adjust pH and/or control corrosion treatments are employed (1-5). In 
addition, chlorination or iodination may be used for disinfection and fluoridation for the 
prevention of dental caries (6-8). Leaching of minerals from metal components used in water 
treatment plants and plumbing materials occurs when pH and hardness of water are not adjusted. 
Some of the main sources of dissolved metals include: for Cu- copper or brass plumbing system; 
Fe- cast iron, steel, and galvanised plumbing system; Zn- zinc galvanised pipes; Ni- chromium-
nickel stainless plumbing system; Pb- derived from tin-lead or lead solder; and for Cd- as an 
impurity in zinc galvanised pipes or cadmium containing solders (1-4,9). Recently, fortification of 
drinking water has been used in the prevention of iron deficiency in children (10) and to provide 
iodine in select populations (11).  

II. DEFINITION OF NUTRITIONAL REQUIREMENTS AND RECOMMENDATIONS 

 Experts from many countries and international organisations have defined nutritional needs 
and recommendations. The requirement of a nutrient, as defined by the World Health 
Organization, Food and Agriculture Organization of the United Nations and the International 
Atomic Energy Agency (WHO/FAO/IAEA) Expert Consultation on Trace Elements in Human 
Nutrition and Health, is “the lowest continuing level of nutrient intake that, at a specified 
efficiency of utilisation, will maintain the defined level of nutriture in the individual” (12). Basal 
requirement is the “intake needed to prevent pathologically relevant and clinically detectable 
signs of impaired function attributable to inadequacy of the nutrient”. However, the basal 
requirement does not account for the needs to maintain nutrient reserves in the body or consider 
the amount sufficient to ensure that absorption and retention were not operating at maximum 
capacity. Therefore, the value needed to fulfill the basal requirement plus these additional needs 
to maintain a level of tissue storage or other reserves constitutes the normative requirement (12). 
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However, how important reserves are is an open question. The criterion utilised to define nutrient 
inadequacy may differ for individuals at different life stage. On the other hand, the knowledge of 
the criteria used to define nutrient inadequacy is important to integrate and/or compare 
requirements obtained from different sources of evidence. 

 Several methods have been utilised to estimate requirements and each has particular strengths 
and weaknesses. Nutrient requirements can be calculated by using metabolic balance studies at different 
levels of intake, factorial modelling, in which the amount of the nutrient needed to replace utilisation and 
losses is calculated, depletion/repletion studies, and/or epidemiological evidence (12-17). Balance 
studies and factorial analysis calculations can be biased since individuals can adapt to the level of 
nutrient intake by modifying absorption and/or losses. As previously mentioned, micromineral 
requirements can be studied by experimental diets with different micromineral intakes, thus determining 
the minimal nutrient intake that prevents the development of biochemical abnormalities or functions. 
However, these experimental diets may also have modifications in other nutrients that could affect 
absorption of the studied nutrient or influence the biochemical or physiological parameters employed in 
the assessment of its status. In addition, the biochemical parameters may not be sufficiently sensitive 
and/or specific in detecting marginal nutrient status. Another method is to calculate the requirements 
based on epidemiological studies of nutrient status carried out in healthy populations with different 
nutrient intake profiles (12-15,17). 

 Dietary reference intakes are provided to promote optimal health by avoiding consequences 
of nutrient deficiency and excess. However, for some nutrients there is limited information to 
scientifically support the nutritional needs across age ranges, gender and physiological states. 

  The Institute of Medicine of the US National Academy of Sciences (IOM) has developed 
dietary reference intakes (DRI) that include the Estimated Average Requirement (EAR), 
Recommended Dietary Allowance (RDA), Adequate Intake (AI) and Tolerable Upper Intake 
Level (UL) (13). The EAR, RDA, and AI values represent the amount of the nutrient to be 
supplied by foods from a diet similar to those consumed in Canada and the United States. EAR is 
the daily intake of a nutrient that is estimated to meet the requirement of 50% of apparently 
healthy individuals of a given sex and age. The RDA is the average daily intake level that is 
sufficient to meet the nutrient requirement of 97.5% of the population of apparently healthy 
persons of a given sex and age. This value is intended to be used as a goal for daily intake by all 
individuals to be reached as an average over a given time; usually weeks or months. When there is 
insufficient information available to calculate an EAR, an AI value based on experimentally 
derived intake levels or approximations of customary mean nutrient intakes by group or groups of 
healthy subjects, is used instead of the traditional RDA. The UL is the highest level of daily 
nutrient intake that is likely to pose no risk of adverse health effect for almost all individuals in a 
specified sex and age group. The development of a UL for a nutrient requires: 1. Hazard 
identification (identification of all known adverse effects associated with the nutrient). 2. Analysis 
of dose response studies to identify the lowest no observed adverse effect level (NOAEL) based 
on all identified hazards, and 3. Application of an uncertainty factor, that compensates for 
extrapolation from the observed to the general population (13,18). 

 WHO/FAO/IAEA has established safe levels of population mean intakes that would suffice 
to ensure a low prevalence of individuals at risk of either inadequate or excessive intakes (12). 
The lower limit of the population mean intake is “the lowest mean intake at which the population 
risks of depletion remain acceptable when judged by normative criteria”, while the upper limit is 
“the maximum population mean intake at which the risks of toxicity remain tolerable”. Between 
these limits the risk of inadequacy or excess is acceptably low. In addition, the lower limit of the 
population mean intake was established based on the basal requirement criteria. Below this limit 
there is a gradual increase on the prevalence of individuals expected to show demonstrable signs 
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of functional impairment. Recently FAO/WHO defined recommended nutrient intake (RNI) as 
“the daily intake, which meets the nutrient requirements of almost all (97.5 percent) apparently 
healthy individuals in an age and sex-specific population group” (19). This definition is 
equivalent to that of RDA. RNI considers the nutrient intake from food including water.  

 In 1993 the Scientific Committee for Food of the European Commission (15) defined the 
Lowest Threshold Intake (LTI) as “the intake below which nearly all individuals will be unable to 
maintain metabolic integrity according to the criterion chosen for each nutrient”. The Average 
Requirement (AR) is the intake that covers 50% of requirements for the group according to 
criteria chosen. The Population Reference Intake (PRI) is “the intake that will meet the needs of 
nearly all healthy people in a group” (97.5%).  

 An interesting modification in the approach to define the regulatory framework for 
assessing risks for essential trace elements is the concept of including the risk of both deficiency 
and excess in the model. In 2001 the International Programme on Chemical Safety (IPCS) 
proposed a methodology to establish a homeostatic model for determining the Adequate Range of 
Oral Intake (AROI) of essential trace elements (20). This model includes weighing the evidence 
of hazards linked to deficit with that related to excess and selecting relevant endpoints of 
deficiency and toxicity at different ages, gender and conditions. In addition, the probability of risk 
and the severity of various effects are quantified and those that are critical to determine cut-off 
points for deficiency and toxicity are selected. The AROI is established by balancing endpoints of 
comparable health significance on the deficiency and excessive intake sides. 

III. WHAT ARE THE IMPORTANT DIETARY MINERALS AND ELECTROLYTES 
 IN THE DIET AND POTENTIALLY IN WATER THAT ARE ESSENTIAL FOR 
 NUTRITION AND WELLBEING? 

 Calcium, Na, K, Cl, Mg, Fe, Zn, Cu, Cr, I, Co, Mo and Se are unequivocally essential for 
human health; although not commonly realised drinking water provides some of these elements. 
A second group of elements that have some beneficial health effects, include F in the prevention 
of dental caries and B, Mn, Ni, Si and Va, that may be considered essential for humans based on 
emerging information. The third group is composed of the potentially toxic elements Pb, Cd, Hg, 
As, Al, Li and Sn (1,3,12,21). 

 The relative of contribution of water to total dietary intake of selected trace elements and 
electrolytes is between 1 and 20%. The micronutrients with the largest proportion of intake from 
drinking water relative to that provided by food are calcium and magnesium. For these elements 
water may provide up to 20% of the required total daily intake. For the majority of other elements 
drinking water provides less than 5 % of total intake (1,3,12,21). An exception may be the high 
contribution of fluoride and arsenic in in certain geographic regions (eg. deep-water wells, water 
passing through volcanic run-offs, desert sources) (1,3,12,21).  

 It is customarily assumed that the intake of essential elements is primarily covered by foods, 
thus minimum desirable levels in drinking water are not considered necessary. Yet for populations 
that have low consumption of animal flesh foods the intake of Fe, Zn and Cu may in fact be 
marginal or lower than needed, in which case sufficiency may depend on the metal contamination 
of foods and water. Some epidemiological evidence suggests that water hardness is associated 
with beneficial effects for human health. The ample epidemiological evidence, which is supported 
by case control studies, demonstrates an inverse relationship between drinking water hardness and 
cardiovascular or cerebrovascular diseases (3). However, available information is insufficient to 
conclude that the relationship is causal. 
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IV. WHAT ARE THE RDAS FOR MINERALS AND ELECTROLYTES AND HOW 
 ARE THEY DETERMINED? 

 We will review and analyse how RDAs for iron, zinc, copper, iodine, calcium, phosphorus, 
magnesium, fluoride, sodium, potassium and chloride were established. AIs are provided instead 
of RDAs when there is insufficient scientific information to estimate requirements. The nutrient 
intake of breast-fed infants is frequently utilised to set AIs for infants from 0 to 6 months of age; 
for infants 7 to 12 months of age the average intake from human milk plus the additional intake 
provided by complementary foods is utilised (12,14,15). Determining values for requirements 
during pregnancy usually includes an estimate of the quantity of the element required by the 
foetus and other products of pregnancy, and required for body changes that occur during this stage 
of the life cycle (i.e. expansion of blood volume) (12,14,15,19). Requirements for lactation 
include the need to replace the amount of the nutrient lost daily in human milk (12,14,15,19). The 
dietary reference intakes and WHO standard for drinking water for iron, zinc, copper, iodine, 
calcium, phosphorus, magnesium, fluoride, sodium, potassium and chloride are summarised in 
tables 1 to 9. 

1. Iron 
 Iron participates in numerous processes necessary for normal body functions: oxygen 
transport, oxidative phoshorylation, metabolism of neurotransmitters, and DNA synthesis require 
iron (22). While the main effect of iron deficiency is anaemia, other manifestations of iron 
deficiency include impaired mental and motor development and altered behaviour. Other 
symptoms that may be observed with iron deficiency are delayed nerve conduction affecting the 
auditory and visual systems, decreased capacity for physical work, increased spontaneous motor 
activity, impaired cell-mediated immunity and bactericidal capacity of neutrophils, impaired 
thermoregulation, functional and histologic abnormalities of the gastrointestinal tract, defective 
mobilisation of liver vitamin A, increased risk of premature birth, low birth-weight and growth 
retardation, increased perinatal morbidity and reduced iron transfer to the foetus (23-26). Iron 
deficiency is the single most common nutritional disorder worldwide and the main cause of 
anaemia in infancy, childhood and pregnancy (27). It is prevalent in most of the developing world 
and it is probably the only significant nutritional deficiency found in industrialised countries. The 
main cause of iron deficit is a diet low in bioavailable iron (27). 

 Requirements of absorbed iron are calculated by factorial modelling. The estimate is 
derived from the sum of basal iron losses, menstrual losses in women of fertile age, body iron 
accretion for growth and iron needed by foetus, placenta and expansion of the red cell mass in 
pregnancy, iron losses by milk in nursing women, and needs to maintain minimal iron stores to 
ensure normal function (14,15,19,28). Basal losses include obligatory losses of iron in the faeces, 
physiological blood loss and enterocyte desquamation, urine, sweat, and exfoliation of skin cells. 
Body iron stores, composition of the diet and rate of erythropoiesis influences the proportion of 
absorbed iron (22). The balance of dietary components that inhibit or enhance iron absorption 
have a crucial role in determining non-haeme iron absorption (22). However, because haeme-iron 
is absorbed intact into the enterocyte its absorption is practically not affected by the diet or diet 
related factors. The IOM calculated average dietary iron requirements assuming an average iron 
absorption that varies among the different age, gender and physiological groups (10% for infants 
7 to 12 months, upper limit of 18% for children and adolescents, adults and lactating women, and 
an upper limit of 25% for pregnant women) (14). The FAO/WHO Expert Consultation estimated 
dietary iron requirements for subjects consuming diets of low (5%), intermediate (10%) and high 
iron bioavailability (15%) (28). The recent FAO/WHO expert committee on vitamin and minerals 
provided recommended intakes considering diets of 5, 10, 12 and 15% of iron bioavailability (19). 
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The Scientific Committee for Food of the European Commission utilised a value of 15% for iron 
bioavailability (15). 

2. Zinc 
 Zinc is an essential trace element that is a catalytic component of over 300 enzymes, which 
also has a role in the structural integrity of proteins and membranes, in the union of hormones to 
its receptors, and in gene expression (29). Zinc is required for growth, normal development, DNA 
synthesis, immunity, and sensory functions. Manifestations of zinc deficiency include growth 
retardation, delayed sexual and skeletal maturation, alteration in cell-mediated immunity, 
impaired resistance to infections, anorexia, impaired taste, delayed wound healing, behavioural 
effects, skin lesions and alopecia (29-32). The true prevalence of zinc deficiency at a global level 
is not known because of the lack of sensitive indicators of zinc status (33). Ithas been estimated 
using information on the inadequacy of daily zinc intake in developing and industrialised 
countries. Recently, an UNICEF expert consultation group concluded that zinc deficiency is a 
prevalent problem in developing countries and that its magnitude should be very similar to that of 
iron deficiency (34). 

 Zinc requirements have been determined using factorial analysis. The value is based on the 
minimal amount of absorbed zinc necessary to replace daily excretion of endogenous zinc and 
tissue growth, zinc accretion during pregnancy and zinc losses by milk in the case of nursing 
women (12,14,15,19). Excretion of endogenous zinc by the intestine is the main component of 
zinc losses, while losses in urine, menses, semen and integument exfoliation contribute to a lesser 
extent (35). This serves to estimate the required amount of absorbed zinc to compensate for 
losses. Zinc absorption is inversely related to dietary intake and efficiency of absorption is 
influenced by the physical and chemical properties of zinc in foods and the interaction of zinc 
with absorption inhibitors and enhancers (36). Diets have been characterised as of low, 
intermediate and high zinc bioavailability, based on the composition of the diet (12). 
FAO/WHO/IAEA and FAO/WHO have provided recommendations for age and sex groups 
consuming diets with high, moderate and low availability (12,19), while IOM recommendations 
are based on studies in which zinc bioavailability was likely to be representative of typical diets in 
North America (14). For some life stage groupings requirements were corroborated by secondary 
indicators of zinc depletion and results of the effect of supplementation on biochemical and other 
laboratory parameters of zinc status, zinc intake and linear growth (12,14). 

3. Copper 
 Copper is responsible for structural and catalytic properties of multiple enzymes necessary 
for normal body functions (37). This metal is required for infant growth, host defence 
mechanisms, bone strength, red and white cell maturation, iron transport and brain development 
(38). Anaemia, neutropenia, and bone abnormalities (osteoporosis, fractures, etc.) are the main 
manifestations of copper deficiency. Other effects described include hypopigmentation of the hair 
and skin, hypotonia, impaired growth, increased incidence of infections and altered immunity (37-
39). In Menkes disease, a genetic form of copper deficiency, symptoms include abnormal spiral 
twisting of the hair, lax skin and articulations, tortuosity and dilatation of major arteries, 
varicosities of veins, retinal dystrophy, profound central nervous system damage, and death (38). 
Some epidemiological studies have shown an association between cardiovascular mortality with 
low copper intake and/or low serum copper levels (40-43). Acquired deficiency occurs mainly in 
young infants; however, it has also been diagnosed in children and in adults (38). Most cases have 
been described in malnourished children (37-40). The true global prevalence of copper deficiency 
is unknown, but it is associated with common conditions such as low birth weight and child 
malnutrition.  
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 Copper requirements have been estimated from controlled studies in which the effects of 
copper intake on copper status were measured. Copper nutrition in infants and in adults has been 
evaluated using a combination of laboratory indicators (12,14,15). Requirements of children and 
adolescents were interpolated from the infant and adult data on requirements.  

4. Iodine  
 Iodine is a critical component of thyroid hormones (44). Approximately 60% of the total 
body iodine is stored in the thyroid gland. Thyroid hormones are necessary for cell growth and 
differentiation, the maintenance of metabolic rate and overall cellular metabolism (45). Iodine 
deficiency is frequently observed in populations living in environments where the soil is devoid of 
iodine due to leaching by the action of glaciation, rain or floods. Twenty-nine percent of the 
world’s population lives in areas at risk of iodine deficiency (46). Iodine deficiency induces 
enhanced iodine uptake by thyroid cells and an increase size of the thyroid gland (goitre). If these 
compensatory mechanisms are not enough to produce normal serum levels of thyroid hormones, 
symptoms and signs of hypothyroidism develop including impaired growth, mental retardation, 
and reproductive failure (47). Iodine deficiency is recognised as the most important preventable 
cause of mental retardation in the world today. The iodination of table salt has been introduced 
worldwide as a public health measure to eradicate iodine deficiency (47). The prevalence of this 
disorder has progressively declined in populations with access to this fortified product, however, 
there are large segments of the world’s population that are not yet covered by these programs. 

 Requirements have been estimated from balance studies, thyroidal radiodine accumulation 
and turnover, and iodine intake necessary to maintain a normal thyroid size and to provide thyroid 
iodine stores sufficient for a normal thyroid hormone synthesis (14,15,19). Additional iodine 
needs during pregnancy were estimated based on the thyroid iodine content of new-born infants, 
iodine balance studies, and the effect of iodine supplementation on maternal thyroid volume 
and/or thyroid function (14,19). 

5. Calcium 
 Calcium is the most abundant mineral in the body (1.5 – 2.0% of the total body weight). 
The total body content of an adult is approximately 1.2 Kg, 99% of which is stored in the skeleton 
and 1% in extra- and intracellular fluids and cellular membranes (13,15,48-50). In addition to its 
major function as a primary structural constituent of the skeleton, calcium is also important for the 
regulation of multiple enzymes and hormonal responses, blood clotting, nerve transmission, 
muscle contraction/relaxation (including normal heart rhythm), vascular contraction and 
vasodilation, and glandular secretion (13,48-51). Calcium deficiency leads to decrease in bone 
mineral content and mass that results in a weaker bone structure, leading to increased risk for 
bone fractures (13,48-51).  

 According to the IOM insufficient information is available to establish precise 
requirements, thus an AI is provided for each of the life stage groups. The AIs were derived from 
balance studies, factorial modelling using calcium accretion based on bone mineral accretion and 
clinical trials which evaluated the response/change in bone mineral content/density or fracture rate 
to varying calcium intakes (50). The Scientific Committee for Food of the European Commission 
utilised factorial analysis to estimate requirements for calcium (15). The recent FAO/WHO expert 
committee on vitamin and minerals provided recommended intakes considering the effect of 
protein and salt intake, thus calcium recommendations are substantially lower for populations in 
developing countries with lower salt and protein intakes (19). This is relevant since most 
populations in developing countries not consuming dairy products have difficulty meeting the 
traditional calcium recommendations based on data obtained in industrialised countries.  
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6. Phosphorus 
 Phosphorus as calcium phosphate (calcium hydroxyappatite) is a structural component of 
bones it is found in a 1:2 mass ratio relative to calcium (13,15, 48-50). Eighty-five percent of total 
body phosphorus is found in the skeleton. This element plays an important role as a structural 
component of cell membrane phospholipids; it is essential for energy production and storage, 
phosphorylation of numerous enzymes, hormones and cell signalling molecules, and to maintain a 
normal acid-base equilibrium (51,52). Phosphorus deficiency is rare at the population level, 
although it has been described in small premature infants exclusively receiving human milk, and 
in patients receiving aluminium hydroxide containing antacids over extended periods of time (13). 
Deficiency results in bone mass loss, muscle weakness, malaise, and pain (13). 

 Requirements of children and adolescents are calculated using a factorial approach based on 
body accretion in bone and soft tissues, efficiency of absorption and urinary excretion (50). Adult 
requirements are based on the relationship between serum inorganic phosphorus and dietary 
intake (50). The Scientific Committee for Food of the European Commission proposed the use of 
phosphorus intakes that correspond on a molar basis with that for calcium for estimating 
phosphorus requirements (15). 

7. Magnesium 
 This element is the second most abundant intracellular cation. Adult body content is 20-28 
g, 60-65% of which is found in the skeleton and 1% in extracellular fluid (15,53). Magnesium is a 
cofactor in over 300 enzymatic reactions (15,53). Magnesium is involved in the function of 
enzymes of carbohydrate, lipid, protein, and nucleic acid metabolisms (15,53). It is essential for 
the mineralisation and development of the skeleton, and also plays a role in cellular permeability 
and neuromuscular excitability (15,53).  

 Magnesium deficiency induces increased neuromuscular excitability, and it enhances 
potassium renal excretion (15,53). Deficiency of this element has been implicated in hypertension 
and type II diabetes (15,53). Low magnesium intake has been associated with an increased risk of 
cardiovascular disease (15,53).  

 Balance studies provided the basis for the estimation of magnesium requirement (50). Other 
criteria utilised to provide Mg recommendation are based on the relationship between magnesium 
intake and magnesium serum levels or magnesium and potassium content of the muscle, and on 
studies performed in young children recovering from malnutrition with diets containing different 
concentrations of this mineral (19). The Scientific Committee for Food of the European 
Commission provided a recommended intake based on observed acceptable range of intakes (15). 
In the FAO/WHO report 2002 (19) (Table 8), the upper limits of 65 mg for children ages 1-3 
years, 110 mg for 4-10 years, and 350 mg for adolescents and adults are suggested as tolerable 
limits for the content of soluble magnesium in foods and drinking water based on the IOM report 
published in 1997 (50). However, according to IOM these upper limits are for non-food source, 
because magnesium has not been shown to produce any toxic effects when ingested as a naturally 
occurring substance in foods (50). 

8. Fluoride 
 The essentiality of fluoride for humans has not been proven unequivocally (8,12,50). 
However, this element has beneficial effects on the prevention of dental caries due to the 
formation of crystalline hydroxyflurappatite leading to a more acid resistant enamel form 
(8,12,50). Because there is no sufficient available data to calculate requirements, an AI is 
provided based on the fluoride intake that reduce the occurrence of dental caries maximally, 
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without causing untoward effects linked to excess exposure, such as fluorosis (stained enamel) 
(50). 

9. Sodium, Potassium, and Chloride 
 Sodium is the principal cation in the extracellular fluid, while potassium is predominantly 
an intracellular cation, and chloride is the main extracellular anion (54,55). These electrolytes 
have important physiological roles in the maintenance of extracellular fluid volume, extra- and 
intracellular osmolarity, regulation of acid – base balance, generation of trans-membrane 
electrochemical gradients, transmission of nerve impulses, and muscle contractions (54,55). In 
addition to its functions as an electrolyte, chloride is indispensable for gastric hydrochloric acid 
production (54,55). 

 Hyponatremia is the most common electrolyte disorder (55). This deficiency usually is the 
consequence of excessive losses from the body, commonly occurring during prolonged and/or 
severe diarrhoea or vomiting, or in hot, humid conditions in which a large amount of sodium is 
lost in sweat (55). Manifestations of hyponatremia, cerebral oedema and neuromuscular 
hyperexcitability, are the consequences of changes in extracellular fluid volume (55). Symptoms 
of CNS dysfunction are the most common. Dehydration or metabolic acidosis usually 
accompanies sodium deficit and these are commonly responsible in part for the clinical findings 
(55). Signs of sodium deficiency include cramps, weakness, fatigue, nausea, mental apathy, low 
blood pressure, confusion and seizures (55). 

 Hypokalemia, low serum potassium, usually occurs as a consequence of increased 
gastrointestinal losses due to diarrhoea or vomiting (55). Muscle weakness, muscle cramping, 
paralytic ileus, and cardiac arrhythmia characterise this condition (55). 

 Deficiency of chloride is rare and results from excessive gastrointestinal loss of chloride-
rich fluids (e.g. prolonged episodes of vomiting, diarrhoea) and is associated with a metabolic 
alkalosis (55). 

 Balance studies, factorial analysis, daily intakes and biochemical indicators provided the 
basis for the estimation of sodium and potassium minimum requirements of healthy subjects 
proposed by the US National Research Council (13) as well as for the acceptable range of intakes 
for sodium and chloride or population reference intakes for potassium proposed by the Scientific 
Committee for Food of the European Commission (15). Because both the intakes and losses of 
chloride normally matched those of sodium, the minimum requirements and acceptable range of 
intakes of chloride should match those for sodium. 
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Table 1. Recommended daily intakes (iron, zinc and copper) for infants and children. 

I (19), II (14), III (15), IV (12) 
a Diet of 5%, 10%, 12% and 15% bioavailability. 
b Diet of high, moderate and- low bioavailability. 
c Recommended nutrient intake. 
d Recommended dietary allowances. 
e Population reference intakes. 
f Lowest limit of the population mean intake to meet normative needs. 
g Adequate intake. 

Fe (mg) Zn (mg) Cu (mg) Group Years 

Ia,c IId IIIe Ib,c IId IIIe IVf IId IIIe 

0-0.25  0.27g  1.1 2.8 6.6 2  0.33-0.55 0.2g  

0.25-0.5  0.27g  1.1 2.8 6.6 2g  0.37-0.62 0.2g  Infants 
0.5-1 6.2 7.7 9.3 18.6 11 6 2.5 4.1 8.4 3g 4 0.6 0.22g 0.3 

1-2 3.9 4.8 5.8 11.6 7 4 2.4 4.1 8.3 3 4 0.56 0.34 0.4 

3 3.9 4.8 5.8 11.6 7 4 2.4 4.1 8.3 3 4 0.56 0.34 0.4 

4-5 4.2 5.3 6.3 12.6 10 4 2.9 4.8 9.6 5 6 0.57 0.44 0.6 

6 4.2 5.3 6.3 12.6 10 4 2.9 4.8 9.6 5 6 0.57 0.44 0.6 

7-8 5.9 7.4 8.9 17.8 10 6 3.3 5.6 11.2 5 7 0.75 0.44 0.7 

Children 

9-10 5.9 7.4 8.9 17.8 8 6 3.3 5.6 11.2 8 7 0.75 0.70 0.7 
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Table 2. Recommended daily intakes (iodine, calcium, phosphorus, magnesium and fluoride) for infants and children. 

I (ug) Ca (mg) P (mg) Mg (mg) F (mg) Group Years 

 Ia  IIb  IIIc  V  IIIc  Vb  IIIc  Vb V 

0-0.5  90  110d   210d   100d   30d 0.01d 
Infants 0.5-1  90  130d  50  270d  400  275d  300  75d 0.5d 

1-3  90  90  70  500d  400  460  300  80 0.7d 

4-6  90  90  90  800d  450  500  350  130 1.0d 

7-8  120  90  100  800d  550  500  450  130 1.0d 
Children 

9-10  120  120  100  1300d  550  1250  450  240 2.0d 

I (19), II (14), III (15), V (50) 

a Recommended nutrient intake. 
b Recommended dietary allowances. 
c Population reference intakes. 
d Adequate intake.
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Table 3. Recommended daily dietary intakes (sodium, potassium and chloride) for the different 
life stage groups. 

Group (years) Na (mg) K (mg) Cl (mg) 

 VIb IIIc  VIb  IIId VIb 

0-0.5 a 120   500  180 

0.5-1 a 200   700  800 300 

1 a 225   1000  800 350 

2-3 a 300   1400  800 500 

4-5 a 300   1400  1100 500 

6 a 400   1600  1100 600 

7-9 a 400   1600  2000 600 

10 * 500   2000  2000 750 

11-17 a 500   2000  3100 750 

>18 a 500 575-3500  2000  3100 750 

Pregnancy 500    3100  

Lactation 500    3100  

III (15), VI (13) 
a Males and females. 
b Minimum requirements. 
c Acceptable range of intakes. 
d Population reference intakes.
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Table 4. Recommended daily intakes (iron, zinc and copper) for males. 

Group (years) Fe (mg) Zn (mg) Cu (mg) 

  Ia,c  IId  IIIe  Ib,c  IId IIIe  IVf  IId IIIe 

11-12  9.7 12.2 14.6 29.2  8  10 5.1 8.6 17.1  8 9.0 0.73 0.70 0.8 

13  9.7 12.2 14.6 29.2  8  10 5.1 8.6 17.1  8 9.0 1.00 0.70 0.8 

14  9.7 12.2 14.6 29.2  11  10 5.1 8.6 17.1  11 9.0 1.00 0.89 0.8 

15  12.5 15.7 18.8 37.6  11  13 5.1 8.6 17.1  11 9.0 1.00 0.89 1.0 

16  12.5 15.7 18.8 37.6  11  13 5.1 8.6 17.1  11 9.0 1.33 0.89 1.0 

17  12.5 15.7 18.8 37.6  11  13 5.1 8.6 17.1  11 9.0 1.33 0.89 1.0 

18  9.1 11.4 13.7 27.4  11  9 5.1 8.6 17.1  11 9.0 1.33 0.89 1.1 

>19  9.1 11.4 13.7  27.4  8  9 4.2 7.0 14.0  11 9.5 1.35 0.90 1.1 

I (19), II (14), III (15), IV (12) 
a Diet of 5%, 10%, 12% and 15% bioavailability. 
b Diet of high, moderate and- low bioavailability. 
c Recommended nutrient intake. 
d Recommended dietary allowances. 
e Population reference intakes. 
f Lowest limit of the population mean intake to meet normative needs. 

59 
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Table 5. Recommended daily intakes (iron, zinc and copper) for females.  

Group (years) Fe (mg) Zn (mg) 

 Ia,c IId IIIe Ib,c IId IIIe 

11-12  9.3 11.7 14.0 28.0   8 22 4.3 7.2 14.4 8 9 

13  9.3 11.7 14.0 28.0   8 22 4.3 7.2 14.4 8 9 

14  9.3 11.7 14.0 28.0 15 22 4.3 7.2 14.4 9 9 

15  20.7 25.8 31.0 62.0 15 21 4.3 7.2 14.4 9 7 

16-17  20.7 25.8  31.0 62.0 15 21 4.3 7.2 14.4 9 7 

18  19.6 24.5 29.4 58.8 15 20 4.3 7.2 14.4 9 7 

>19  19.6 24.5 29.4 58.8 18 20 3.0 4.9   9.8 8 7 

Post-menopausal  7.5 9.4 11.3 22.6   8   8 3.0 4.9   9.8   

Pregnancy       

 1st trimester  27  3.4   5.5   11.0 11 (13)g 7 

 2nd trimester  27  4.2   7.0   14.0 11 (13)g 7 

 3rd trimester  27  6.0 10.0   20.0 11 (13)g 7 

Lactation       

 0-3 mo 10.0 12.5 15.0 30.0    12 (14)g 12 

 3-6 mo 10.0 12.5 15.0 30.0    12 (14)g 12 

 6-12 mo 10.0 12.5 15.0 30.0    12 (14)g 12 

 

I (19), II (14), III (15), IV (12) 
a Diet of 5%, 10%, 12% and 15% bioavailability. 
b Diet of high - moderate - low bioavailability. 
c Recommended nutrient intake. 
d Recommended dietary allowances. 
e Population reference intakes. 
f Lowest limit of the population mean intake to 
meet normative needs. 
g in parenthesis are values for pregnant women <18 
years old. 

Group (years) Cu (mg) 

 IVf IId IIIe 

11-12 0.77 0.70 0.8 

13 1.00 0.70 0.8 

14 1.00 0.89 0.8 

15 1.00 0.89 1.0 

16-17 1.15 0.89 1.0 

18 1.15 0.89 1.1 

>19 1.15 0.90 1.1 

Pregnancy 1.15 1.00 1.1 

Lactation 1.25 1.30 1.4 
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Table 6. Recommended daily intakes (iodine, calcium, phosphorus, magnesium and fluoride) for males. 

Group (years) I (ug) Ca (mg) P (mg) Mg (mg) F (mg) 

 Ia IIb IIIc V IIIc Vb IIIc Vb V 

11-12 120 120 120 1300d 1000 1250 775 240 2.0d 

13 150 120 120 1300d 1000 1250 775 240 2.0d 

14 150 150 120 1300d 1000 1250 775 410 3.0d 

15-17 150 150 130 1300d 1000 1250 775 410 3.0d 

18 150 150 130 1300d   700 1250 550 410 3.0d 

>19 150 150 130 1300d   700   700 550 400 4.0d 

>31        420  

>51    1200d      

I (19), II (14), III (15), V IOM (50) 
a Recommended nutrient intake. 
b Recommended dietary allowances. 
c Population reference intakes. 
dAdequate intake. 
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Table 7. Recommended daily intakes (iodine, calcium, phosphorus, magnesium and fluoride) for females. 

Group (years) I (ug) Ca (mg) P (mg) Mg (mg) F (mg) 

 Ia IIb IIIc V IIIc Vb IIIc Vb V 

11-12 120 120 120 1300d   800 1250 625 240 2.0d 

13 150 120 120 1300d   800 1250 625 240 2.0d 

14 150 150 120 1300d   800 1250 625 360 3.0d 

15-17 150 150 130 1300d   800 1250 625 360 3.0d 

18 150 150 130 1300d   800 1250 550 360 3.0d 

>19 150 150 130 1000d   700   700 550 310  

>31          

>51    1200d    320  

Pregnancy          
<18 200 220 130 1300d   700 1250 550 400 3.0d 

19-30 200 220 130 1000d   700   700 550 350 3.0d 

31-50 200 220 130 1000d   700   700 550 360 3.0d 

Lactation          
<18 200 290 160 1300d 1200   700 950 360 3.0d 

19-30 200 290 160 1000d 1200   700 950 310 3.0d 

31-50 200 290 160 1000d 1200   700 950 320 3.0d 

I (19), II (14), III (15), V IOM (50). 
a Recommended nutrient intake. 
b Recommended dietary allowances. 
c Population reference intakes. 
d Adequate intake 
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Table 8. Upper limit of daily dietary intakes (iron, zinc, copper, iodine, calcium, phosphorus, magnesium and fluoride) for the different life stage 
groups. 

Group (years) Fe (mg) Zn (mg) Cu (mg) I(ug) Ca(g) P(g) Mg(mg) F(mg) 

 IIc IIc IIIe IVd IVf IIc IIIe Id IIc IIIe Vc Vc Id IIIe Vc 

0–0.5 40 4 7  150 b   150b         0.7 

0.6–12 40 5 7 13 150 b   140b         0.9 

1-2 40 7 10 23 1.5 1 1 50b 200 200 2.5 3 65    1.3 

3 40 7 10 23 1.5 1 1 50b 200 200 2.5 3 65    1.3 

4-6 40 12 10 23 1.5 3 2 50b 300 250 2.5 3 110 250   2.2 

7-8 40 12 13 28 3 3 4 50b 300 300 2.5 3 110 250   2.2 

9-10 40 23 13 28 3 5 4 50b 600 300 2.5 4 350 250 10.0 

11-12 40 23 18 32 36ª 6 5 4 50b 600 450 2.5 4 350 250 10.0 

13 40 23 18 36 40a 8 5 4 30b 600 450 2.5 4 350 250 10.0 

14 45 34 18 36 40a 8 8 4 30b 900 450 2.5 4 350 250 10.0 

15 45 34 22 36 40a 8 8 4 30b 900 500 2.5 4 350 250 10.0 

16-17 45 34 22 38 48a 10 8 4 30b 900 500 2.5 4 350 250 10.0 

18 45 34 25 38 48a 10 8 5 30b 900 600 2.5 4 350 250 10.0 

> 19 45 40 25 35 45a 10 10 5 30b 1100 600 2.5 4 350 250 10.0 

I (19), II (14), III (15), IV (12), V (50). 
a females & males, respectively. dUpper tolerable nutrient intake level. 
b ug/kg/d. e Tolerable upper intake levels. 
c Tolerable upper intake level. f Upper limit of the safe range of population mean intakes. 
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Table 9. WHO Guidelines for drinking water (2-4,56). 

 WHO Guideline (mg/L) 

Iron 0.3a 

Zinc 3.0a 

Copper 2.0b  

Iodine N/A 

Calcium N/A 

Phosphorus N/A 

Magnesium  N/A 

Fluoride 1.5b 

Sodium 200a 

Potassium N/A 

Chloride 250a 
a Levels likely to give rise to consumer complaints. 
b Guideline Value. 
N/A = non available. 
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I. INTRODUCTION 

 Low mineral intakes from foods and water are common in many parts of the world. Today, 
sub- clinical deficiencies of iron, zinc and calcium prevail in the developed and developing world. 
Although dozens of geographical studies have been conducted on minerals in drinking water and 
their relationships to various diseases, the daily intake and the status of deficiency as well as their 
health consequence are still largely unknown. Furthermore, mineral bioavailability may change 
due to different stage of growth and ageing. In this chapter the health implication of low mineral 
content in drinking water in different age groups and gender from various parts of the world is 
assessed. Studies from Asia, North America, Europe, Africa and Australia were reviewed with 
regard to minerals in drinking water and the health effects reported. 

II. STUDIES IN ASIA 

 Soft water is commonly consumed in most parts of Asia. The levels of calcium, magnesium 
and zinc in drinking water are usually low. Several epidemiological investigations on the possible 
associations between the risk of esophageal, gastric, rectal and colon cancers and minerals in 
drinking water, in particular hardness have been reported in Taiwan. These case-control studies 
showed excess risk of several types of cancers in relation to the use of soft water. In one of their 
studies, Yang and his colleagues reported a 42% excess risk of mortality from esophageal cancer 
in relation to the use of soft water (1). For rectal cancer the odds ratio were 1.24 and 1.38 
respectively, for exposure to moderately hard water and soft water compared with the use of hard 
water (2). The same group of researchers also showed that there was a significant negative 
relationship between drinking water hardness and colon cancer mortality, with odds ratio of 1.22 
and 1.46, respectively, for exposure to moderately hard water and soft water compared with the 
use of hard water (3). Their earlier study also showed a significant negative relationship between 
drinking water hardness and gastric cancer mortality. The odds ratios were 1.16 and 1.65 
respectively, for exposure to moderately hard water and soft water compared with the use of hard 
water (4). 

 In view of the limited data available from the Asian region on the daily intake of 
nutritionally essential trace elements, a recent study was undertaken to estimate the daily dietary 
intake and organ content of some selected trace elements. Nine Asian countries - Bangladesh, 
China, India, Indonesia, Japan, South Korea, Pakistan, Philippines, and Vietnam--which 
represented more than 50% of the world's population, participated in this study. Analysis of about 
700 diet samples was carried out for four common (calcium, potassium, magnesium, and sodium) 
and eight trace (chromium, cobalt, copper, iron, iodine, manganese, selenium, and zinc) elements. 
These samples consisted of total cooked foods, market basket and 225 staple foods. The 
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maximum inter-country variation was observed for iodine intake (factor of more than 45), being 
highest for Japan and lowest for Pakistan. For iron, an important trace element, the variation 
between the intakes was a factor of four being lowest for Vietnam and highest for Pakistan (5). 
Overall data suggest that the intake of minerals from diet varied tremendously and residents in 
many of the studied countries have low intakes of various essential minerals. 

 A number of studies carried out in several Asian countries have shown negative correlations 
between coronary mortality and the presence of trace elements in water supplies. A cross-
sectional survey was conducted in 20 randomly selected streets in North India to determine the 
association of magnesium with risk of coronary artery disease (CAD). The results suggest that 
magnesium intake and serum magnesium were inversely correlated with CAD. The odds ratio for 
dietary magnesium intake indicates a higher prevalence of CAD at lower intakes of magnesium in 
both rural (0.67) and urban (0.72) subjects. Multivariate regression analysis showed that serum 
and dietary magnesium, but not hypertension, were significantly associated with CAD (6,7). Data 
on water hardness throughout Taiwan have been collected to examine the ecological correlation 
between deaths from coronary disease (1981-1990) and total hardness in drinking water. Analysis 
demonstrates a significant negative association between drinking water hardness and coronary 
mortality. After adjustment for the urbanization index, coronary mortality in municipalities with 
soft water was estimated to be 9.6% higher than that in municipalities with hard water. The 
weighted multivariate-adjusted regression coefficient indicated a decrease of 0.053 in 
standardized mortality ratios (SMRs) for every 100 mg/L increase in total hardness in drinking 
water after allowing for the urbanization condition (8). The same group of researchers further 
examined specifically whether calcium and magnesium in drinking water are protective against 
cerebrovascular disease and the general finding suggests that there was a significant protective 
effect of magnesium intake from drinking water on the risk of cerebrovascular disease (9). 

1. Hypertension 
 Hypertension is a complex, heterogeneous disorder whose exact etiology is unknown. The 
difficulty in ascribing an independent role to a single dietary constituent in blood pressure 
regulation may be due to interactions among nutrients that influence blood pressure. Several 
clinical, experimental and epidemiologic studies have supported the role of magnesium in 
hypertension, whereas a few studies negate this role. Magnesium deficiency can predispose to 
increased contractility of the arteries and its excess can modulate smooth muscle contractility 
caused by bradykinin, angiotensin II, serotonin, prostaglandins and catecholamines. The possible 
association of magnesium and hypertension was examined in a cross-sectional survey in two 
randomly selected villages in North India; the overall findings suggest that intake of magnesium, 
and also serum magnesium levels were inversely associated with the risk of hypertension (7). 

2. Cognitive Function 
 The relation between trace element levels in drinking water and cognitive function was 
investigated in a population-based study of elderly residents (n = 1,016) in rural China. There was 
a significant quadratic effect for calcium and a significant zinc-cadmium interaction. Cognitive 
function increased with calcium level up to a certain point and then decreased as calcium in water 
continued to increase. In contrast, zinc showed a positive relation with cognitive function at low 
cadmium levels but a negative relation at high levels (10). 

3. Fluoride 
 A large scale epidemiological study was conducted among 45,725 children in India exposed 
to high intake of endemic fluoride in the drinking water since their birth. Children with adequate 
(dietary calcium > 800 mg/d) and inadequate (dietary calcium < 300 mg/d) calcium nutrition and 
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with comparable intakes of fluoride (mean 9.5 +/- 1.9 mg/d) were compared. The toxic-effects of 
fluoride were severe and more complex and the incidence of metabolic bone disease (rickets, 
osteoporosis, and PTH bone disease) and bony leg deformities (genu valgum, genu varum, 
bowing, rotational and wind-swept) was greater (>90%) in children with calcium deficiency as 
compared to <25% in children with adequate calcium who largely had the osteosclerotic form of 
skeletal fluorosis with minimal secondary hyperparathyroidism. The findings suggest that 
children with calcium deficiency rickets reported in the literature should be re-investigated for 
possible fluoride interactions. Drinking water supply with fluoride <0.5 ppm and improvement of 
calcium nutrition provide protection against the toxic effects of fluoride and are recommended as 
the cost effective and practical public health measures for the prevention and control of endemic 
fluorosis (11).  

4. Low Birth Weight 
 Magnesium is required in higher quantities, during the phase of rapid growth in children. Its 
level in the ground water in Kerala, India is low and is believed to cause magnesium deficiency, 
especially in children from the lower socio-economic groups who also suffer from nutritional 
insufficiency. Nair and colleagues (12) compared the serum and erythrocyte magnesium levels of 
school children from high and low socio-economic classes. The results showed that serum and 
erythrocyte magnesium levels were significantly lower in both boys and girls from low socio-
economic groups who also consumed ground water and had lower body mass indices. 

 A few previous studies have looked at the relationship between pregnancy outcome and 
magnesium nutritional intake and found that magnesium supplementation could have beneficial 
effects on prenatal outcome. One study (13) examined the relationship between the levels of 
magnesium in drinking water and the risk of delivering a child of very low birth weight (birth 
weight less than 1500 g; VLBW). The study population comprised 1,781 women residing in 252 
municipalities in Taiwan who had a first parity singleton birth during a five-year period, for 
whom complete information on maternal age, education, gestational age, birth weight, and sex of 
the baby were available. The results showed that there was a significant trend toward a decreased 
risk of having a child of VLBW with increasing magnesium levels in drinking water (14). It was 
hypothesized that calcium supplementation can reduce smooth muscle contractibility and tone and 
that this effect can be clinically manifested by a reduction in blood pressure and a reduction in the 
incidence of premature delivery. A study similar to that on magnesium was also conducted on the 
relationship between the levels of calcium in drinking water and the risk of delivering a child of 
very low birth weight (VLBW) in Taiwan. The study population comprised 1781 women residing 
in 252 municipalities in Taiwan who had a first-parity singlet birth between January 1, 1993 and 
December 31, 1997 and for whom complete information on maternal age, education, gestational 
age, birth weight, and sex of the baby were available. The results suggest a significant protective 
effect of calcium intake from drinking water on the risk of delivering a VLBW baby (14). 

III. STUDIES IN PAN-AMERICA 

 Iron deficiency and related anemia are common in the developing world. Dutra-de-Oliveira 
and deAlmeida (15) evaluated the feasibility of iron fortification of domestic drinking water to 
prevent and control iron deficiency and iron-deficiency anemia. Twenty-one families representing 
88 persons, including children, were selected to participate in this study. Iron-fortified drinking 
water increased hemoglobin. No significant changes in hemoglobin and ferritin were found in the 
placebo group after 4 months. 
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IV. STUDIES IN AFRICA 

 Similar to Latin America, relatively few studies have been conducted in Africa on minerals 
and water consumption. The mortality rates for acute myocardial infarction and ischemic heart 
disease (IHD) of white males and females in South Africa were noted to be much higher than 
those in the USA, Australia, England and Wales when individuals in the 15- to 64-year age group 
are considered. Magnesium levels in the drinking water of 12 South African districts and deaths 
due to IHD were assessed in white residents in the South Africa and a significant negative 
correlation was found between these two variables (16). An increased incidence of sudden death 
associated with ischemic heart disease has been found in some areas in South Africa which soil 
and drinking water lack magnesium. It was demonstrated experimentally that reduction of the 
plasma magnesium level is associated with arterial spasm (17). 

V. STUDIES IN NORTH AMERICA 

 The US diet is low in magnesium, and with modern water systems, very little is ingested in 
the drinking water (18). Of major concern of this low intake of magnesium is the association 
between cardiovascular problems, such as myocardial infarction, hypertension, congestive heart 
failure, and hypomagnesaemia. In addition, evidence is mounting regarding the relationship 
between both types I and type II Diabetes Mellitus, and magnesium deficit. 

 Turner et al (19) determined the nutrient intake from food across trimesters for middle-to 
upper-income pregnant women compared with estimated average requirements (EAR) to 
determine whether food intake exceeded the tolerable upper intake level (UL) for any nutrient. 
The findings suggest probabilities of usual nutrient intake from food being less than the EAR 
were highest for iron (0.91), magnesium (0.53), zinc (0.31), vitamin B6 (0.21), selenium (0.20), 
and vitamin C (0.12). In contrast, women were not at risk of exceeding the UL from food intake 
for any nutrient studied. These data provide evidence that the study participants did not consume 
adequate amounts of iron from food to meet the needs of pregnancy, and therefore the authors 
recommended iron supplementation for this population. 

 Annual mortality rates for 1968 of six types of cardiovascular diseases among persons over 
45 years of age in 24 Texas communities were compared with respective community drinking 
water and urine metal levels of calcium, magnesium, potassium, lithium, strontium, and silicon. 
Numerous inverse correlations were found between mortality rates and the levels of various 
metals in both drinking water and urine. Positive correlations were also observed between several 
of the mortality rates and the ratio of the concentration of sodium to that of the other metals in 
both water and urine. Mean community urinary levels of lithium, magnesium, strontium, and 
silicon showed a direct correlation to the levels of exposure via the drinking water. The results of 
this study suggest that calcium, magnesium, lithium strontium, and silicon may protect against 
cardiovascular mortality; possibly, by competing with sodium and potassium for transport in the 
intestinal lumen, increasing excretion of sodium, or other mechanism (20). Another investigation 
was conducted in 1980 to evaluate the association of cardiovascular diseases and drinking water 
constituents. A sample of 4200 adults was randomly selected from 35 geographic areas to 
represent the civilian noninstitutionalized population of the contiguous United States. Each 
participant was interviewed and given a thorough physical examination and a tap water grab 
sample was collected from each participant's residence and analyzed for 80 inorganic chemical 
constituents. Hardness and calcium appeared to follow the normal trend of negative associations 
with the mortality rates for most groups of cardiovascular diseases, whereas the area means for 
copper and lead were positively associated. Zinc and cadmium associations were examined, but 
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the range of constituent levels in the sampled drinking waters was too small for meaningful 
interpretation of the results (21). 

 Bloom and Peric-Golia (22) searched for evidence of myocyte calcification in hearts of 
patients found to have AMI at autopsy in Salt Lake City, a region with a low myocardial infection 
death rate, and Washington, DC, a region with a high myocardial infection death rate. The basis 
of this difference in myocyte calcification is unknown, but it may be related to the fact that the 
Salt Lake City drinking water contains a higher level of magnesium, which is known to protect 
against soft tissue calcification, than does that of Washington, DC. This finding is consistent with 
the apparent protection that dietary magnesium exerts against myocardial infarction death. 

 In both humans and experimental animals, dietary induced magnesium deficiency is 
correlated with insulin resistance. A study was performed to determine whether dietary 
magnesium intake is associated with insulin sensitivity or blood pressure in a sample of 
nondiabetic, young adult black Americans. The authors (23) examined dietary calcium, 
potassium, and sodium intake of young adults and who had been followed longitudinally. Nutrient 
intake was assessed by obtaining a 24-hour recall interview of dietary intake. There was a 
significant negative correlation of total dietary magnesium intake with the sum of insulin levels 
measured during an oral glucose tolerance test. The results suggest a possible role for dietary 
magnesium in insulin resistance Lower levels of dietary and serum magnesium have been 
associated with an increased prevalence of hypertension, insulin resistance, and diabetes. Studies 
suggest a greater prevalence of occult magnesium deficiency among African-Americans 
compared to other populations. This increased prevalence of hypomagnesaemia may contribute to 
increased insulin resistance leading to accelerated atherosclerosis and premature death (24). 

 Schwartz and colleagues (25) conducted a study to assess the impact of water hardness on 
urinary stone formation. Patients who form calcium stones (n = 4833) were identified 
geographically by their zip codes. Water hardness information from distinct geographic public 
water supplies was obtained, and 24-hour urine chemistries were evaluated. The calcium and 
magnesium levels in the drinking water were analyzed as independent variables. The results 
indicated that the number of total lifetime stone episodes was similar between patients residing in 
areas with soft public water and hard public water. Patients consuming the softest water decile 
formed 3.4 lifetime stones and those who consumed the hardest water developed 3.0 lifetime 
stones (P=0.0017). The 24-hour urine calcium, magnesium, and citrate levels increased directly 
with drinking water hardness, and no significant change was found in urinary oxalate, uric acid, 
pH, or volume. The impact of water hardness on urinary stone formation remains unclear, despite 
a weak correlation between water hardness and urinary calcium, magnesium, and citrate 
excretion. Tap water, however, can affect urinary electrolytes in patients who form calcium stones 
(25). 

VI. STUDIES IN EUROPE 

 The role of water hardness as a risk factor for cardiovascular disease has been widely 
investigated and evaluated with regard to regional differences in Europe. Water constituents like 
magnesium, calcium, etc. were found to be usually negatively associated with cardiovascular 
diseases in a study of more than 600 water supply areas in the Federal Republic of Germany (26). 
To study the influence of drinking water composition on the risk of myocardial infarction a study 
was conducted in 1983 on men 30-64 years of age who had been discharged with a first acute 
myocardial infarction (AMI) in a hospital in Finland. Results were consistent with the hypothesis 
that both low fluoride and a low Mg intake are conducive to atherosclerosis leading to AMI (27). 
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Ischemic heart disease (IHD) is a major public health problem in most industrialized countries. In 
the death rates from IHD, marked differences exist between various countries and also between 
different areas of individual countries. Unfavorable dietary factors appear to play an important 
role in the etiology of IHD, and thus differences in dietary habits and the quality of food may be 
mainly responsible for the geographic differences in the prevalence of IHD. Reduced intakes of 
potassium and magnesium may increase the death rate from IHD by predisposing the heart to fatal 
arrhythmias, and also by other mechanisms. The likelihood of magnesium deficiency also appears 
to be influenced by the area of residence. Karppanen (28) claimed that the higher-than-average 
death rates from IHD in the North Karala area in eastern Finland and in some other areas with 
exceptionally high death rates from this disease may be at least partly due to the very low levels 
of magnesium in the soil and drinking water. He concluded that electrolyte disturbances have 
important implications in the etiology and pathogenesis of IHD. Leoni et al (29) studied the 
pattern of mortality resulting from cardiovascular diseases, ischemic heart diseases, and 
cerebrovascular diseases in the region of Abruzzo, Italy, which has a population of 594,323. 
These variables were then correlated with mortality rate and water hardness. An inverse 
correlation was observed between drinking water hardness and mortality due to cardiovascular 
disease, for individuals aged 45-64 yr. The incidence of sudden cardiac death among the 
population of the Media Valle del Serchio area in Italy, which made up of 35,000 residents, was 
found to be twice that of the European average (9 per 10,000 in the examined year). The high 
incidence of sudden cardiac death among the residents correlated with water that was of very low 
total hardness (30).  

 The relation between death from acute myocardial infarction and the level of magnesium in 
drinking water was examined using mortality registers and a case-control design. The study area 
comprised 17 municipalities in the southern part of Sweden that have different magnesium levels 
in the drinking water. The odds ratios for death from acute myocardial infarction in the groups 
were inversely related to the amount of magnesium in drinking water. For the group with the 
highest levels of magnesium in drinking water, the odds ratio adjusted for age and calcium level 
was 0.65. There was no such relation for calcium. For the magnesium/calcium quotient, the odds 
ratio was lower only for the group with the highest quotient. Magnesium in drinking water 
correlated as an important protective factor for death from acute myocardial infarction among 
males (31). 

 To examine whether higher concentrations of magnesium in drinking water supplies are 
associated with lower mortality from acute myocardial infarction a geographical study using 
13,794 census enumeration districts was studied. Water constituent concentrations (magnesium, 
calcium, fluoride, lead) were measured according to water supply zones in North England. The 
relative risk of mortality from acute myocardial infarction for a quadrupling of magnesium 
concentrations in drinking water (for example, 20 mg/l vs 5 mg/l) was 1.01. There was no 
evidence of a protective effect for acute myocardial infarction even among age, sex, and 
deprivation groups that were likely to be relatively magnesium deficient. For ischemic heart 
disease mortality, however, there was an apparent protective effect of magnesium and calcium 
(with calcium predominating in the joint model), but these were no longer significant when the 
geographical trends were incorporated. The authors suggested that there was no evidence of an 
association between magnesium concentrations in drinking water supplies and mortality from 
acute myocardial infarction. The main finding of this study does not support the hypothesis that 
magnesium is the key water factor in relation to mortality from heart disease (32). In another case-
control study, Rubenowitz and his colleagues investigated the levels of magnesium and calcium in 
drinking water and death from acute myocardial infarction among women. The study population 
encompassed 16 municipalities in southern Sweden. Cases were women who had died from acute 
myocardial infarction between the ages of 50 and 69 years during 1982-1993 (N = 378), and 
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controls were women who had died from cancer (N = 1,368). The results suggest that magnesium 
and calcium in drinking water are important protective factors for death from acute myocardial 
infarction among women (33). Rubenowitz et al (34) further investigated the importance of 
magnesium and calcium in drinking water in relation to morbidity and mortality from acute 
myocardial infarction. Cases were men and women 50-74 years of age living in 18 Swedish 
municipalities who had suffered an acute myocardial infarction some time between October 1, 
1994, and June 30, 1996. They classified subjects by quartile of water magnesium or calcium 
levels. The risk of death was 7.6% lower in the quartile with high magnesium levels (> or = 8.3 
mg/liter). The odds ratio for death from acute myocardial infarction in relation to water 
magnesium was 0.64 for the highest quartile relative to the three lower ones. Multivariate 
analyses showed that other risk factors were not important confounders. These data suggested that 
magnesium in drinking water is associated with lower mortality from acute myocardial infarction 
(34). 

 Drinking water could be an important source of calcium in the elderly particularly because 
of increased needs and decreased consumption of dairy products. Information about all deaths 
(14,311) occurring in 69 parishes of the South-West of France for a seven–year study period from 
1990 to1996) were investigated. A significant relationship was observed between calcium and 
cardiovascular mortality with a relative risk, RR: 0.90 for non-cerebrovascular causes and RR: 
0.86 for cerebrovascular. There was a protective correlational effect of magnesium concentrations 
between 4 and 11 mg/l with a RR: 0.92 for non-cerebrovascular and RR: 0. 7 for cerebrovascular 
mortality, as compared to concentrations lower than 4 mg/l. These findings suggest a potential 
protective dose-effect relation between calcium in drinking water and some CVD. However, for 
magnesium, a U-shape effect is possible, especially for cerebrovascular mortality (35).  

 A study was performed to evaluate the relation between calcium and magnesium in drinking 
water and diet and risk factors for cardiovascular disease in individuals living in hard and soft 
water areas with considerable differences in cardiovascular mortality in Sweden. Intake of 
magnesium and calcium was calculated from the diet questionnaire with special consideration to 
the use of local water. Household water samples were analyzed for magnesium and calcium. No 
correlation was seen with magnesium content in household water to any of the risk factors. 
Magnesium in diet was positively correlated to diastolic blood pressure (DBP). This study of 
individuals living in soft and hard water areas showed significant correlations between the content 
of calcium in water and major cardiovascular risk factors. Regression analyses indicated that 
calcium content in water could be a factor in the complexity of relationships and importance of 
cardiovascular risk factors. However, based on these results the authors were unable to conclude 
any definite causal relation and suggest that further research is needed (36). 

 Calcium and magnesium deficiencies in particular have been considered as risk factors for 
elderly people and have been implicated in the aging process. Their deficiencies in the elderly can 
occur due to inadequate nutrient intakes from food and water, multiple drug use, or altered 
gastrointestinal function. It is not known to what extent suboptimal intakes of trace elements such 
as calcium and magnesium may affect the aging process; however, magnesium-deficient 
conditions have been associated with neuromuscular and cardiovascular disorders, endocrine 
disturbances and insulin resistance. Data presented in a review by Costello and Moser-Veillon 
suggest that there was a decreased availability of magnesium in the food supply, lower intakes of 
magnesium by elderly people, and widespread supplementation practices (37). 

 Gullestad et al (38) studied magnesium status among healthy elderly subjects. A study was 
thus carried out on 36 healthy elderly subjects and their magnesium status was assessed by serum 
Mg, basal urinary Mg output, and with a Mg loading test, and compared with 53 healthy younger 
subjects. Their dietary intake was assessed by a quantified food frequency questionnaire. Basal 
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urinary Mg excretion was 3.3 +/- 1.1 mmol/day and 24-hour Mg retention after a Mg load was 28 
+/- 16% compared to 6 +/- 11% in younger controls, suggesting Mg deficiency in the elderly. 
Their study also found a significant sub-clinical Mg deficit, not detected by serum Mg, in many 
healthy elderly subjects. The data further indicated that Mg supplementation improved Mg status 
and renal function. 

 A study aimed to examine the relationship between nitrate, zinc and magnesium in drinking 
water and the risk of childhood-onset Type 1 diabetes mellitus was conducted by Zhao et al. (39) 
in the far south-west of England. Five hundred and seventeen children, aged 0-15 years, 
diagnosed with Type 1 diabetes mellitus between 1975 and 1996, were identified for inclusion in 
the study. Poisson regression analyses showed that only zinc and magnesium were significant 
factors. The data suggest that the incidence rate of childhood diabetes is significantly lower when 
the concentrations of zinc and magnesium in the domestic drinking water are in the range 22.27-
27.00 microgram/l, 0.76) and greater than 2.61 mg/l, 0.72; respectively. Their findings suggest 
evidence of a possible association between zinc and magnesium in the domestic drinking water 
and childhood diabetes. However, these possible protective effects of zinc and magnesium in 
domestic drinking water warrant further confirmation (39). 

 The role of calcium in the formation of kidney stones is controversial. Both amount and 
timing of dietary calcium intake influence the recurrence of renal calcium stones. Bellizzi et al 
(40) evaluated whether the hardness of drinking water modified the risk for calcium stones. The 
urinary levels of calcium, oxalate and citrate, i.e., the main urinary risk factors for calcium stones, 
were measured in 18 patients with idiopathic nephrolithiasis, in a double-blind randomized, 
crossover fashion. As compared with both tap and soft water, hard water was associated with a 
significant (50%) increase of the urinary calcium concentration in the absence of changes of 
oxalate excretion; the calcium-citrate index revealed a significant three fold increase during 
ingestion of hard water as compared with respect to soft water. This study suggests that, in the 
preventive approach to calcium nephrolithiasis, the intake of soft water is may be preferable to 
hard water, since it was associated with a lower risk for recurrence of calcium stones (40). 

VII. STUDIES IN THE WESTERN PACIFIC REGION 

 An attempt was made to determine whether an association existed between hardness of 
water and certain cardiovascular diseases in primitive population groups who drink untreated 
water collected directly from rivers. Blood pressure was measured in persons living in villages 
along the banks of the Wogupmeri River in New Guinea. The water was analyzed for calcium 
content. Trace element concentrations were also determined in toenails from the same subjects to 
see whether a correlation existed (41). Calcium content of the river water decreased as the river 
flows downstream, while blood pressure of the villagers living along this river increased. The 
trace element analysis of toenails revealed strong correlations between aluminum and vanadium. 
The concentrations of these two elements decrease with age. This association was present in both 
sexes, in adults and in children. A similarly strong correlation also existed between these two 
elements in staple food. This investigation tended to confirm the findings of earlier studies 
indicating an apparently beneficial effect of relatively hard water on cardiovascular parameters. 

VIII. CONCLUSION 

 This chapter has highlighted some recent studies on minerals in drinking water and their 
relationship with various diseases. Most of these studies were conducted in Europe, Asia and the 
US and the common minerals studied were calcium and/or magnesium. Among various diseases 
studied, the cardiovascular system attracted the most attention. The relationship between the 
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cardiovascular mortality and the mineral content of drinking water was first described by 
Kobayashi (42) in Japan and Schoeder (43) in the US. Since then many studies have shown an 
inverse relationship between cardiovascular disease (CVD) and the water hardness, especially the 
magnesium content of the drinking water. Most of the investigations before 1980 were with 
ecological design and geographical areas defined. Often, the mineral content of drinking water 
was determined at the time of study after the time of the CVD events and thus the results could 
not reflect the exact quality of water the persons have ingested before their death or were exposed 
to. Furthermore, in most of these earlier studies the relationship between CVD mortality and 
drinking water hardness was tested by simple regression analysis, without considering potential 
confounding factors. 

 Based on epidemiological and clinical observations Marier and Neri (44) carried out a study 
in 1985 to quantify the effect of waterborne magnesium on human mortality/morbidity in several 
regions of the world. A consistent pattern emerged, indicating a global phenomenon that 
waterborne magnesium could play an important role in protecting against cardiovascular trauma 
and other ailments. The finding also attests to the inadequate magnesium status, especially of 
those who reside in ultra-soft-water areas. A more recent comprehensive review was conducted 
by Sauvant and Pepin (45) and arrived with a similar conclusion. The authors however cautioned 
that although there is a relationship between drinking water and CVD mortality, based on over 30 
ecological and geographical investigations, its causality is still not proven, but there are many 
supporting arguments. Although there appears to be a close association of magnesium and 
cardiovascular disease, it seems unlikely that this relationship can only be attributed to a 
deficiency of calcium and magnesium in drinking water, because only 10-20% of the total daily 
intake of calcium and magnesium is derived from drinking water, unless that marginal 
contribution were significant to deficient diets. In some geographical areas, the magnesium 
content of drinking water may provide 20-40% of a person’s daily requirement. For example, a 
liter of water with 100 mg/liter of magnesium could make up 25% or more of the daily 
magnesium requirement of 300 – 400 mg per day. A liter of water that is low in magnesium (<10 
mg /liter) provides less than 3% of the daily requirement. It is true that the contribution of 
magnesium in water to the total intake may be small, compared to the amount ingested in food. 
On the other hand, the speciation of magnesium could explain its high bioavailability from water, 
rather than from food (46). Because of this the magnesium supplementation of drinking water has 
been suggested to reduce the incidence of some types of cardiovascular disease (47). 

 Calcium is found predominently in milk, milk products and in hard water. The 
bioavailability of this mineral in water is believed to be at least as high as that of milk and milk 
products (48). Finnish women, with the highest daily consumption of calcium (1,300 mg/day) had 
the lowest frequency of fractures. In comparison, Japanese women, with the lowest calcium intake 
(400 mg/day) had the greatest frequency of fractures (49). Significant subgroups in most 
European populations have intake below the RDAs – below 10 to 40% of the RDA in zinc, iron, 
calcium and magnesium (50). The intake of calcium either from diet or water among Asians are 
known to be low because of soft water supply, dietary habits and cost. Recent studies have shown 
that the intakes of calcium, zinc, magnesium, potassium and other essential minerals were 
insufficient, and are a traditional problem in the Chinese diet (51). 

 A study conducted by Haring et al (52) investigated changes in the mineral composition of 
food when cooked in waters of different hardness. The most significant differences were found for 
calcium; the concentration of this element in potatoes and vegetables usually increased when 
cooked in hard-water, while a decrease was noted when soft water was used.This finding suggests 
that water used for cooking could indirectly affect the dietary intake of various trace elements 
(52). 
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 Several studies have been conducted in Asia focusing on use of soft water and cancers, in 
particular in southern Taiwan. This region is supplied by both soft and hard water. The authors 
reported excess risks of several types of gastrointestinal cancers including esophageal, gastric, 
pancreatic colon and rectum (1-4). Based on empirical material from the Polish Cancer Registry a 
recent study in Poland also suggested the hypothesis that there is a possible association between 
drinking water composition and an increase of liver cancer (53), although the status of hepatitis 
and exposure to hepatotoxicants have not been investigated. Consumption of soft waters, 
especially those low in calcium and magnesium, has also been associated with very low birth 
weight, suggesting that the use of water with low mineral content many affect fetal growth 
(13,14). However, no other similar studies have been conducted in other parts of the world. 
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I. INTRODUCTION 

 Although foods are the major source of mineral nutrients in the diet, drinking water can 
contribute variable fractions of the total intake. The magnitude of the drinking water contribution, 
however, has not been characterized because little work has been done to quantify its 
contribution. The major reason is that drinking water intake is not included in most dietary 
surveys, and programs that measure the concentrations of nutrients in the diet by analysis include 
only the water used to prepare the food items analyzed. These factors make it difficult to assess 
the contributions of drinking water to total nutrient exposure. 

 Inorganic minerals generally gain access to surface water and groundwater as a result of 
their presence in the earth’s crust and their aqueous solubility. Accordingly, they may be widely 
distributed throughout the aquatic environment. Minerals are not uniformly distributed in earth 
materials, however, and the amount in water can vary significantly with local geologic and 
hydrologic conditions. Additional amounts of some nutrients can gain access to ambient water 
from anthropogenic activities, including industrial discharges, runoff from land, and waste 
disposal practices. 

 Some mineral nutrients are present in drinking water because of treatment processes. For 
example, fluoride is added directly to water to obtain final concentrations between 0.7 and 1.2 
mg/L in drinking water systems that elect to fluoridate as a means of preventing dental decay. 
Calcium, zinc, manganese, phosphate, and sodium compounds may be added directly to water as 
a result of treatment processes such as pH adjustment or corrosion control. Other mineral 
nutrients such as copper and zinc can leach from plumbing materials; chromium and selenium can 
be present as impurities in paints, sands, and other water contact materials. 

 As part of its 2003 review of its drinking water regulations, the U.S. Environmental 
Protection Agency (EPA) has recently analyzed the concentrations of a large number of 
contaminants found in public water systems (PWSs). Several mineral nutrients (chromium, 
fluoride, and selenium) were assessed as part of this process. Data on others, such as manganese 
and sodium, were collected and evaluated during regulatory determination for the Contaminant 
Candidate List (CCL). These data can be used to provide information on the prevalence and 
magnitude of mineral nutrient exposures through drinking water in the United States.  



 

 76

 As freshwater resources become scarce, the world will become increasingly reliant on 
desalination or demineralization to provide potable water. The process of desalination, either by 
flash evaporation or reverse osmosis, depletes the source water of its mineral contents. This has 
increased the interest in the role that drinking water minerals play in human nutrition. 

  It has been suggested that there may be adverse outcomes from reliance on desalinated or 
demineralized water as a result of the loss of mineral nutrients. Some individuals have proposed 
post treatment replenishment of the mineral nutrients that were removed. However, to determine 
whether the loss of mineral nutrients from water constitutes a nutritional problem, it must first be 
determined whether drinking water plays a significant role in the total dietary intake of trace 
minerals.  

 This report utilizes data on the dietary intake of selected mineral nutrients in the United 
States as well as data on the concentrations in drinking water to determine the relative 
contribution of food items and drinking water to total exposure. This review considers chromium, 
copper, fluoride, iron, manganese, selenium, sodium, and zinc. 

II.  SOURCES OF INFORMATION 

 The primary sources of the dietary information included in this report are the National 
Academy of Sciences Institute of Medicine (IOM) Dietary Reference Intake volumes that cover 
the mineral nutrients (1,2,3). These documents provide data on the Adequate Intakes (AIs), 
Estimated Average Requirements, Recommended Daily Allowances (RDAs), and Tolerable 
Upper Intake Levels (ULs) for each nutrient. Also included in the appropriate reference volume is 
information on population nutrient intake that was compiled from the National Health and 
Nutrition Survey III (NHANES III) for the years 1988 through 1994, the Continuing Survey of 
Food Intake by Individuals (CSFII) for 1991 through 1994, and the Total Diet Study (TDS) for 
1991 to 1997.  

 The NHANES is a national U.S. population survey conducted periodically by the National 
Center for Health Statistics of the Centers for Disease Control and Prevention. In the NHANES, 
dietary data are gathered through a 24-hour recall interview conducted by a trained professional. 
In the 24-hour recall interview, the subject is asked to provide information on all food items 
consumed over the previous 24-hour period (food items and quantities). The interview is 
structured, and various props are used to help quantify portion sizes. 

 The CSFII is conducted by the U.S. Department of Agriculture on a periodic basis. One 
purpose of this survey is to provide information on the kinds and amounts of food eaten by the 
U.S. population. Each survey covers 3 years. In each of the survey years, a nationally 
representative sample of the population is interviewed to provide information on 2 
nonconsecutive days of food intake using the 24-hour recall interview approach. 

 Additional data on dietary intake are provided by the U.S. Food and Drug Administration 
TDS. This survey differs from the NHANES III and CSFII approaches in that it relies on 
chemical analysis of a typical diet using foods purchased from four geographic regions of the 
country (northeast, south, north-central, and west). The composition of the typical diet for a 
number of age/sex groupings is derived from the CSFII data. The foods are prepared as they 
would be served and analyzed to measure the analytes of interest.  

 Data on the concentration of mineral nutrients in drinking water were provided primarily 
from two U.S. EPA reports. They are the Analysis of National Occurrence of the 1998 
Contaminant Candidate List (CCL) Regulatory Determination Priority Contaminants in Public 
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Water Systems (4) and Occurrence Estimation Methodology and Occurrence Findings Report for 
the Six-Year Review of Existing National Primary Drinking Water Regulations (5). 

 The data for copper, iron, manganese, sodium, and zinc primarily come from the National 
Inorganic and Radionuclide Survey (NIRS) conducted from 1984 through 1986 (4). The data 
represent only PWSs that rely on groundwater as their drinking water source. Each system tested 
was randomly selected to be statistically representative of groundwater systems in 49 States and 
Puerto Rico. When there were PWS data from surface water systems on these same nutrients, they 
were also evaluated (4). 

 The NIRS study provided data on many cationic inorganic ions in water including calcium 
and magnesium. Neither of these minerals is included in this report. However, they were found in 
99.7% of systems for calcium and 98.7% of systems for magnesium. Mean concentrations (49 
mg/L for calcium and 16 mg/L for magnesium) were low compared to their dietary requirements. 
The 90th percentile values (97 mg/L for calcium and 36 mg/L for magnesium) would make more 
substantial contributions to dietary intake,  

 The data for chromium, fluoride, and selenium come from the monitoring data collected by 
16 States as part of their compliance with the National Potable Drinking Water Regulations (5). 
The 16 States represent a cross-section of PWSs across the United States that submitted their data 
to the U.S. EPA in a format that could be utilized in the analysis and met selected quality control 
criteria. 

 Copper, iron, and zinc are included in this report even though they were not covered in the 
U.S. EPA reports identified above. They are important mineral nutrients and are frequently 
present in water because of geology, industrial discharge, leaching from pipes or conveyance 
materials, and/or addition as treatment chemicals. Alternate sources of information were used for 
this group of nutrients and include: 

• Unpublished NIRS data (4) 
• Data submitted to the U.S. EPA under the requirements of the Lead and Copper Rule 
• Information from Agency for Toxic Substances and Disease Registry (ATSDR) 

toxicological profiles 
• U.S. EPA Secondary Drinking Water Standards 
• National Science Foundation (NSF) International/American National Standards Institute 

(ANSI) standards for drinking water treatment chemicals 

III. DATA AND ANALYSIS 

 To determine whether drinking water provides a significant portion of the total dietary 
intake for each of the selected nutrients, data on dietary exposures and intake recommendations 
were compiled from the IOM (1,2,3). The 5th, 50th, and 95th percentile dietary intakes for all 
ages from the NHANES III, CSFII, and TDS—as compiled by the IOM—were abstracted, where 
available, and are summarized in Table 1. 
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Table 1. Dietary Intake (All Individuals) 

Percentile Source Mineral 

 5th      50th    95th  

Chromium   NA        NA     NA ND 

Copper (mg/day)  0.72   1.24  2.09 NHANES III 

Copper (mg/day)  0.58   1.1  2.01 CSFII 

Copper (mg/day)  0.22   0.57  1.39 TDS 

Fluoride (mg/day)   NA       NA    NA ND 

Iron (mg/day)  7.7  14.1  25.8 NHANES III 

Iron (mg/day)  7.4   14.3  26.7 CSFII 

Iron (mg/day)  3.83   9.74  24.26 TDS 

Manganese (mg/day)  0.49   1.71  4.79 TDS 

Selenium (Φg/day)  57  106 193 NHANES III 

Sodium (mg/day)   NA  3000    NA TDS 

Zinc (mg/day)  6.1   10.7  18.4 NHANES III 

Zinc (mg/day)  5.5   10.4  18.8 CSFII 

Zinc (mg/day)  2.84  7.36  18.63 TDS 

NA = not analyzed; ND = no data. Note: Adapted from IOM (2,3) and Pennington and Schoen (6) 

 The RDA and/or AI values plus the UL recommendations for adults also were extracted 
from the IOM reports and are compiled in Table 2. The RDA values represent target nutrient 
intakes for specific age/sex groupings and are considered to be adequate to cover the nutritional 
needs of about 97% of the population. In cases where the data are not adequate to establish an 
RDA for a nutrient, the IOM sets an AI value that appears to provide an adequate nutrient intake 
for at least 50% of the target population. The UL value, on the other hand, is a recommended 
upper bound on nutrient intake that should not be exceeded on a daily basis. Intakes at or below 
the UL are not anticipated to cause any adverse effects. 

Table 2. Adult Dietary Reference Intakes 

Mineral RDA or AI (female/male) (mg/day) UL(mg/day) 

Chromium 0.024/0.035 a NE 

Copper 0.9 10 

Fluoride 3/4a 10 

Iron 18/8 45 

Manganese 1.6/2.2 11 

Selenium 0.055  0.4 

Sodium 2500 NE 

Zinc 8/11 40 
aAI value NE = none established. Note: Adapted from IOM (1,2,3) 
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 The data on mineral intakes from drinking water vary according to the information source 
and are summarized in Table 3. Information from U.S. EPA reports (4,5) provided data on the 
percentage of the population exposed below the Minimum Reporting Level (MRL) for each 
mineral. The MRL is the mean of the minimum reporting levels reported by the States. 
Information was also available on the percentage of the population exposed at concentrations 
above the regulatory Maximum Contaminant Level (MCL) or the Health Reference Level (HRL). 
The HRL is the health-based benchmark that was used in examining occurrence during the CCL 
regulatory determination process. The HRL was derived using the methodology that the U.S. EPA 
Office of Water uses for calculating a Lifetime Health Advisory. 

Table 3. Population Exposure to Mineral Nutrients Through Drinking Water 

Mineral Minimum 
Reporting Level 
(mg/L) 

Population 
Exposed (%) 

MCL or HRL 
(mg/L) 

Population 
Exposed (%) 

Chromium 0.01  29 0.1  1 

Copper 1.3   NA 1.3      NA 

Fluoride 0.1  97 4  5 

Manganese 0.001  55 0.3 a  3 

Selenium 0.005  23 0.05  0.3 

Sodium 0.91  100 120 a  8.3 
aHRL value NA = not available. Note: Adapted from U.S. EPA (4,5) 

 A single exceedance of the MCL does not constitute a violation of the National Primary 
Drinking Water Regulations since violations are based on the average of four quarterly readings. 
However, when the HRL is the benchmark for comparison (manganese, sodium), the occurrence 
data come from unregulated contaminant monitoring, and the values are based on a single 
exceedance of the HRL rather than on an average of quarterly readings. Information on the 
median concentration of the detections and the 99th percentile concentration of the detections, 
when available, was used in the analysis. 

 In the analysis of the data described above, the percentage of the population exposed below 
the MRL was compared with the 5th and 50th percentile dietary intakes to examine the 
contribution of drinking water to dietary intake for this segment of the population. In most cases, 
population estimates were rounded to the nearest whole percent. An average drinking water intake 
from all sources of 1.2 L/day, as determined by the U.S. EPA (7), was used for this analysis rather 
than the 84th percentile 2 L/day value. The percentage of the population exposed to 
concentrations between the MRL and the MCL/HRL also was compared with the 5th and 50th 
percentile dietary intakes. The portions of the population exposed to levels greater than the MCL 
or HRL were compared with the 95th percentile dietary intakes to determine whether there might 
be a toxicity concern. For this analysis, the 2 L/day drinking water intake value (7) was used in 
determining the drinking water exposure. 

 There are several limitations in the present analysis. In three cases (chromium, fluoride, and 
sodium), complete dietary intake data were not available. For these three chemicals, the drinking 
water exposure was compared with the AI level (chromium, fluoride) or the average dietary intake 
(sodium) rather than with population percentile data. In addition, the drinking water 
measurements often covered a wide range of concentrations because they were analyzed by the 
U.S. EPA for different purposes. The concentration interval range limits the precision of the 
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drinking water contribution assessment. Also, some of the drinking water data provided estimates 
of the exposed populations, whereas in other cases, the data apply to PWSs or homes. The data 
limitations are mentioned in the relevant discussions that follow. 

IV. RESULTS 

 The results of the analyses described above are presented in the following paragraphs. The 
nutrients are discussed in alphabetical order. 

1. Chromium 
 Chromium participates in the control of glucose uptake by cells and thus appears to play a 
role in maintaining serum glucose levels (3). Dietary chromium is present as chromium III; the 
chromium levels for drinking water apply to total chromium. However, the chromium VI 
oxidation state is reduced to chromium III in the gastrointestinal track when chromium VI intakes 
are low (3). The data on exposure of the population to chromium in drinking water indicate that 
71% of the population receive levels less than 0.01 mg/L and 29% receive levels between 0.01 
mg/L and 0.1 mg/L. Only 0.001% receive concentrations greater than 0.1 mg/L (5). 

 Chromium intakes have not been monitored through the NHANES, CSFII, or TDS. 
Accordingly, the contributions from drinking water are evaluated against the adult dietary 
recommendation. The AI for chromium is 24 Φg/day for adult females and 35 Φg/day for adult 
males. Table 4 provides a comparison of the drinking water contribution for chromium to the 
dietary recommendations. No data indicate toxicity from dietary exposures to chromium, and thus 
the IOM did not set a UL. 

Table 4. Estimated Chromium Exposure 

Drinking Water 
(Φg/day) 

Population (%) Food (AI) 
(Φg/day) 

Adult AI (%) 

<1.2a 71 24-35 3-5 

1.2-120 a 29 24-35 3-500 

>200b −0.001 No UL No UL 
aDrinking water contribution was determined by multiplying the concentration by 1.2 L/day. 
bDrinking water contribution was determined by multiplying the concentration by 2 L/day. 

 A few duplicate diet studies of chromium intake suggest that the population intake may be 
marginal in some cases (3). A duplicate diet study is one in which participants collect portion 
sizes identical to what they consume for analysis. The collected samples are then homogenized 
and assayed for the analyte of interest. 

 The data in Table 4 indicate that chromium in drinking water can make a significant 
contribution to total exposure for systems that have concentrations near the MCL. Individuals 
exposed at or above the MCL are receiving 5 to 10 times the dietary requirement from drinking 
water, but only a small portion of the U.S. population is likely to be exposed at these levels. For 
71% of the population, chromium contributions to total intake are minimal (3% to 5%). 

2. Copper 
Copper is an important constituent of a number of enzyme systems, including those responsible 
for utilization of iron, protection against free-radical oxygen species, and maturation of collagen 
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(3). It is sometimes added to impounded surface water to prevent the growth of algae, but its 
presence in drinking water is largely the result of corrosion of metallic copper used in the 
distribution system. Copper concentrations in drinking water fluctuate as a result of variations in 
water characteristics such as pH, hardness, and water chemistry. 

 The copper concentration of drinking water in the United States is measured at the tap and 
is reported to the State only under conditions where greater than 10% of the samples exceed the 
regulatory action level of 1.3 mg/L. Accordingly, the U.S. EPA does not have monitoring data for 
copper that are comparable to those for some other regulated mineral nutrients. In the United 
States, the median values for first-draw 90th percentile exceedances from 1991 to 1999 were 
slightly greater than 2 mg/L (7307 samples). Ten percent of the samples with exceedances had 
copper concentrations greater than 5 mg/L, and 1% were greater than 10 mg/L (8). Data from the 
NIRS indicate that 79% of the samples from groundwater systems had detections; the median 
concentration was 0.02 mg/L. The NIRS samples were taken at the entry to the distribution 
system and do not represent at-the-tap samples. 

 Results from a number of studies in Canada and the United States indicate that copper levels 
in drinking water can range from 0.005 to >30 mg/L (8,9,10). Levels of copper in running or fully 
flushed water tend to be low, whereas those in standing or partially flushed water samples are 
more variable and can be substantially higher. In four Nova Scotia communities, the first-draw 
water concentrations were greater than 1 mg/L in 53% of the homes (11). In a study from 
Sweden, the 10th percentile copper concentration in 4703 samples of unflushed water from homes 
was 0.17 mg/L, and the 90th percentile value was 2.11 mg/L (12). The median concentration was 
0.72 mg/L.  

 Data on copper from the diet are available from the NHANES III, CSFII, and TDS. The 
TDS data indicate lower copper intakes than NHANES III and CSFII (Table 2) and were not used 
for Table 5. Since complete data on copper in drinking water are not available from the United 
States, the Pettersson and Rasmussen (12) data from Sweden are used to compare copper intakes 
from drinking water with those from the diet (Table 5). It is important to note that the drinking 
water guideline for copper in Sweden is 2 mg/L, which is greater than the 1.3 mg/L action level in 
the United States. 

Table 5. Estimated Copper Exposure 

Drinking Water 
(mg/day) 

Homes (%) Fooda 
(mg/day) 

Food Intake (%) 

0.2 b 10 0.6-0.7 
1.1-1.2 

29-33 
17-18 

>0.2-0.9b 40 0.6-0.7 
1.1-1.2 

29-150 
17-82 

0.9-2.5 b 40 0.6-0.7 
1.1-1.2 

129-417 
75-227 

>4.22c 10 2.0-2.1 >200 
aWhere there are two entries in the food column, the first applies to the 5th percentile dietary 
intake and the second to the 50th percentile dietary intake. 
bDrinking water contribution was determined by multiplying the concentration by 1.2 L/day. 
cDrinking water contribution was determined by multiplying the concentration by 2 L/day. 
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 The values in Table 5 show that drinking water can supply a considerable portion of the 
daily copper intake for a substantial portion of the population. However, the copper intake from 
the combination of food and drinking water is unlikely to exceed the UL of 10 mg/L in most, but 
not all, instances. Drinking water concentrations greater than 4 mg/L, when combined with the 
95th percentile dietary intakes, could equal or exceed the UL for copper. 

3. Fluoride 
 Fluoride plays a role in the development of tooth enamel in young children and possibly in 
strengthening the bone matrix throughout life (1). In many areas of the United States, fluoride is 
added to drinking water as part of a program to reduce the incidence of dental caries. Because of 
considerable public interest, the U.S. EPA analyzed the population exposed at the minimum level 
recommended for fluoridation (0.7 mg/L) and the U.S. EPA Secondary Maximum Contaminant 
Level (SMCL) of 2 mg/L, in addition to systems exposed above the MRL and MCL (5). The 
SMCL was established to protect against moderate and severe dental fluorosis in young children.  

 The data on exposure of the population to fluoride indicate that only 3% of the population 
receive levels less than 0.1 mg/L, 44% receive average levels between 0.1 and 0.7, 51% are 
exposed to levels between 0.7 and 2 mg/L, and 1.8% are exposed to average levels between 2 and 
4 mg/L (5). Only 0.09% of the population receive drinking water with average concentrations 
greater than 4 mg/L. 

 Fluoride intakes have not been monitored through the NHANES, CSFII, or TDS. 
Accordingly, the contributions from drinking water are evaluated against the dietary 
recommendations (AI). The AI for fluoride is 3 mg/day for adult females and 4 mg/day for adult 
males. Table 6 provides a comparison of the drinking water contribution for fluoride with the 
dietary recommendations. The UL for adults is 10 mg/day. 

Table 6. Estimated Fluoride Exposure 

Drinking Water 
(mg/day) 

Population (%) Food (AI) 
(mg/day) 

Adult AI (%) 

<0.12a 3 3-4 3-4 

>0.12-0.84a 44 3-4 3-28 

>0.84-2.4a 51 3-4 21-80 

>2.4-4.8a 1.8 3-4 60-160 

>8b <0.09 10 (UL) 80 
aDrinking water contribution was determined by multiplying the concentration by 1.2 L/day. 
bDrinking water contribution was determined by multiplying the concentration by 2 L/day. 

 The data presented in Table 6 show that fluoride in drinking water can make a significant 
contribution to total exposure for most individuals, especially those living in areas that are 
fluoridated. The major contribution of fluoride in drinking water is recognized in all surveys of 
dietary fluoride intake (1). However, even with a concentration of 4 mg/L and a drinking water 
intake of 2 L/day, the dietary adult UL for fluoride is not exceeded, and only a small percentage 
of the population is exposed to levels in excess of 4 mg/L. 

 Because of their increased susceptibility to dental fluorosis at ages younger than 8 or 9 
years, children are of particular interest with regard to fluoride exposure. Accordingly, it is 
important to look at the ULs of intake for this group. The average drinking water intake for 
children during the period of dentition for the permanent teeth is 528 mL/day (7) to 600 mL/day 
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(1). The average drinking water intake for children aged 1 to 10 years is 528 mL/day, and 600 mL 
is the average formula intake for infants aged 6 months to 1 year. The UL values for children in 
the age group of concern are 0.9 mg/day for infants aged 6 months to 1 year, 1.3 mg/day for 
children aged 1 to 3 years, and 2.2 mg/day for children aged 4 to 8 years (1). Accordingly, infants 
aged 6 months to 1 year can ingest 600 mL/day of formula prepared from drinking water 
containing 1.5 mg/L fluoride but not higher concentrations without exceeding the UL for this age 
group. Children in the 1- to 9-year-old age group will not exceed the AI for their respective age 
group if they ingest water at or below the U.S. EPA SMCL of 2 mg/L at the average drinking 
water intake for this group—even with a 90th percentile intake of 1 L/day for the 3- to 9-year-old 
age group. The U.S. EPA requires public notification for systems that exceed the SMCL and 
recommends an alternative drinking water source for children younger than 9 years.  

4. Iron 
 Historically, iron was one of the first trace minerals to receive an RDA because of its 
critical role in the synthesis of hemoglobin and other heme proteins (3). Accordingly, there is a 
considerable amount of information on iron intake from foods. Fewer data are available on the 
concentrations of iron in drinking water. Iron contamination of water often results from its 
presence in the earth’s crust. Iron also can gain access to drinking water from the corrosion of cast 
iron pipes and the use of iron salts as coagulants in treatment (13). 

 Iron is not regulated by the U.S. EPA and has not been a subject of unregulated contaminant 
monitoring. However, iron was monitored in the NIRS and was detected in 75% of the 
groundwater systems sampled. The minimum detection level was 0.009 mg/L, and the maximum 
was 7.4 mg/L. The median iron concentration was 0.060 mg/L, and the 99th percentile detection 
value was 3.3 mg/L. Note that the detection level is variable and thus may cause an 
underestimation of the systems with detections. There is a U.S. EPA SMCL of 0.3 mg/L to protect 
against the effects of iron on the taste and color of drinking water. The SMCL value, however, is 
not enforceable unless a State chooses to make the secondary value a primary standard under 
State law.  

 Although data on percentages of the population exposed to varying levels of iron are not 
available, it is possible to make some judgment regarding the iron that can be contributed to daily 
dietary intake from drinking water by using the median of the detections from the NIRS and the 
99th percentile value as an upper level benchmark. 

 Dietary iron has been monitored through the NHANES III, CSFII, and TDS (Table 1). 
There is some variability in the data, and the TDS estimates for the 5th and 50th percentile dietary 
intakes fall below those from NHANES III and CSFII estimates (Table 1). Accordingly, they 
were not used for Table 7. 

 The RDA for iron is 18 mg/day for females of childbearing age (to account for 
replenishment of menstrual losses) and 8 mg/day for males. Individuals at the lower end of the 
population exposure curve (5%) fail to consume recommended levels and would benefit from iron 
in drinking water. The iron from average drinking water intake could increase the food exposure 
by only 1% but would increase intake by about 5% at levels close to the SMCL. Drinking water 
intake of iron at concentrations near the SMCL can make a small contribution to total intake for 
individuals with low dietary intakes. 
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Table 7. Estimated Iron Exposure 

Drinking Water 
(mg/day) 

Systems (%) Fooda 

(mg/day) 
Food Intake (%) 

<0.009 25 7-8 
14 

<1 
<1 

<0.07b 38 7-8 
14 

  1 
<1 

0.07-4b 36 7-8 
14 

1-57 
<1-29 

>6.6c   1 26-27 >24-25 
aWhere there are two entries in the food column, the first applies to the 5th percentile dietary 
intake and the second to the 50th percentile dietary intake. 

bDrinking water contribution was determined by multiplying the concentration by 1.2 L/day. 
cDrinking water contribution was determined by multiplying the concentration by 2 L/day. 

 The 50th percentile dietary intake group has an estimated daily iron intake that ranges from 
10 to 14 g. This is adequate to meet the dietary needs of males but not females. An added 3 to 4 
mg/day from 1.2 L of drinking water would be adequate to raise the intake for females too close 
to the RDA. The 95th percentile dietary intake is 25 to 28 mg/day. The 0.6 mg/day that would be 
contributed by ingesting 2 L of water at the U.S. SMCL would not increase total iron intake to a 
level that would exceed the UL of 45 mg/day. Concentrations of iron in drinking water at levels of 
2 to 3 mg/L might pose a problem for individuals who suffer from iron storage disease 
(hemochromatosis) (3). 

5. Manganese 
 Manganese is a cofactor for a number of enzyme systems involved in carbohydrate, amino 
acid, and lipid metabolism (3). It is widely distributed in the diet, especially for those following a 
vegetarian regime. Data from the NIRS indicate that 45% of the population are exposed to 
manganese through their drinking water at concentrations less than 1 Φg/L. Fifty-two percent are 
exposed at concentrations between 1 Φg/L and 300 Φg/L, and 3% are exposed at concentrations 
greater than 300 Φg/L (4,14). The median value for the detections was 10 Φg/L, and the 99th 
percentile value was 630 Φg/L. 

 Dietary manganese intakes have been monitored only through the TDS. These estimates 
suggest that the 5th percentile dietary intake is about 490 Φg/day. Average intake is about 1.7 
mg/day, and the 95th percentile dietary intake is about 4.8 mg/day. The adult RDA for manganese 
is 1.6 mg/day for females and 2.2 mg/day for males. The adult upper limit is 11 mg/day. The data 
for manganese indicate that there is considerable variability in dietary intake and that average 
intakes are close to dietary requirements. However, about 50% of the population receive less than 
the RDA through their food supply. Table 8 provides a comparison of the drinking water 
contribution for manganese to the dietary recommendations. 

 The data presented in Table 8 suggest that manganese in drinking water can make a 
significant contribution to total intake for those at the lower end of the food intake distribution 
curve when concentrations in water approach the HRL. However, such exposures are infrequent 
given that the median of all detections was 10 Φg/L. 
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Table 8. Estimated Manganese Exposure 

Drinking Water 
(Φg/day) 

Population (%) Fooda 

(Φg/day) 
Food Intake (%) 

<1.2b  45  490 
 1700 

<1 
<1 

1.2-360b  52  490 
 1700 

<1-74 
<1-21 

>6002c  3  4800 >13 
aWhere there are two entries in the food column, the first applies to the 5th percentile dietary 
intake and the second to the 50th percentile dietary intake. 
bDrinking water contribution was determined by multiplying the concentration by 1.2 L/day. 
cDrinking water contribution was determined by multiplying the concentration by 2 L/day. 

 Manganese concentrations greater than the HRL are unlikely to have an adverse impact, ven 
on those in the 95th percentile dietary intake category. The combination of 2L of water at he HRL 
(600 Φg/day) and the 95th percentile dietary intake (4800 Φg/day) are less than the UL of 11,000 
Φg/day. However, a 2 L/day intake of water from the 1% of systems with the highest manganese 
concentrations (>630 Φg/L), when combined with the 95th percentile dietary intake, would 
exceed the UL for manganese. The critical effect on which the UL is based is an increase in serum 
manganese levels and in the activity of manganese-dependent superoxide dismutase with a 
lowest-observed-adverse-effect level of 15 mg/day (3). This effect is considered marginally 
adverse. 

6. Selenium 
 Selenium is a key component of several important enzymes, including glutathione 
reductase, iodothyronine deiodinase, and thioredoxin reductase (2). It is present in foods primarily 
as selenomethionine and selenocysteine; selenium in drinking water is more likely to be present as 
selenite or selenate ions (15). The data on exposure of the population to selenium in drinking 
water indicate that 77% of the population receive levels less than 5 Φg/L and 23% receive levels 
between 5 and 50 Φg/L (5). Only 0.002% receive concentrations greater than 50 Φg/L. 

 Dietary selenium intakes have been monitored through the CSFII and TDS. The estimates 
from these studies (Table 1) indicate that the 5th percentile dietary intake is about 57 Φg/day. The 
average intake is about 106 Φg/day, and the 95th percentile intake is about 193 Φg/day. The adult 
RDA for selenium is 55 Φg/day for females and males; the adult UL is 400 Φg/day. The dietary 
data for selenium indicate that the diet contains adequate quantities to satisfy requirements, even 
for individuals at the low end of the population intake distribution. Table 9 provides a comparison 
of the drinking water contributions for selenium to the dietary recommendations. 

 The data presented in Table 9 indicate that selenium in drinking water does not make a 
significant contribution to total selenium intake for most of the population. For example, selenium 
is 11% or less than the intake from foods in 77% of the drinking water systems. However, for 
those receiving concentrations near the MCL, the selenium in drinking water can provide one-half 
or more of the total dietary intake. Selenium concentrations greater than the MCL are unlikely to 
have adverse impacts, even on those in the 95th percentile dietary intake category. The 
combination of 2L of water at the MCL (100 Φg/day) and the 95th percentile dietary intake (193 
Φg/day) is less than the UL of 400 Φg/day. 
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Table 9. Estimated Selenium Exposure 

Drinking Water 
(Φg/day) 

Population (%) Fooda 

(Φg/day) 
Food Intake (%) 

<6b 77  57 
 106 

11 
6 

6-60b 23  57 
 106 

11-105 
6-57 

>100c 0.002  193 >52 
aWhere there are two entries in the food column, the first applies to the 5th percentile dietary 
intake and the second to the 50th percentile dietary intake. 
bThe drinking water contribution was determined by multiplying the concentration by 1.2 L/day. 
cThe drinking water contribution was determined by multiplying the concentration by 2 L/day. 

7. Sodium 
 Sodium is the principal electrolyte found in extracellular fluid. The balance between the 
concentrations of sodium and potassium (the principal intracellular electrolyte) is critical in the 
transmission of electrical impulses across the cell membrane (16). Sodium levels in serum also 
play a role in maintaining cellular osmotic pressure within mammalian systems. 

 Sodium is widely distributed in drinking water; it has been detected in almost all surface 
and groundwater systems evaluated. However, the levels are minimal compared with those in the 
diet. All samples in the NIRS contained sodium. For 82% of the population, the concentrations 
fell between 0.9 and 60 mg/L; for 10%, the levels fell between 60 and 120 mg/L; and for 8%, the 
levels were greater than 120 mg/L, the HRL benchmark. The 99% concentration for all samples 
was 517 mg/L, and the median concentration was 16.6 mg/L. 

 Data on surface water concentrations of sodium are minimal, but data from five States 
(Alabama, California, Illinois, New Jersey, and Oregon) were analyzed by the U.S. EPA (4,17). 
With the exception of the State of California, 90% or more of the population received drinking 
water with less than 60 mg/L. In California, only 23% received water with levels below 60 mg/L. 
However, even in California, the concentration exceeded 120 mg/L for only 1.5% of the 
population. 

 Only limited data could be identified for dietary exposure to sodium. The data from the 
1982-1991 TDS showed an average intake for women (aged 25 to 30 years) of 1950 mg/day; men 
in the same age group had an intake of 2986 mg/day (6). These values are likely to be an 
underestimate of actual intake since they do not include discretional salt added at the table. The 
data support the widely accepted assumption that sodium intake for many in the population 
exceeds the recommended 2500 mg/day (16). 

 The data in Table 10 indicate that drinking water makes a minimal contribution to total 
dietary exposure to sodium, even for the small portion of the population who receive water with 
levels above 120 mg/L. The 99% concentration from groundwater was 519 mg/L. With a 2 L/day 
intake of drinking water, the sodium from water would be 32% (males) to 52% (females) of that 
from the average diet and could be of concern for a person with salt-sensitive hypertension. 
However, the adverse taste of water with this sodium concentration would be likely to minimize 
intake. The 99% concentrations for the surface water systems ranged from 150 to 379 mg/L.  
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Table 10. Estimated Sodium Exposure 

Drinking Water 
(mg/day) 

Population (%) Fooda 

(mg/day) 
Average Intake (%) 

<1.1b  0 2000-3000 –4c 

1.1-72b  82 2000-3000 <1-4 

72-144b  10 2000-3000 2-7 

>240d  8 2000-3000 >8-12 
aAverages for males and females (6). 
bDrinking water contribution was determined by multiplying the concentration by 1.2 L/day. 
cNo percentage of the population at that level. 
dDrinking water contribution was determined by multiplying the concentration by 2 L/day. 

8. Zinc 
 Zinc is a component of more than 200 enzymes that are critical to processes such as those 
involved in DNA replication and gene expression (3). As with iron, there is a considerable 
amount of information on zinc intake from foods, but fewer data are available on the 
concentrations in drinking water.  

 Zinc is not regulated by the U.S. EPA and has not been a subject of unregulated 
contaminant monitoring. Zinc was included in the NIRS. It was detected in 87% of the samples, 
with a median detection of 0.2 mg/L and a maximum of 0.65 mg/L. Another survey (18) cited by 
the ATSDR (19) provided some information on the zinc found in tapwater in the United States. 
The minimum value reported was 0.025 mg/L, and the median value was 0.114 mg/L. Seventy-
five percent of the samples contained less than 0.236 mg/L, and the maximum was 1.447 mg/L.  

 Zinc contamination of water can result from its presence in the earth’s crust, leaching from 
galvanized materials for transport or storage of drinking water, and the addition of zinc 
orthophosphate products for corrosion control. The concentration of zinc that can be added to 
water for corrosion control is limited to 2 mg/L (13). There is an SMCL of 5 mg/L to protect 
against adverse taste effects.  

 As with iron, data on the percentage of the population exposed to varying levels of zinc 
through drinking water are not available. However, it is possible to make some judgment using 
the data of Greathouse and Osborne (18) and the SMCL as an upper level benchmark.  

 Zinc in the diet has been monitored through the NHANES III, CSFII, and TDS (Table 1). 
As with iron, the TDS estimates for the 5th and 50th percentile dietary intakes fall below 
NHANES III and CSFII estimates and were not used for Table 11. In most cases, zinc intake from 
drinking water does not make a significant contribution to total exposure. For PWSs that treat for 
corrosion control with zinc orthophosphates, the zinc from drinking water can increase that from 
food by 24% for individuals with an average zinc intake and by 40% for those in the 5th 
percentile dietary intake. At concentrations near the SMCL, zinc can make a significant 
contribution to total intake, increasing it by 50% or more.  

 The RDA for zinc is 8 mg/day for females and 11 mg/day for males. Individuals at the 
lower end of the population exposure curve fail to consume recommended levels and would 
benefit from zinc in drinking water where zinc orthophosphate is used for corrosion control or at 
levels close to the SMCL. These concentrations would increase zinc food intakes (3-6 mg/day) by 
about 2.5 to 6 mg. The 50th percentile population group has an estimated daily zinc intake that 
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ranges from 7 to 11 mg/day and would not benefit as much from zinc contributed by drinking 
water. The 95th percentile dietary intake of zinc is 18 to 19 mg/day. The 10 mg/day that would be 
contributed by ingesting 2 L/day of water at the SMCL would not increase the total zinc intake to 
a level that would exceed the UL of 40 mg/day. 

 
Table 11. Estimated Zinc Exposure 

Drinking Water 
(mg/dayb) 

Systems (%) Fooda 

(mg/day) 
Food Intake (%) 

0.03-0.14c 50 6 
10-11 

<1-2 
− 1 

0.14-0.28c 25 6 
10-11 

2-5 
1-3 

0.6-2.9d 25 18-19 3-16 
aWhere there are two entries in the food column, the first applies to the 5th percentile dietary 
intake and the second to the 50th percentile dietary intake. 

bGreathouse and Osborne (18). 
cDrinking water contribution was determined by multiplying the concentration by 1.2 L/day. 
dDrinking water contribution was determined by multiplying the concentration by 2 L/day. 

V.  CONCLUSIONS 

 Although all of the minerals from drinking water evaluated in this report (chromium, 
copper, fluoride, iron, manganese, selenium, sodium, and zinc) can make significant contributions 
to dietary intake for some segments of the population, the affected population is generally small, 
and the contributions of potable water are most significant as the concentrations approach the 
MCL or HRL. This situation is fairly uncommon except in areas that are geologically rich in the 
mineral in question or, more importantly, when there is a source of the mineral from drinking 
water treatment chemicals (fluoride, iron, zinc) or as a result of leaching from drinking water 
contact materials (copper, zinc).  

 Individuals who would receive the greatest benefit from the presence of minerals in 
drinking water are those individuals with marginal intakes from food sources. In the United 
States, the 50th percentile dietary intakes from food appear to be adequate in most cases, with the 
exception of iron intakes by women. Accordingly, the intake from drinking water does not have a 
great impact on total exposure or physiological response.  

 The situation may well be very different in areas of the world where food is scarce or for 
those who do not benefit from the nutrient fortification programs that have been established in the 
United States. In cases where average intakes of mineral nutrients are below recommended levels, 
the minerals contributed by drinking water would become proportionally more important than 
indicated by U.S. data. From a toxicological perspective, the comparisons of the upper intakes 
from water plus food did not exceed the dietary UL recommendation for adults. This might 
partially be a reflection of the nature of the available data. For example, in a few cases where data 
from the upper extremes of exposure are available (copper and manganese), some individuals 
could be exposed above the UL.  
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 Some sensitive population issues must be considered when examining the data presented in 
this report. Individuals with Wilson’s disease must restrict their dietary copper intake, individuals 
with hemochromatosis have similar limitations on total dietary iron, and salt-sensitive 
hypertensive individuals must take measures to limit their sodium intake. Children are sensitive to 
dietary fluoride during the years of tooth formation, and levels of fluoride in drinking water near 
the SMCL (2 mg/L) and MCL (4 mg/L) can cause dental fluorosis in cases where drinking water 
intakes are higher than the average during this time period.  

 This report should be regarded as a preliminary effort to compare the contribution of 
waterborne minerals to overall nutritional health and well-being. Additional studies must be 
undertaken, especially in those areas with marginal intakes of these minerals from foods and/or 
high concentrations in drinking water. Programs that may be established to fortify desalinated or 
demineralized water must consider the effects on sensitive populations as well as the beneficial 
aspects of such measures. 
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I. INTRODUCTION 

 Consideration of the characteristics of water as determinants of disease risk is not a new 
idea. Hippocrates is quoted: "We must also consider the qualities of the waters, for as they differ 
from one to another in taste in weight, so also do they differ much in their qualities" (1). Indeed, 
the science of epidemiology traces its origin to the 19th century work of Snow who mapped the 
incidence of cholera in London, showing it to be much higher in areas supplied with a particular 
water source (2). 

II. NUTRITIONAL DETERMINANTS OF HEART DISEASE RISK 

 Keys (3) was among the first to notice the great variation in heart disease death rates among 
various nations. The death rate for men in Finland was 16 times that in Taiwan. Times change and 
methods vary, but differences still are substantial (4). For example, the male death rate for 
ischemic heart disease in Scotland is nearly nine times as great as that in Japan which, in turn, is 
more than five times that in Guatemala. 

 Ischemic heart disease (IHD) is often thought of as a hereditary illness because some 
families have several affected members and other families have none. It seems unlikely, however, 
that most ischemic heart disease is hereditary for two reasons. First, in the wealthier nations, 
ischemic heart disease is far too common to be explained on the basis of heredity; nearly one-
fourth of all deaths in the US are from IHD (5) (hereditary illnesses typically occur at prevalences 
<5 per 1000 live births (6). Second, emigrants from low to high IHD risk nations experience an 
increase IHD risk (7, 8, 9, 10, 11). This phenomenon is best demonstrated by comparing people of 
Japanese heritage some of whom immigrated to the US: serum cholesterol, one of the better 
predictors of heart disease risk, was lowest among farmers in Koga, was greater among doctors in 
Fukouka and men in Hawaii, and greatest among Japanese Americans born in Los Angeles of 
immigrant parents (7). 

 It is now clear that dietary trace elements are associated with heart disease risk. Knox (12) 
found a negative correlation between dietary calcium intake and heart disease risk in England and 
Wales. Varo (13) found a highly positive correlation between death rates for ischemic heart 
disease and the dietary ratio of calcium to magnesium in the European Union. In fact, Finnish 
children with the highest concentrations of cholesterol in serum, and presumably the highest risk 
of IHD, consumed significantly less calcium than those with the lowest serum concentrations of 
cholesterol (14). One of us found that the mortality rate for coronary heart disease in the United 
States was correlated positively with the ratio of zinc to copper in milk consumed in 47 cities 
(15). Therefore, it is likely that at least part of the geographic difference in risk may be related to 
the metabolism of these trace elements that are known to be limiting in many diets. 
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 Environmental measurements of trace elements also are associated with risk. Valentine and 
Chambers (16) found the risk of death due to arteriosclerotic heart disease was proportional to the 
concentration of zinc in reservoirs storing water for nine study areas in Houston. Kodavanti et al. 
(17) have reviewed associations between cardiovascular morbidity and mortality and air pollution 
indices, and have implicated particulate matter containing highly bioavailable zinc. They also 
have produced cardiovascular pathology in rats exposed to similar particles by inhalation. People 
who eat diets low in copper may be particularly susceptible to harm from air pollution high in 
zinc (18).  

III. WATER AND HEART DISEASE 

 Kobayashi (19) made the first observation on the relationship between the chemistry of river 
water and the risk of vascular disease, a phenomenon that has come to be called the "water 
factor." A literature search revealed that the bulk of the data show lower risk with harder water 
(20, 21). Crawford (22) concluded that the correlation may be causal because of findings from 
English and Welsh towns which experienced increases in heart disease rats after reducing the 
hardness of the water supplies. Interest in the hard water phenomenon continues (23, 24, 25, 26) 
although mechanisms are ill-defined. 

IV. OTHER ILLNESSES RELATED TO WATER MINERAL CONTENT 

 Sparrow et al. (27) found pulmonary function to be positively correlated with the 
concentration of copper in the drinking water in homes of nonsmokers. This observation may be 
clarified by the finding that lungs of rats (28) and pigs (29) deficient in copper are anatomically 
similar to those of emphysema patients. Cadmium, lead, and tin have no known nutritional 
benefits; however, each has been indicated in the etiology of essential hypertension. Chronic 
exposures to low levels of cadmium increased blood pressure in rats (30, 31); hypertension in 
people is more likely at environmental than industrial levels of cadmium (32). Blood cadmium 
concentration is directly related to risk of hypertension in humans (33). The risk of hypertension 
appears to be more strongly associated with lead exposures at industrial levels (34, 35) than 
environmental ones (36, 37, 38, 39, 40). 

V. HARDNESS GOOD OR SOFTNESS BAD? 

 Several researchers have shown inverse associations between hard water and IHD risk 
(Water and Heart Disease, above). Such epidemiologic associations, however, cannot distinguish 
between the prospect of something harmful in soft water or something protective in hard water. 
Experimental results would support the latter hypothesis, as they have indicated that calcium 
(and/or magnesium) can be protective against heart disease. To date, six experiments (41, 42, 43, 
44, 45, 46) involving a total of 145 subjects have shown decreases in the concentration of 
cholesterol in serum of men and women ingesting calcium salts (usually carbonate) as 
supplements to their usual diets. The daily doses of calcium were in the 1-2 g range. 

 Some 34 elements have been found to show epidemiologic relationships with ischemic heart 
disease or to the metabolism of cholesterol or other lipids (40, 47) (Figure 1). This chart has been 
revised several times; earlier articles (48, 49, 50) include numerous references to epidemiology 
and experiment. Shaded elements are those that may act by either enhancing or inhibiting copper, 
deficiency of which can produce a wide variety of anatomical, chemical, and physiological 
pathology in the cardiovascular system (51). 
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Figure 1. Elements implicated in atherosclerosis or ischemic heart disease by epidemiology or 
experiment. 

 The mechanisms by which particular elements or their compounds may affect heart disease 
risk are not clear, but it is likely that they involve effects on enzymes, hormones, and messenger 
molecules. After all, as Mildvan (52) observed, more than 27% of known enzymes contain 
mineral elements and/or require minerals for activity. It has been suggested that chromium may 
produce some of its effects by potentiating insulin (53); zinc deprivation decreased serum 
thymulin and interleukin-2 (54); and prostaglandin metabolism appears to be modified by dietary 
copper (55, 56). 

 Other mechanisms may involve the complexity of interactions among the various mineral 
elements. For example, zinc is known to inhibit copper utilization (57, 58, 59, 60) and increase 
plasma cholesterol (57, 61), and cadmium can induce hypercholesterolemia that can be relieved 
by extra copper (62). Lead produced increased urinary losses of copper (63) and can antagonise 
copper in hematopoiesis (64). Pekelharing et al. (65) found that amounts of tin similar to those 
found in human diets can decrease copper status. 

 Calcium can modify the utilization of other dietary elements. Romasz et al. (66) fed rats a 
wide range of dietary calcium; as dietary calcium increased, the concentration of cholesterol in 
serum decreased, and the concentrations of copper and zinc in liver increased and decreased, 
respectively, although the dietary concentration of the trace elements was constant. Reeves and 
Chaney (67, 68) found that a low calcium intake of rats caused increased absorption and retention 
of cadmium, thereby increasing the potential for cadmium intoxication. 

VI. TRACE ELEMENTS IN WATER SUPPLIES 

 Calcium and magnesium are the main elements that give water its hardness. The correlation 
coefficient between calcium and hardness in water is about 0.96 (58). Calcium in hard water can 
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be an important dietary supplement (58) because hard water can contribute 175-180 mg of 
calcium daily (58). Calcium and magnesium in water also are correlated (c0.8) as are magnesium 
and hardness (c0.9) (58). The inverse correlation between coronary heart disease mortality and 
magnesium in water is similar to that with calcium (30, 69, 70). 

 Lower intakes of dietary magnesium (less than 186 mg daily) are associated with higher risk 
of coronary heart disease in the Honolulu Heart Program (71). Higher magnesium intakes may 
improve cholesterol metabolism and prevent cardiac arrhythmia. Low dietary magnesium 
increased the total concentration of cholesterol in the blood of rats and monkeys (72, 73). A 
"placebo" containing magnesium seemed to produce a decline in the concentration of cholesterol 
in the sera of men and women (44). People who live where the water is soft may be in jeopardy 
for cardiac arrhythmia if they eat diets low in magnesium (74, 71). 

 Most public water supplies do not contain enough copper to be of appreciable nutritional 
significance. A survey of the water supplies of the 100 largest US cities (75) found that 94% 
contained less than 100 µg copper per liter. At typical rates of consumption (a liter per day), this 
would add less than 0.1 mg copper to daily intakes. However, water chemistry changes between 
municipal reservoirs and consumers' taps where greater amounts of the element may be available. 
Angino (76) found that 16% of 284 US water samples contained enough copper to add at least 0.2 
mg of copper to the daily intakes, and 6% would add 0.5 mg of copper to those intakes. 
Accordingly, drinking water (1 L per day) in Boston, MA, was estimated to provide 0.46 mg 
copper daily (27). A study of the drinking water available in Seattle, WA (77), showed that source 
to supply residents with much more copper: 1.3-2.2 mg per day. Copper supplements this large 
are easily tolerable (78, 79, 80) and may be beneficial considering that the Western diet often is 
low in copper (81) and that people with cardiovascular disease have been found to have decreased 
copper in hearts and arteries (51, 82) and decreased activities of enzymes dependent on copper 
(82). A diet low in copper can increase cholesterol in plasma (78). 

VII. CONCLUSION 

 In most cases, drinking and cooking water may be of only minor importance to the trace 
element nutrition of individuals. In some cases, and particularly for individuals dependent on 
foods and food systems that do not provide adequate amounts of calcium and copper, some water 
sources by virtue of their hardness and/or contributions of copper piping, can provide significant 
amounts of those elements. Available information indicates that such sources can be beneficial. 
We conclude that hard water is good because it contains nutrients valuable in themselves and 
because these nutrients can decrease impact of toxic elements in the environment. 

 To minimize heart disease risk, the ideal water should contain sufficient calcium and 
magnesium to be moderately hard. No effort should be made to eliminate trace elements such as 
copper and iron where these elements are in short, dietary supply. Elements such as cadmium and 
lead, which can accumulate in the body, should be minimized. 
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Lovelace Respiratory Research Institute 
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______________________________________________________________________________ 

I. INTRODUCTION  

 Cardiovascular diseases are, as a group, the leading cause of death in western countries. 
Sudden death from cardiovascular disease accounts for over 300,000 deaths per year in the U.S. 
(1). Because of the importance of cardiovascular disease, major efforts have been made to identify 
risk factors and to take steps to reduce these risks. 

 There is an increasing body of evidence that drinking water hardness and elevated 
concentrations of certain minerals in hard water may reduce the risk of cardiac death and, in 
particular, the risk of sudden cardiac death. Recent interest has focused on deficits in dietary 
magnesium. In developed countries, these deficits are potentially compounded by use of 
medications, such as diuretics, that further reduce body stores of magnesium (2). There is also 
concern that increased use of calcium supplements to prevent osteoporosis may alter the ratio of 
calcium to magnesium intake, further exacerbating the deficiency in magnesium intake. Since 
calcium and magnesium compete for absorption, there is concern that increasing calcium intake 
without also increasing magnesium intake can result in a deficit of magnesium. The optimal ratio 
of calcium to magnesium is unknown. In this chapter, the plausibility of a relationship between 
waterborne and dietary magnesium ingestion and cardiac disease is discussed, primarily in terms 
of persons who are on magnesium therapy or participate in rigorous exercise. In particular, can 
studies of these two high-risk populations provide evidence for or against the hypothesis of a 
causal relationship between water hardness and the risk of cardiovascular disease? 

II. MAGNESIUM DEFICIENCY  

 In theory, it should be relatively easy to determine whether a population has a deficit in 
magnesium or calcium intake and whether drinking water levels of either mineral significantly 
affect total intake. However, of more direct interest for public health intervention is whether 
individuals who have certain heart diseases have a deficiency of magnesium body stores or 
whether they have too much calcium intake relative to their magnesium intake. It is difficult to 
identify magnesium deficiencies because serum and tissue magnesium levels are not correlated. 
Perhaps, the lack of a correlation is because magnesium can readily move between bone, muscle, 
soft tissues, and other body compartments. About 53% of the total body stores of magnesium are 
in the bone, 27% in muscle, 19% in soft tissue, 0.5% in erythrocytes and 0.3% in serum (2), but it 
is difficult to measure tissue levels and assess magnesium deficiency levels in any individual. 
This difficulty limits efforts to relate magnesium deficiency to heart disease.\Another major 
problem in assessing magnesium deficiencies is that magnesium interacts with both calcium and 
potassium, so that a deficiency or excess of one can affect the others. The effect of adequate 
magnesium intake is to maintain cellular levels of both magnesium and potassium. Magnesium is 
needed for the sodium/potassium pump. A magnesium deficiency may impair the ability of cells 
to pump sodium out of the cell and to pump potassium into the cell. Prescription diuretics can 
deplete magnesium and potassium (3).  
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 Magnesium and calcium are also antagonistic for blood coagulation. Magnesium inhibits 
coagulation while calcium promotes the process. It is possible that calcium to magnesium ratios 
of much greater than 2 to 1 can interfere with coagulation as well as other processes (3). 

 In clinical and population studies where magnesium tissue levels can be measured, evidence 
of hypomagnesemia is commonly found. Hypomagnesemia occurs in about 65% of intensive care 
unit patients (4) and in 11% of the general population (5). The clinical manifestations of 
hypomagnesemia include neuromuscular hyperactivity, psychiatric disturbances, 
calcium/potassium abnormalities and cardiac effects (6). An experimental study of magnesium 
depletion in humans found that plasma magnesium levels fell to 10%-30% of previous levels. The 
primary symptoms of the depletion were neurologic signs (e.g. Trousseau sign, personality 
change, tremor and fasciculation), however, anorexia, nausea and apathy were also reported. All 
symptoms reverted to normal following reinstitution of magnesium (7). 

 Other clinical data support a relationship between magnesium and cardiovascular function. 
Deficiencies in magnesium have been shown to cause an increase in cardiac arrhythmias (8). 
Lower levels of magnesium were found in the heart muscle of persons who died suddenly from 
ischemic heart disease compared to people who died from other causes (9). Supplementing 
magnesium intake for patients with arrhythmias often controls the arrhythmias.  

1. Protective Effects of Magnesium  
 Epidemiological studies have repeatedly indicated that a benefit of magnesium is to reduce 
the occurrence of sudden death from cardiovascular disease. Singh (10) conducted an intervention 
study using two cohorts at high risk of cardiovascular disease morbidity and mortality. One cohort 
(206 subjects) was given a magnesium-enriched diet and the other (194 subjects) remained on 
their usual diet. The magnesium-enriched diet contained 1,142 mg/day whereas the usual diet 
contained 418 mg/day of magnesium. The high magnesium diet included 880 mg/day calcium 
whereas the low magnesium diet included 512 mg/day of calcium. The occurrence of sudden 
death was 1.5 times more common in the usual-diet group. This finding is consistent with prior 
studies showing low intake of magnesium is associated with arrhythmias (8,9).  

 A recent study (11) tracked 7,172 men in the Honolulu Health Program. Baseline 
measurements were made between 1965 and 1968. Over a 30-year period follow-up 1,431 men 
developed coronary heart disease. There was a statistically significant increased risk of coronary 
heart disease in men in the lowest versus the highest quintiles of baseline magnesium intake after 
adjusting for other dietary and non-dietary cardiovascular disease risk factors both of which were 
also ascertained at baseline. They did not present data on both calcium and magnesium intake for 
the various quintiles, making it impossible to determine the calcium to magnesium ratio. An 
interesting finding, however, was that systemic hypertension decreased with increasing 
magnesium intake. Unfortunately, in assessing the effects of both calcium and magnesium, some 
papers have adjusted for blood pressure, which appears to be an intermediate outcome of 
increased magnesium intake. By adjusting for such an intermediate outcome one can falsely 
conclude that calcium is protective but that magnesium has no effect on heart disease risks. In 
reality the effect of magnesium on heart disease could be through its effect on lowering blood 
pressure (12). 

 Two case-control studies reported protective effects of magnesium for cardiovascular 
diseases in women (13) and for men and women (14). Since the case-control and cohort design 
provide persuasive evidence of a causal relationship, these studies are particularly important, and 
their results significantly increase the level of confidence in the relationship between magnesium 
exposure and cardiovascular disease. The highest quartile received 9.9 mg/l or more drinking 
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water magnesium versus less than or equal to 3.4 mg/l magnesium in the lowest or comparison 
group. The odds ratio for the highest exposure group was 0.70 (95% C.I. 0.50-0.99). 

2. Magnesium Therapy  
 Another approach to assessing the contribution of magnesium to cardiac health is to 
examine the therapeutic effects of administering magnesium. Although these magnesium levels 
are much higher than found in water or the diet, the studies can provide supportive evidence of 
protective effects and possible adverse effects at deficient levels. Magnesium therapy has been 
tested as a treatment for people with a known or suspected myocardial infarction. A review (15) 
of randomised clinical trials of the role of magnesium in reducing mortality from acute 
myocardial infarction reported a statistically significant reduced relative risk, an odds ratio of 0.61 
(95% C.I. 0.48-0.76). The Leicester Intravenous Magnesium Intervention Trial of suspected 
myocardial infarction (16) used a double-blind protocol that started injection before any 
thrombolytic therapy was used. They found a 21% reduction in mortality from ischaemic heart 
disease (95% C.I. 5%-35%) and a 16% reduction in all cause mortality (95% C.I. 75-9%). 
However, another trial (ISIS-4 (17)) randomly assigned approximately 2000 people to receive 
magnesium therapy following an acute myocardial infarction [magnesium sulfate for 24 hours (8 
mmol initial bolus, followed by 72 mmol)]. Unlike the earlier studies (15,16), this trial found no 
benefit from magnesium therapy given the dosage, timing and mode of administration.  

 Even in the absence of hypomagnesemia, magnesium is often used for treatment of pre-
eclampsia (18, 19) and asthma (20). It is also an accepted therapy for cardiac arrhythmias (2). 
However, there are questions whether much of the benefit of the magnesium therapy results from 
correcting magnesium deficiency caused by other therapies such as digitalis and diuretics. 
Unfortunately, the success of magnesium in treating patients for these diseases does not provide 
sufficient evidence that it would be successful in preventing the diseases. We do not know the 
mode of action for its effectiveness and thus, do not know whether the effectiveness of therapeutic 
magnesium results from correcting a deficiency in body stores of magnesium or some other 
reason.  

III. CALCIUM, COPPER, AND ZINC DEFICIENCIES 

 The relationship between minerals, trace elements and cardiovascular outcomes appears to 
be rather complex. High levels of serum calcium have been positively correlated with adverse 
cardiovascular outcomes (21), but a deficiency of calcium is also related to an elevated risk of 
hypertension (22). Elevated serum copper levels have been suggested as a risk factor for 
cardiovascular disease (19). There may be relationships between absorption of magnesium and 
each of these other elements. One study that considered serum levels of many of these elements 
found that only high serum copper and low serum zinc were associated with an increased risk of 
cardiovascular mortality. No associations with serum calcium or magnesium and mortality risk 
were apparent in this study (23). However, as discussed earlier, serum levels may not be good 
indicators of cellular levels of these elements (23). Furthermore calcium and magnesium serum 
levels may fluctuate more than cellular levels.  

IV. MAGNESIUM, STRENUOUS EXERCISE, AND SUDDEN CARDIAC DEATH 

 In this case, the question is whether water hardness or elevated dietary magnesium intake 
can reduce the risk of sudden cardiac death among people involved in modest to rigorous 
exercise. This is important because there is considerable evidence that exercise reduces the risk of 
premature mortality and physicians encourage most of their patients to maintain a program of 
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regular exercise (24). However, during exercise there is also an increase risk of sudden death (25). 
Inactive men have a 56-fold increased risk of death during periods of during vigorous exercise 
than during other periods (26). 

 There are a number of articles reporting sudden deaths during marathon races, while playing 
squash or during other sporting events. Studies of sudden deaths of males during athletic events 
have generally found that the deaths were triggered rather than caused by the exercise (26). In 
general, cardiac abnormalities were found that could explain the death (27). The situation is less 
clear for women. The majority of sudden cardiac deaths in women occur in the absence of 
obvious risk factors. Furthermore, the rate of sudden cardiac deaths among women is increasing. 
There have, unfortunately, been few rigorous studies of mineral intake or serum or cellular 
mineral levels of women suffering sudden cardiac death. 

 There are also studies of the effects of strenuous exercise on non-fatal events. An interesting 
analysis of the metabolic effects of strenuous exercise was conducted in Israel (28). Healthy 
young men received 6 months of physical training. They participated in a rigorous march and 
were screened for a large number of metabolic parameters. Of all the parameters measured, the 
primary change was in serum magnesium concentration. Although serum magnesium did not 
change immediately following the march, it declined at 72 hours, and it remained lower at 18 days 
and at 3 months. Another study by the same authors (29) found the same change in serum 
magnesium in a different group of young males participating in vigorous exercise. A study 
conducted by Corrado (30) found that young athletes in Padova, Italy had 2.5 times the risk of 
sudden death than non-athletes. This occurred despite routine medical and ECG screening of these 
young athletes. Stendig-Lindberg (31) speculated that sudden death in athletes during exertion is 
‘mediated’ by the effects of persistent magnesium deficiency. 

 Given both the added risks and benefits of exercise on health, more information is needed to 
better understand the physiological effects of exercise and to identify both risk factors and 
approaches to minimize the health risks from exercise. Considering the limited data available, 
people involved in moderate to vigorous exercise may be at risk of mineral imbalances, 
particularly magnesium. An added concern is that the U.S. Centers for Disease Control and 
Prevention (www.cdc.gov/od/oc/media/pressrel/r010301.thm) reported that sudden cardiac deaths 
are increasing in young people, especially young women. Reasons for the increase are unknown at 
this time.  

V. CONCLUSIONS 

 There are many potential implications from the studies of minerals in drinking water and 
health effects. The most convincing findings, to date, have been relationships between the 
occurrence of sudden cardiac death and deficits in magnesium intake. Sudden death is a 
significant cause of cardiovascular death, and many of these deaths are believed to be related to 
arrhythmias and coronary artery vasospasm. Thus, the benefits of magnesium in hard water are 
likely to be significant.  

 The problem with the current body of evidence is the complexity of the interrelationship 
between potassium, calcium and magnesium intake and other risk factors for cardiac death (i.e., 
the web of causation). The interpretation of current study results allows several conflicting 
hypotheses to be consistent with the available data, and it is possible to convince oneself that 
magnesium is an important as well as an unimportant risk factor for cardiovascular risks. For 
example, the Task Force on Sudden Cardiac Death of the European Society of Cardiology (32) 
reported that some studies of supplemental magnesium administration showed a 45% reduction in 
all-cause mortality, with most of the reduction due to a reduce risk of death from congestive heart 
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failure. However, the Task Force also cautioned that more recent studies have not been able to 
confirm earlier findings showing a 45% reduction in mortality. The Task Force suggested that 
differences in observed results between the earlier and later studies may be due to delayed 
initiation of the magnesium therapy in the later studies. Even though not all studies show a 
benefit, many indicate that small increases in magnesium intake may result in reduced risks of 
sudden cardiac death. If so, it is possible that relatively modest increases in water or food 
magnesium levels might result in considerable benefits with minimal risks of adverse effects.  

 For any large-scale intervention program where magnesium is added to drinking water, one 
must also consider the possibility that some persons may be harmed by the addition of magnesium 
to the diet. However, high dose intravenous administration for individuals with heart disease is 
considered to be safe (33) suggest that low-dose supplementation of magnesium in drinking water 
is likely to have a significant margin of safety. In considering possible magnesium 
supplementation, Eisenberg et al. (1) raise several important concerns including: how should the 
supplementation occur (e.g., through drinking water or food or by treating individuals) and how 
long must it be conducted before a benefit is apparent? Legal and liability issues with magnesium 
supplementation of water or food should also be considered. Given the special health risks of 
people over age 40 who participate in vigorous sports, the balancing of risks and potential benefits 
from magnesium supplementation may be different than for the general population. Also, since 
supplementation could be done for specific individuals, it may be easier to exclude individuals 
who may suffer adverse health effects from magnesium supplementation. Although this might 
best be accomplished through dietary supplementation, ensuring that sufficient magnesium is in 
the drinking water would more effectively reach a large number of people with a minimum of 
cost. An important question, however, is what are the minimum and maximum levels of 
magnesium that should be considered for drinking water? Additional low-cost observation studies 
should be conducted to expand the available data on the protective effects of magnesium. 
Randomised placebo-controlled trials of magnesium supplementation may also be feasible, 
especially in high-risk populations. These studies could provide the information needed to plan 
future large-scale efforts to more conclusively resolve the relationships between water hardness, 
magnesium intake and cardiovascular risks and assist public health officials in selecting optimum, 
safe levels that could be added to demineralised water. 
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I. INTRODUCTION 

 Cardiovascular disease is among the leading causes of morbidity and mortality in 
industrialized countries. Hypertensive disease, smoking, excessive alcohol consumption, diet, and 
physical inactivity have been identified as risk factors, but they do not entirely explain the 
worldwide variability of cardiovascular disease (1,2). It has long been suspected that 
cardiovascular disease mortality may be associated with geochemical constituents, especially 
water hardness.  

 Our knowledge of the association of cardiovascular disease with water hardness is based 
largely on observational epidemiological studies that have been conducted over the past half 
century. The hypothesis is that hard water or minerals, such as calcium and magnesium found in 
hard water, may help decrease cardiovascular risks or constituents associated with soft waters 
(e.g., corrosion products from distribution pipes, sodium from home softening units) may increase 
the risk.  

 Concern about a water factor can be traced to research reported in the 1950s. In 1956, 
Enterline and Stewart (3) called attention to the marked geographical variation in death rates from 
heart disease for the United States during the period 1949−1951 and suggested that place of 
residence might be an important risk factor. In 1957, Kobayashi (4) reported an association of 
mortality from apoplexy in Japan and the acidity of river water (i.e., the ratio of sulfates to 
carbonates). After meeting with Kobayashi, Schroeder sought to confirm the findings in the 
United States using the 1949−1951 mortality statistics (5,6). Since drinking water hardness was 
the most widely available water quality measure in the United States, Schroeder (7,8,9) evaluated 
its relationship to death rates on a state-by-state basis (Comstock 1979). In 1960, Schroeder (7,8) 
reported statistically significant inverse (protective) correlations between water hardness and 
deaths from all causes (r=-0.36), all cardiovascular diseases (r=-0.56), coronary heart disease (r=-
0.31), other cardiovascular diseases (r=-0.36), and stroke (r=-0.33). In a second study of 163 
metropolitan areas of the United States, Schroeder (9) also found an inverse association between 
coronary heart disease mortality rates for white males 45-64 years of age and water hardness (r=-
0.29), magnesium (r=-0.30), and calcium (r=-0.27). In the years since these landmark studies, 
epidemiologists around the world have studied the association between water hardness and 
cardiovascular disease. Results of these epidemiological studies are reviewed in subsequent 
chapters (see Calderon and Craun, Monarca and Donato, Kozisek, and Frost). This chapter 
discusses epidemiological study designs and other important aspects of the studies to help readers 
better interpret the observed associations. 
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II. TYPES OF EPIDEMIOLOGICAL STUDIES 

 Observational epidemiological studies can be descriptive or analytical (Table 1). 

Table 1. Types of observational epidemiological studies* 

Descriptive Studies Analytical Studies 

Disease Surveillance/Surveys Cross-sectional 

Ecological Longitudinal 
 -  Cohort or Follow-up 
 -  Case-Control 

*Adapted from Monson (1990) 

 Descriptive epidemiology is primarily used to summarize disease information, assess 
geographical or temporal patterns of disease, and develop hypotheses about disease etiologies. 
Ecological studies, sometimes called geographical, correlation, group, or aggregate studies, are 
used to explore possible relationships between available health statistics (e.g., cardiovascular 
disease mortality) and geographical location, population characteristics, or environmental and 
water quality measures (e.g., water hardness). Investigators often conduct these studies to help 
develop hypotheses for further evaluation with analytical studies. Because ecological studies 
consider exposures and outcomes determined in the aggregate for groups of people, they rely on 
available statistics. Thus, they are relatively inexpensive and easy to conduct. However, the 
observed associations should be viewed with caution (10,11,12,13). Since the health, exposure, 
and demographic measures characterize population groups, inferences from associations observed 
in an ecological study may not necessarily pertain to the individuals within the group, especially 
when outcomes from long-term exposures are studied. Population migration and other 
demographic changes may have occurred, and group exposures (e.g., water quality) and health 
statistics may not be consistent over the relevant study period. For example, migration into the 
study area by older people may increase the mortality rates, but the increase may reflect exposures 
at previous residences. Neither theoretical nor empirical analyses have offered consistent 
guidelines for the interpretation of ecological analyses. However, ecological analyses have a 
distinct advantage because of their statistical power to detect small risks. If information is 
available to adequately assess population characteristics, relevant exposures, and the health 
outcome of interest, these studies can help identify potential problems. This design is especially 
useful for environmental health studies. 

 Many ecological studies have assessed the association between water hardness and 
cardiovascular disease mortality. In these studies, investigators considered the available population 
information about mortality, water exposures, and demographic characteristics. Although many 
studies considered water hardness, some considered calcium and magnesium, the principal 
constituents that contribute to the water hardness. Several community-intervention studies 
evaluated mortality changes associated with water hardness changes. 

 Analytical studies are used to test specific hypotheses, and they can provide a quantitative 
estimate of the relative risk and other information to help scientists assess causality (14). 
Information about disease, exposures, and important behaviours or characteristics is obtained 
from each study participant. Analytical studies can be either longitudinal or cross-sectional (Table 
1). In the cross-sectional study, information about exposure and disease relate to the same time 
period. These studies are most useful for studying diseases with a short latency period. The 
longitudinal study allows a time sequence to be inferred between an exposure and disease. Two 
distinct, opposite approaches are used. The cohort or follow-up study begins with an exposure or 
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characteristic of interest and evaluates disease consequences of the exposure or characteristic. The 
case-control study begins with a disease or health condition of interest and evaluates previous 
exposures of interest and risk factors associated with the disease. Because past exposures are 
studied, a case-control study may be labelled a retrospective study. It is sometimes called a case-
referent or case-comparison study. The case-control study is usually less costly than the cohort 
study, since fewer study participants are required for adequate statistical power. 

 To avoid selection bias in a case-control study, participants should enter the study solely on 
the basis of their disease status, and the investigator should have no knowledge of their exposure 
status. A single disease or health outcome (e.g., cardiovascular mortality) is studied. Persons with 
the disease or outcome are selected from a defined geographical area, hospital(s), clinic(s), or 
even a cohort. A comparison group of persons in which the condition or disease is absent is also 
selected, preferably at random from the same population from which the cases were selected. 
Existing or past attributes and exposures thought to be relevant in the development of the disease 
are determined for all participants, and the frequency of exposure is compared among persons 
with and without the disease. Information about the relevant exposure or behavior is obtained by 
interview or other means. For example, participants may be asked about their smoking habits 
(number of cigarettes smoked per day) or a blood specimen may be collected and analyzed for 
DNA adducts. A residence history is required to determine long-term drinking water exposures. 
Water quality information (e.g., water hardness, magnesium, or calcium levels) can then be 
obtained from water quality records at the appropriate water system. If information about current 
tap water quality is important, a sample can be collected and analyzed. The participant may also 
be questioned about water consumption patterns and other exposures (e.g., dietary calcium and 
magnesium intake). Sometimes, information must be obtained by questioning a spouse or care 
giver. When collecting information from participants or others, it should be recognized that it may 
be difficult to accurately recall exposures or events that occurred many years ago. Investigators 
should ensure that the quality of the information is similar for both cases and controls. 

 An advantage of the cohort study is that more than one health-related outcome or disease 
can be studied. To avoid selection bias, the cohort should be assembled solely on the presence or 
absence of certain characteristics, a specific event, or their exposure status (e.g., water hardness; 
high, moderate, or low levels of calcium or magnesium in drinking water). Morbidity or mortality 
incidence is determined for the diseases of interest, and rates are compared for exposed and 
unexposed groups in the cohort. A cohort can be based on currently-defined exposures or 
historical exposures and followed forward from that point in time. Thus, the approach can be 
prospective, retrospective, or both. For example, if a cohort were established based on known 
drinking water exposures to magnesium from 1980 to the present, 23 years of exposure would 
have already occurred. The analysis could evaluate risks associated with this period of exposure 
or continue to follow the cohort for two or five years and consider 25 or 30 years of exposure. 

 A cohort study can be conducted when a community changes its water treatment practice or 
water source. Either individual- or group- information can be evaluated. Community-intervention 
studies have helped demonstrate the effectiveness of water fluoridation in preventing dental 
caries, and as noted earlier, several studies have evaluated cardiovascular disease associated with 
changes in hardness of a community’s drinking water. An advantage of this type study is that 
water quality is changed at all places where persons may consume water (e.g., home, school, 
work, restaurants) minimizing exposure misclassification bias. However, an important limitation 
to consider is that many years of exposure may be required to effect a change in the disease risk. 
Population demographics, behaviours, and other risk factors may also change during the study 
period and should be taken into account when analyzing the data. Also, the areas may not be 
optimal in terms of desired water quality or population characteristics. 
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III. THE EXPOSURE-DISEASE ASSOCIATION 

 The correlation coefficient (r) frequently reported in ecological studies does not provide 
reliable, quantitative information about the risk or benefit of an observed association. In contrast, 
analytical studies can provide an estimate of the magnitude of the risk or benefit. The basic 
measures are the rate difference (RD) and rate ratio (RR). The RD is a measure of the absolute 
difference between two rates (e.g., incidence rate of cardiovascular disease for the exposed minus 
the incidence rate for the unexposed in a cohort study). The RR is a relative measure of two rates 
(e.g., incidence rate for the exposed divided by the incidence rate for the unexposed in a cohort 
study). The RR is also called the relative risk. A reported RR of unity (1.0) indicates no 
association and no increased risk; any other value signifies either increased or decreased risk. For 
example, a RR of 1.8 indicates an 80 percent increased relative risk of disease; a RR of 0.8 
indicates a decreased risk of 20 percent. Because participants in a case-control study are selected 
according to their disease status, the exposure odds ratio (OR) is determined. The OR is the odds 
or chance of disease among the exposed divided by the odds of disease among the unexposed. 
The OR is essentially equivalent to the RR (14). Another important, but often misunderstood 
measure, is the population attributable risk (PAR). Often computed as a percentage, the PAR 
provides an estimate of the incidence of a disease in a population that is associated with or 
attributed to the exposure or risk factor in question, provided the association is causal (15). A 
PAR computed for water hardness should be cautiously interpreted, since cardiovascular disease 
has many known and suspected risk factors. The individual PARs computed for several potential 
risk factors for a disease may add up to over 100% (14). 

1. Random and Systematic Error 
 The epidemiological association should be evaluated for possible systematic and random 
error (Table 2). The likelihood that an observed association is due to random error is assessed by 
the level of statistical significance ("p" value) or the confidence interval (C.I.). The C.I. is the 
preferred measure because it provides a range of possible values consistent with the risk estimate. 
For example, a reported RR of 1.8 with a 95% C.I. of 1.6-2.0 indicates both a precise and 
statistically significant estimate because the C.I. is narrow and does not include 1.0. A reported 
RR of 2.7 with a C.I. of 0.8-14.5 indicates that the risk estimate is not statistically significant (the 
C.I. includes 1.0) and imprecise (a wide range of values). It should always be remembered that 
random error or chance can never be completely ruled out as the explanation for an observed 
association and that statistical significance does not imply causality, biological significance, or the 
lack of systematic error.  

Table 2. Assessing bias for reported associations 

 Systematic error affects the validity of an observed association and can occur in the design 
or conduct of the study. In either case, it leads to a false or spurious association and a measure of 
risk that departs systematically from the true value. Selection bias occurs when criteria are not 
comparable for enrolling cases and controls or exposed and unexposed persons into the study. 

Lack of Random Error (Precision) Lack of Systematic Error (Validity) 

Study Size and Statistical Power  Misclassification Bias 

 Selection Bias 

 Observation Bias 

 Confounding  
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Observation bias occurs when disease or exposure information is collected differently from 
participants. For example, cases may selectively or differentially recall the exposure (14). 

 The erroneous classification of a study participant's exposure or disease will result in 
misclassification bias. Differential misclassification bias can result in associations that either 
under or over estimate the magnitude of risk. Non-differential misclassification will almost 
always result in not observing an association when one may actually be present, thereby under 
estimating the risk. In environmental epidemiological studies where the magnitude of the 
association is often small, accurate assessment of exposure is critical, as the impact of exposure 
misclassification can be severe. The imprecise estimate of water hardness in many of the 
cardiovascular disease studies presents a potential for misclassification bias. A confounding 
characteristic rather than the suspected cause or exposure may be responsible for all or much of 
the observed association. Confounding does not necessarily result from an error of the 
investigator. It is potentially present in all epidemiological studies and should be considered as a 
possible explanation for any observed association. Cigarette smoking may confound many 
associations.  

 Investigators may control confounding in the study design and assess it during the analysis 
(e.g., regression techniques and stratification). A confounder is a characteristic that can cause or 
prevent the disease and is associated with the exposure being evaluated. Thus, if the suspected 
characteristic (e.g., smoking) can be shown to have no association with exposure (e.g., water 
hardness), the characteristic cannot confound the association that may be observed between the 
exposure and the disease. Confounding can be controlled by using a technique known as matching 
in the design of the study. For example, controls may be selected to have similar characteristics 
(e.g., smoking status) as cases. In this example, all study participants will either be smokers or 
non-smokers. Effect modification refers to a change in the magnitude of the effect of a putative 
cause (14) and should not be confused with confounding. For example, if cardiovascular disease 
risks associated with water hardness differed among smokers and non-smokers, smoking would 
be considered an effect modifier. 

2. Strength of an Association 
 An increased risk of less than 50% (RR=1.0–1.5) or a decreased risk of less than 30% 
(RR=0.7–1.0) is considered by many epidemiologists to be either a weak association or no 
association (Table 3). 

Table 3. Assessing the strength of an epidemiological association * 

Rate Ratio (Increased risk) Rate Ratio (Decreased risk) Strength of Association 

1.0 – 1.2 0.9 – 1.0 None 

1.2 – 1.5 0.7 – 0.9 Weak 

>1.5 < 0.9 Moderate to Strong 

*Adapted from Monson (1990) 

 Based on Monson’s experience (14), it may be difficult to interpret associations with these 
RRs. Confounding can lead to a weak association between exposure and disease, and it is usually 
not possible to identify and adequately measure or control weak confounding characteristics. For 
weak associations, investigators should thoroughly evaluate the possibility that the association is 
affected by uncontrolled confounding. On the other hand, a very large increased or decreased RR 
is unlikely to be completely explained by an unidentified or uncontrolled confounding factor. The 
magnitude of a RR, however, has no bearing on the possibility that an association is due to 
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observation, selection, or misclassification bias. Systematic error, even in studies with a large RR, 
may lead to a spurious association.  

IV. CAUSALITY OF AN ASSOCIATION 

 Epidemiologists have debated how to make causal inferences from observed associations. 
Even though an association is repeatedly observed, investigators may question whether the association 
constitutes an “empirical demonstration that serves as a valid platform for (causal) inference” or 
whether “the process is still steeped in uncertainty” (16). Interpretation of epidemiological results 
should always be made with caution and in the context of all relevant biological information about the 
disease. Epidemiologists generally agree that no single epidemiological study, even one with little 
systematic error, can provide a definitive answer about the exposure and its effect. Results from a 
relatively large number of studies in various geographical areas allow for a more definitive assessment 
of the causality of an association. However, the design, precision, and validity of the individual studies 
must be evaluated before the evidence for causality is considered. Epidemiologists judge the causality 
of an epidemiological association (16,17,18) based on the following guidelines: 

• Temporal Association. Exposure must precede the disease, and in most epidemiological 
studies this can be inferred. In studies where exposure and disease are measured 
simultaneously or exposure is measured after the occurrence of disease, the temporal 
association should be evaluated. 
• Specificity. A supposed cause or exposure leads to a specific disease rather than to a general 
effect or multiple diseases. The presence of specificity argues for causality, but its absence 
should not rule it out. 
• Consistency. Repeated observation of an association under different study conditions 
supports an inference of causality, but its absence should not rule it out. 
• Biological Plausibility. When the association is supported by evidence from clinical 
research or basic sciences (e.g., toxicology, microbiology) about biological mechanisms, an 
inference of causality is strengthened. 
• Strength of Association. As noted earlier, the greater the magnitude of risk or benefit, the 
less likely the association is to be spurious or due to confounding bias. However, a causal 
association should not be ruled out simply because a weak association is observed. 
• Dose-Response Relationship. A causal interpretation is more plausible when an exposure- 
or dose-response gradient is found (e.g., a higher risk is associated with larger exposures). 
• Reversibility. An observed association leads to some preventive action, and removal or 
reduction of the exposure should lead to a reduction of disease or risk of disease. 

  
          Scientific evidence for causality may be sparse and inconsistent, and scientists may offer 
conflicting opinions about causality. When environmental policy makers and regulators are 
confronted with epidemiological associations that suggest the need for action, they should consider the 
uncertainties about causality. Most regulatory actions will require a high level of certainty about the 
causal nature of the association. However, it should also be recognized that effective public health 
actions may be taken even with incomplete knowledge about causality. For example, Dr. John Snow 
in mapping cholera deaths in London more than one hundred and fifty years ago was able to associate 
increased deaths with use of the Broad Street well. This information was considered sufficient to 
remove the pump handle and preventing use of the well. This action was taken well before the 
etiological agent Vibro cholerae was identified and scientists understood the importance of the 
transmission of cholera through water contaminated by human feces. More recently, the mounting 
epidemiological evidence of increased lung cancer risks among smokers prompted public health 
warnings about cigarette smoking in the 1960s long before specific carcinogens were identified.  
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V. WEB OF CAUSATION 

 Many diseases have multiple exposures or risk factors that cause the disease or increase the 
disease risk, and the disease process is often complex. This complexity is evident in an example 
of a conceptual model that might be used to describe the relationship between various exposures 
and risk factors for cardiovascular disease (Figure1). This model, often referred to the web of 
causation, places less emphasis on the role of a single agent (e.g., a water constituent) in favour of 
other factors that may be important in the onset of disease (19). When evaluating the role of water 
hardness in the etiology of cardiovascular disease, it is important to consider how various risk 
factors might affect not only disease but also exposure. In the example provided, a dotted line is 
used to suggest that additional evidence may be warranted for waterborne exposures and how 
these exposures may affect the disease process. 

Figure 1. Example of a disease model for cardiovascular disease* 

*Adapted from Rockett (1994) 

VI. CONCLUSIONS 

Numerous ecological and analytical studies during the past forty-five years have provided 
epidemiological information about health benefits associated with hard water. Results from these 
studies can be evaluated to assess the causality of the association and potential magnitude of the 
benefit. This information can help public health officials make decisions about recommendations 
for adding certain constituents to demineralised and desalinated waters.  
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I. INTRODUCTION 

 Since publication of articles by Kobayashi (1) in 1957 and Schroeder in 1960 (2, 3) and 
1969 (4), numerous epidemiologists throughout the world have studied the inverse (protective) 
association between drinking water hardness and cardiovascular disease mortality. Most 
investigators conducted ecological studies that considered population exposures to hard water and 
mortality statistics. Several community-intervention studies evaluated changes in mortality when 
drinking water hardness was increased or decreased. In more recent years, epidemiologists 
conducted analytical studies in which individual exposures and risk factors were considered.  

Summarized in this chapter is the epidemiological literature published before 1979 and 
conclusions of scientific working groups convened by the National Academy of Sciences (NAS) 
and World Health Organization (WHO) during the 1970s. 

II. SCIENTIFIC REVIEWS BY EXPERT GROUPS 

1. National Academy of Sciences  
 In 1968, 1973, and 1974, the NAS-National Research Council (NRC) Subcommittee on the 
Geochemical Environment in Relation to Health and Disease held workshops to examine ways in 
which the geochemical environment might influence the processes of human health and disease. 
In the first two workshops, participants considered trace elements from natural sources and their 
essentiality. In the third workshop, participants evaluated the geographical distribution of 
diseases, their possible association with environmental trace elements, and sources of exposure. 
The diseases considered were esophageal, stomach, and colorectal cancer; cardiovascular disease 
including hypertension and stroke; and urolithiasis, particularly kidney stones. The report of the 
third workshop (5) acknowledged that “an enormous number of concise data that have been 
gathered together and correlated … show distribution patterns … of the geochemical environment 
that may affect health and disease ….” However, the report also noted that more specific exposure 
data were needed, especially for water constituents and that there are problems relating the health 
and geochemical data.  

 The NAS-NRC Panel on Geochemistry of Water in Relation to Cardiovascular Disease (6) 
also reviewed the epidemiological studies of water hardness and cardiovascular disease reaching 
the following conclusions: 
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• In general, when studies encompass large geographical areas, hard water was correlated 
with low cardiovascular disease mortality rates. This association was not always observed 
when smaller areas were considered or when the study populations were grouped by altitude 
or the proximity of a seacoast. Some non-cardiovascular diseases were also associated 
occasionally with soft water, raising the possibility that water hardness may merely be a 
surrogate for another risk factor(s). 
• Although most studies reported correlation coefficients and not risk estimates as a function 
of exposure, a few studies estimated risk. Upper estimates of the risk ratios for soft compared 
to hard water averaged approximately 1.25 for all cardiovascular diseases and 1.2 for stroke 
and arteriosclerotic and hypertensive diseases. 
• Autopsy studies in Canada and the United Kingdom reported low magnesium levels in 
various tissues (heart, diaphragm, and pectoral muscle) of persons who died from myocardial 
infarction compared to persons who died from accidental causes. Although the data were not 
consistent, similar magnesium deficits were reported in persons from soft compared to hard 
water areas. 
• There may be a water factor associated with cardiovascular disease risk, but this is far from 
certain. The factor is unlikely to be water hardness or softness as such, and its effect may be 
weak in comparison with other known risk factors. One possible mechanism is that enough 
magnesium is present in some hard waters to prevent borderline magnesium deficiencies in 
some persons, thereby reducing their liability to sudden cardiac death as a result of arrhythmia 
following an infarct. 
• Another review of the evidence for an association between water hardness and 
cardiovascular disease was conducted as part of the congressional mandate of the Safe 
Drinking Water Act. In 1980, the NAS-NRC Safe Drinking Water Committee (7) concluded: 
• “Given the current status of knowledge regarding water hardness and the incidence of 
cardiovascular disease, it is not appropriate at this time to recommend a national policy to 
modify the hardness or softness of public water supplies. The data do not indicate clearly 
which (if any) additions to soft water would benefit human health.” 

2. World Health Organization  
 The WHO Working Group on Health Significance of Chemicals Occurring Naturally in 
Drinking Water met in 1978 to consider the relationship between mineral content and 
cardiovascular disease with special reference to demineralized and desalinated water (8). This 
group was one of several convened by WHO to provide information for the possible revision of 
the drinking water guidelines. The Working Group was of the opinion that sufficient 
epidemiological evidence was available to support a protective association between the hardness 
of drinking water (particularly for calcium) and cardiovascular disease mortality but emphasized 
that the association was not consistently reported. Although some investigators failed to find a 
protective association, the Working Group felt that the inconsistent study results did not negate 
the weight of evidence to the contrary. Some scientists thought that the presence or absence of a 
certain substance or substances in drinking water might be directly associated with the differences 
in cardiovascular mortality. Others thought that the association was indirect. That is, the “existing 
epidemiological evidence suggests that the full picture may have an indirect explanation and have 
nothing at all to do with drinking water.” Water quality may only be an indicator of other 
environmental conditions that have a direct effect on heart disease.  
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The Working Group concluded:  

• “A better understanding is required of the true nature of the association between 
cardiovascular mortality and the concentration of calcium and magnesium ions (and other 
components of hardness) in drinking water … Should the relationship eventually prove to be a 
causal one, the benefits that could be derived from modifying the mineral content of drinking 
water would be so considerable that no opportunity should be missed to establish such studies 
as soon as possible … water could be an important source of certain essential substances, 
especially magnesium and calcium. This applies particularly in circumstances where the 
mineral intake from diet alone may be deficient.” 
 

 The Working Group also made several recommendations for demineralized and desalinated 
water including the following: 

• “The use of demineralized and/or desalinated water in a given area should be approached 
cautiously … only after careful study has been made of the total mineral intake of the local 
inhabitants.” 
• “The effects of water demineralization on health should be measured.” 
• “Increased corrosion of pipes should be taken into account when proposals for the use of 
demineralized drinking water are examined.” 

III. SUMMARY OF THE EPIDEMIOLOGICAL STUDIES 

 From 1957 through 1978, more than 60 epidemiological studies of water hardness and 
cardiovascular disease mortality were conducted throughout the world. All were ecological 
studies where mortality statistics and drinking water quality measures were obtained from readily 
available information about the population groups being studied. A number of investigators 
including Punsar (9), Neri et al. (10, 11), Sharrett and Feinleib (12), Sharrett (13) and Comstock 
(14, 15) reviewed these studies and evaluated their findings. A summary of the study results is 
presented here, and readers who wish to obtain a more detailed description of the studies are 
encouraged to read not only the review articles but also the original articles. 

1. Study areas 
 Comstock (14, 15) tabulated the studies primarily by the size of geographical area 
considered. Country-wide studies of water hardness and mortality were conducted in the United 
States, Canada, United Kingdom, Ireland, Sweden, Netherlands, Finland, Italy, Rumania, and the 
Czech Republic. Studies in the United States considered mortality statistics for the periods 1949-
1951 and 1951-1961 in standard metropolitan statistical areas and large municipalities or counties 
(14, 15). Masironi (16) studied mortality after 1961 in 42 of the states. In England and Wales, 
studies considered county boroughs and mortality statistics for the periods 1948-1954, 1958-1964, 
1950-1965, and 1958-1967 (14, 15). In Canada, mortality during 1960-62 was evaluated in 516 
municipalities and nine provinces (10, 11). Studies were also conducted in 33 large Swedish 
towns for 1951-60; 23 cities in the Netherlands for 1958-1962; 21 cities in Finland for 1967; 68 
towns in Italy for 1955-1964; 10 localities in Rumania, and 53 districts of Bohemia and Moravia 
(14, 15). Studies in smaller regions (e.g., counties within a state, a province, or selected cities and 
localities) were also conducted in the United States, Wales, Scotland, Canada, Germany, Japan, 
Australia, Hungary, the Czechoslovakia, and Italy. International comparisons were conducted 
among populations in three Latin American cities, five European and 14 other cities (14, 15).  
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2. Consistency of Study Results 
 An inverse or protective association of water hardness with cardiovascular mortality was 
reported in most, but not all, studies. In studies involving very large geographical areas, there was 
a strong tendency to observe lower cardiovascular mortality with increasing hardness of drinking 
water sources. Inverse associations were frequently not found in studies of small regions or when 
companion communities or counties were compared. For example, in Canada when the country 
was looked at as a whole, an inverse association was found for cardiovascular mortality and 
municipal water hardness levels, but when the same data were analyzed for individual provinces, 
inverse associations were found only in Quebec and Ontario Provinces (10, 11, 14, 15). 
Correlations found in the remaining three provinces suggested increased rather than decreased 
mortality associated with increased hardness. Associations were usually found for both men and 
women but were often statistically significant for only one gender. Few studies considered 
different ethnic groups. When nonwhites were studied in the United States, investigators did not 
find significant inverse associations. 

 Sharrett (13) felt that the observed associations were suspect because they often 
contradicted each other and cautioned that “Specious correlations should be expected in 
geographic studies because the assumption of statistical independence is not met. Cities are not 
independent sampling units. They are clustered into geographic units with similar characteristics 
and mortality rates.” Comstock (14, 15) noted that the lack of consistency in observing an inverse 
association might be due to inadequate analysis, the limited range of water hardness values, and 
random or systematic error. However, he believed that these deficiencies did not account for all 
the failures to observe the inverse association. Instead, he felt that the causality of the association 
might be indirect rather than direct or direct only under certain conditions.  

3. Possible Random and Systematic Error 
 Since the studies are ecological, it is important to evaluate chance, confounding, and 
misclassification bias. This evaluation will affect how the association should be interpreted. In 
addition, water quality was determined for various time periods, and water exposures were 
reported in various ways. Many studies assessed water exposure in terms of hardness units rather 
than as concentrations of individual elements. Although calcium and magnesium ions are the two 
major contributors, all polyvalent cations contribute to what is known as water hardness. A further 
complication is that the water hardness units are defined differently in several countries. 

4. Random error 
 Too many studies reported statistically significant correlations to make chance a likely 
explanation for the observed associations. However, the studies conducted before 1980 might be 
due to systematic error. Limited information is available to adequately interpret the results in this 
regard.  

5. Ecological bias 
 Health, exposure, and demographic statistics in ecological studies characterize population 
groups, and the observed associations may not reflect a casual relationship (i.e., the ecological 
fallacy). The study of group attributes may lead to the observation of a relationship that is merely 
coincidental, and the magnitude and direction of an association at the group level may be quite 
different than the association observed when individuals are studied. The geographical area 
selected for study can also be a source of misclassification bias. When the group is not 
homogeneous with respect to the exposure, the average group exposures will not likely reflect 
individual exposures. The same caution applies for the outcome measures that are studied. 
However, if information is available to adequately characterize population exposures and health 
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outcomes, the ecological study, because of its statistical power, is valuable for assessing the 
health effects that may be associated with environmental exposures such as water hardness or 
other water quality parameters.  

 The success of cardiovascular disease studies in avoiding the ecological fallacy depends 
largely upon selecting areas that are relatively homogeneous in terms of population exposures to 
water hardness, calcium, or magnesium levels. The larger the geographical area, the more broadly 
representative its population and the more stable its death rates, but water supply sources may be 
more heterogeneous (13). Trace element exposure from water can vary considerably among 
individuals within a locality, the exposure assessment may be subject to sampling error (e.g., few 
samples collected for the relevant time period), and laboratory analyses may imprecise. All of these 
factors may contribute to exposure misclassification that can reduce the chance of detecting 
associations or increase the error in the assessment of their importance (13). Few investigators 
addressed the issue of heterogeneity for water exposures, and almost all of the studies classified 
areas by the hardness of finished water at the treatment plant rather than at the tap, and little regard 
was given to the use of home softeners in hard water areas. Not considering the use of home 
softeners might cause misclassification of exposure, since it was estimated in 1970 that the market 
saturation in the United States was 60-70 percent (14, 15). Another potential source of 
misclassification bias is the lack of consideration about water intake. Average daily water 
consumption may vary from area to area, and individuals may consume water not only from the 
home tap but also from other sources including bottled water.  

6. Confounding factors 
  Many human characteristics (e.g., demographic, socio-economic, and cultural) vary with 
geography, and the hardness of water also varies with geography. Thus, the correlation of 
hardness with cardiovascular disease might represent the correlation of some other 
geographically-related characteristic with cardiovascular disease. Water hardness and 
cardiovascular disease each might be associated with another variable or variables that may 
confound the observed association. Few studies considered potential confounders, and it is difficult 
to determine whether the observed associations are due to minerals that make up water hardness, 
other water quality parameters associated with hardness, or other exposures, risk factors, and 
characteristics that are associated with hardness. 

 For example, climatic factors are related to geography. Two studies considered temperature 
in their analysis (14, 15). In the United Kingdom, temperature was found to be more closely 
related to cardiovascular mortality than hardness. In the United States, the most important 
correlate, after adjustment for age and indicators of socioeconomic status, was the comfort index, 
which is based on relative humidity and air temperature; water factors were second in importance. 
In the United Kingdom, two studies found that rainfall was closely related to cardiovascular 
mortality, more so than water hardness. In Canada, a study in Ontario found that latitude and 
mean temperature were more important than water hardness, but a study in Nova Scotia found 
latitude and temperature to be less important.  

 Some studies failed to make adjustments for age, race, and gender; others used broad age 
groups (14, 15). In failing to adjust for age or using broad age groups, the investigator assumes 
there are no important differences within the age range studied, and this assumption may not be 
valid. Few studies considered the possibility that smoking patterns or serum cholesterol may 
differ in hard and soft water areas (14, 15). Smoking patterns did not differ in a study in the 
United States but did in a study in the United Kingdom. In one study, higher serum cholesterol 
levels were found in the soft water area, and in another study, mean cholesterol levels were 
slightly lower in two soft water cities. In a third study, no differences were found among 
populations in hard and soft water areas.  
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 Confounding factors cannot be ruled out as a cause of the associations. Relatively few 
studies considered confounding, and those that did, provided inadequate information to evaluate 
possible confounding. Major confounders can be controlled or assessed in analytical studies, and 
better information about confounding effects should be available from more recently conducted 
studies. 

7. Water constituents associated with hardness or mortality 
  If the observed water hardness-cardiovascular associations are not confounded and not due 
to systematic bias, the question remains as to the water constituent that may be responsible. 
Constituents closely associated with hardness could be the explanation, or other water 
constituents may have their own direct correlation with the mortality rates. Sharrett (13) evaluated 
the composition of hard and soft water in terms of several biologically important elements, 
including calcium, magnesium, chromium, copper, zinc, cadmium, and lead. Voors (17) evaluated 
cadmium and lead as possibly increasing cardiovascular risks and selenium, zinc, and silicon as 
possibly being protective. Both investigators found that the available data were inconsistent and 
evidence inconclusive in regard to identifying any of these water constituents that might be 
associated with either hard water or independently associated with cardiovascular disease. 

 In the United States the hardness of water is just as closely associated with magnesium as 
with calcium levels, and the high correlation of both elements with each other and with hardness 
makes it difficult to attribute the association between hardness and mortality to either calcium or 
magnesium (13). In England and Wales, calcium was highly correlated with hardness but 
magnesium was not. These findings emphasize the importance of measuring specific constituents 
rather than water hardness.  

IV. STRENGTH OF ASSOCIATION 

 The majority of studies considered a correlation coefficient (r) rather than a regression 
coefficient to measure the association. The correlation coefficient is affected much more by 
chance and provides no indication of the magnitude of effect; the regression coefficient is 
primarily affected by variation in the independent variable (10, 14, 15). It is possible to obtain a 
good correlation (i.e., high r value) between cardiovascular mortality and water hardness even 
though the dependent variable (e.g., mortality rate) may change little with change in the 
independent variable (e.g., water hardness).  

 For studies that provided sufficient data, Comstock (14, 15) calculated the relative risk (RR) 
for cardiovascular disease mortality associated with soft water (Table 1). Using information from 
studies in the United States (18), England and Wales (19), Canada (10) and Colorado (20), 
Comstock reported the RR associated with soft water (defined as 0 mg/l hardness) compared to 
hard water (defined as 200 mg/l hardness). The RRs ranged from 1.07 to 1.42 depending upon the 
geographic location. In Colorado, the RRs differed when the geographic areas were grouped by 
altitude or river basin; the larger RR is reported in Table 1. Anderson et al. (21) and Comstock 
(14, 15, 22) reported RRs for studies in Ontario and Maryland. The RRs reported in Table 1 
suggest a weak association (23).  

 Morris et al. (24) found that the mortality rate for all cardiovascular disease in 83 county 
boroughs of England and Wales was 1.20 higher in boroughs where the total hardness of drinking 
water was less than 100 mg/l compared to boroughs where the hardness was 200 mg/l or greater. 
In 53 county boroughs where calcium levels were also reported, increased cardiovascular disease 
mortality (RR=1.30) was found in boroughs where water contained less than 10 mg/l calcium 
compared to boroughs with 100 mg/l or greater calcium (19). Anderson et al. (21) reported an 
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increased mortality risk (RR=1.14) for ischemic heart disease in areas of Ontario with water 
hardness of less than 100 mg/l (expressed in terms of calcium carbonate) compared to areas where 
the hardness was greater than 200 mg/l (Table 1). When these hardness values are expressed in 
terms of calcium levels, the increased risk (RR=1.14) is associated with water calcium levels of 
40 mg/l compared to greater than 80 mg/l. When cities of more than 100,000 people were 
excluded from the analysis, the mortality associated with soft water increased (RR=1.17). In 
Washington County, Maryland, Comstock (14, 15, 22) found that risks differed for men and 
women. In white men, no increased risk of arteriosclerotic heart disease was associated with 
drinking water less than 150 mg/l, but in white women, an increased relative risk was associated 
with water hardness of less than 100 mg/l (Table 1).  

V. EXPOSURE-RESPONSE RELATIONSHIP 

 Comstock (14, 15) concluded that the studies provided no information about either the 
exposure-response relationship or a threshold effect. Since the correlations tended to suggest a 
weak association, an exposure-response effect for water hardness might be difficult to detect in 
the studies. 

VI. SPECIFICITY OF THE ASSOCIATION 

 Most studies reported inverse associations for mortality from arteriosclerotic and 
degenerative heart disease, hypertensive disease, and strokes. However, the results were 
inconsistent as to the disease that was most strongly associated with water hardness. Other causes 
of death, including all causes, were found to be inversely associated with water hardness and 
about as strongly as cardiovascular causes. The other causes of death included cancer, cirrhosis, 
peptic ulcer, infant mortality, and congenital malformations (14, 15). A lack of specificity 
suggests that the association might not be causal, and this concern was best described by Winton 
and McCabe (25): “Dissolved solids [in drinking water] may be important to man but one would 
not expect them to be this important.” 

VII. REVERSIBILITY  

 If the association is causal, the modification or elimination of the suspected cause should 
affect the frequency of the disease in question, and community-intervention studies should be able 
to demonstrate this change. Several studies in the United States and United Kingdom evaluated 
changes in mortality following changes made in water hardness either due to softening or 
replacing a soft surface water source with hard groundwater source (Comstock 1979a, b; 
Crawford et al. 1971). Comstock (1979a, b) found data analysis errors in several studies that had 
reported favourable changes in mortality rates associated with increased water hardness. When the 
errors were corrected, the mortality either remained high or did not decrease among populations 
when the soft water source was replaced with a hard water source. In the United Kingdom, 
Crawford et al. (26) studied mortality in towns where the water became softer (6 towns), harder (5 
towns), or did not change (72 towns). After standardizing for socioeconomic status, death rate 
changes consistent with the hypothesis that hard water is beneficial were observed in 9 of the 11 
towns with water hardness changes. There was a large variability in the mortality rates with 
considerable overlap between the towns where water became softer, harder, or did not change. 
Except for women aged 65-74, the cardiovascular mortality increased least or decreased most in 
the towns where water hardness increased.  
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VIII. BIOLOGICAL PLAUSIBILITY  

 If the association between water hardness and cardiovascular disease were causal, what 
constituent in hard water might be beneficial or what constituent in soft water might be harmful? 
Scientists who reviewed the studies thought the presumed benefit might be due to the presence of 
supplemental quantities of an important nutritional component or presence of a harmful water 
constituent in soft water. Soft waters are corrosive and may contain toxic metals, such as 
cadmium and lead leached from plumbing materials. In addition, some artificially softened water 
may contain high levels of sodium. These were considered as possible harmful constituents. 

 Although in some studies calcium was found to be associated with cardiovascular disease, 
the WHO Working group (8) concluded that this association lacked biological plausibility. 
However, some scientists felt that certain types of cardiac disease might be aggravated by the lack 
of calcium because calcium is required for muscle contractions and had been shown to decrease 
serum lipid levels (7). Little evidence for a protective effect of calcium was available from animal 
and laboratory experiments.  

 The supporting epidemiological evidence available in 1980 for magnesium was weak (7), 
but the role of magnesium was considered biologically plausible and was substantiated by animal 
and laboratory experiments (8). A plausible explanation might focus on a magnesium deficiency. 
Enough magnesium could be present in some hard waters to prevent borderline magnesium 
deficiencies in some persons, thereby reducing their liability to sudden cardiac death. 

IX. CONCLUSIONS 

 The primary value of the studies reported during 1957-1979 was to call attention to the 
possible public health benefits of water hardness and need for additional research. Many, but not 
all, of the epidemiological studies published during 1957 to 1979 reported an inverse association 
between cardiovascular mortality and water hardness. Lower cardiovascular death rates were 
found in populations where the water supply contained relatively high levels of water hardness or 
calcium and magnesium compared to populations in areas with low levels. This protective effect 
was found for populations throughout the world, especially when country-wide studies were 
conducted. Limited information was available about the magnitude of the association or causality. 
Several reviewers estimated that populations who live in soft water areas may have, at best, a 25% 
percent excess cardiovascular disease mortality risk than populations in hard water areas. 

 In 1979 and 1980, scientists generally agreed that the strength of the association was 
relatively weak, the existence of a specific water factor was far from certain, and sufficient 
evidence was lacking to support a causal association. It was also agreed that because the absolute 
effect of hard water or a constituent of hard water in reducing mortality could be substantial, 
studies should be conducted to provide better information about the exposure-response 
relationship, biological plausibility, and causality.  
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Table 1. Relative risks of dying from specified causes associated with soft water compared to 
hard water (adapted from Comstock 1979 b)  

Study area Cause of death Race, 
gender 

Age Hardness 
(mg/l CaCO3) 

Relative risk 
(RR) 

USA  All CVD WM 45-64 0 vs. 200** 1.25 

England, 
Wales 

All CVD WM 45-64 0 vs. 200** 1.19 

Stroke M 35-64 0 vs. 200**  1.15 
Arteriosclerotic 
heart disease 

M 35-64 0 vs. 200** 1.07 
Canada 

Other circulatory M 35-64 0 vs. 200** 1.10 

Hypertensive disease M * 0 vs. 200** 1.30 
Arteriosclerotic 
heart disease 

M * 0 vs. 200** 1.19 

Stroke M * 0 vs. 200** 1.11 

Colorado 
(data grouped 
by river 
basin) 

Other circulatory M * 0 vs. 200** 1.42 

Ontario, 
Canada 

Ischemic heart 
disease 

MF  35-74  <100 vs. >200 1.14 

Arteriosclerotic 
heart disease 

WF 45-64 <100 vs. >150 1.47 Washington 
County, MD 

Arteriosclerotic 
heart disease 

WM 45-64 <150 vs. >150 0.75 

CVD= cardiovascular disease; M=male; F=female; W=white 
*age-adjusted 
**hardness units as reported by Comstock (1979 b) in his calculation of RR 
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I. INTRODUCTION  

 Cardiovascular diseases (CVDs) are among the main causes of mortality and morbidity in 
the industrialised countries and their main risk factors are hypertension, dyslipidemia, smoking, 
alcohol abuse, dietary habits and physical inactivity (1, 2). However, these classic factors do not 
entirely explain the variability of CVD mortality in different countries. In order to better 
understand the determinants of CVD, particular attention has been paid to environmental factors, 
such as weather, air pollution or the mineral content of drinking water (DW). Since the 1950s a 
causal relation between DW hardness and some CVDs has been hypothesized. The relationship 
between cardiovascular mortality and the mineral content of DW was first described by 
Kobayashi (3) in Japan and by Schroeder (4) in the United States. Since then, many 
epidemiological studies have been conducted worldwide, most of them describing a protective 
relationship between CVD mortality rates and DW hardness. The first series of studies were 
performed in the 1960s and 1970s. As noted in the previous chapter by Calderon and Craun, most 
studies had an ecological design and used mortality data from national registers; geographical 
areas were defined on the basis of administrative boundaries as units of analysis. 

 Critical reviews of these early studies emphasized that these studies had a major weakness. 
Because they considered average values of DW parameters, such as total hardness, calcium (Ca), 
or magnesium (Mg), exposures were likely subject to non-differential misclassification bias. 
Moreover, the temporal sequence of exposure and supposed effect (i.e., exposure to the DW risk 
factor precedes CVD mortality) was not always verified. In fact, the mineral content of DW was 
often determined at the time of the study and thus, may not represent the quality of the water the 
subjects had ingested during their lives. However, it should be pointed out that DW hardness is 
usually quite stable in time and that the health effects related to Ca and Mg concentrations may be 
both long- and short-term. Moreover, the main risk factors for CVD, which may confound the 
relationship between DW hardness and CVD mortality, had often not been taken into account in 
the analysis. More recently, several ecological studies were performed with more attention paid to 
exposure assessment and confounding factors. Epidemiological studies performed with a cohort 
design or with a case-control design were also carried out, but these studies are less numerous 
than the ecological studies even though they offer a greater potential for understanding the 
relationship between DW hardness and CVD mortality.  

 The hypothesized beneficial effect of DW hardness on CVD mortality may be due to: (1) 
the higher intake of Ca and/or Mg itself; (2) the protective effect of other trace elements possibly 
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present in hard water (e.g., selenium, lithium, silicon, zinc, vanadium); (3) the reduced adverse 
effect of toxics such as lead, which may be present at a higher concentration in soft, low pH 
corrosive water (5-7). In fact, the presence of lead, even at low blood levels, has long been 
associated with hypertension and also with stroke (8, 9). In this review, we evaluated 
epidemiological studies on this issue published since 1979.  

II. METHODS  

 In order to evaluate the cardiovascular effects of Ca and Mg, the principal minerals 
responsible for the hardness of DW, we collected articles published from 1979 through 2003. First 
we retrieved from the Medline database all articles using the keywords (Mesh terms) “hardness” 
or “calcium” or “magnesium” or “drinking water” and “human health”. Secondly, we selected 
articles of interest from the first list by examining the abstracts. Thirdly, we checked the 
references of the articles retrieved to find other papers of interest. We did not attempt to retrieve 
unpublished research. An additional paper available on-line in February 2004 (10) was retrieved 
when preparing the final version of this chapter. 

 Since studies published before 1979 have already been evaluated (11, 12), we excluded 
them from our review. Other exclusion criteria were: articles written in languages other than 
English; experimental studies on animals; studies on dietary intake of Ca or Mg; studies not 
reporting quantitative measures of associations between water hardness (or Ca/Mg concentration 
in DW) and human diseases.The articles were divided into the following categories: geographic 
correlation (ecological), case-control and cohort studies. After a critical review of these studies, 
we reached conclusions about the possible beneficial effects of water hardness, Ca, and Mg on the 
basis of the overall findings. We did not, however, perform a formal meta-analysis due to the 
heterogeneity of measures of effect and of exposure levels (Ca and Mg concentration in DW) in 
the studies reviewed. Although we did not include physiological, pathophysiological or 
experimental in-vitro or in-vivo studies, we considered this research in interpreting the results of 
the epidemiological studies. 

III. RESULTS 

1. Geographic Correlation Studies 
 Nineteen correlation studies were reviewed (Table 1). Some of them took into account 
potential confounders such as socio-economic status, income or climate (13-17), but only two of 
the 19 studies considered some of the major CVD risk factors in the populations that were 
compared (18, 19). Significant inverse correlations between water hardness and CVD mortality 
were found in 10 studies (10, 13, 15, 20-26). Lacey and Shaper (21) reported in males a 7.5% 
reduction of CVD mortality for 100 mg/L increased water hardness (as CaCO3), and Yang et al. 
(15) reported a 10% increase in the risk of ischemic heart disease (IHD) mortality in persons with 
<75 mg/L hardness compared to persons with >150 mg/L hardness (as CaCO3). Kousa et al. (10) 
reported that one unit in German degrees of water hardness decreased the risk of acute myocardial 
infarction (AMI) by 1%. The remaining eight studies reported a correlation coefficient (r). In the 
studies where Ca and Mg were evaluated separately, similar associations with CVD mortality 
were found for each of these minerals. 

 Although positive correlations were found between Mg concentration and both IHD and 
stroke mortality rates in the study by Flaten and Bolviken (27) in Norway, virtually all the 
municipalities investigated have soft water, and the findings may not have relevance to hard 
water. Six studies found either a very small or no association (14, 16, 17, 28-30). The study by 
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Zielhuis and Haring (30) considered various data sets; the most recent data were collected in 30 
municipalities with >40,000 inhabitants and where there was no change in water hardness over 
the previous 20-30 years. Although an inverse correlation was found for stroke and IHD mortality 
rates in 1977 and Ca and Mg in water, the reported correlation coefficient was very small and not 
statistically significant.  

 The most informative of the correlation studies were carried out by Nerbrand et al. (18, 19) 
in Sweden. In the first study Nerbrand et al. found significant inverse associations for both IHD 
and stroke mortality. However, they further investigated 14,675 randomly selected subjects in the 
study areas using a postal questionnaire, and they found that water hardness and Ca were 
significantly associated with non-fatal IHD when the effects of the traditional risk factors were 
taken with account by multiple logistic regression analysis. Nerbrand et al. (19) conducted an 
additional investigation comparing a sample of 207 subjects from two municipalities, one with 
hard DW (Ca=66 mg/L and Mg=4.1 mg/L) and the other with soft DW (Ca=8.8 mg/L and 
Mg=0.74 mg/L). Although this study found increased mortality for CVD, and IHD in the soft 
water municipality, the study found no difference between the two populations in Ca and Mg 
level in the subjects' serum and urine, and no correlation between Ca or Mg concentrations in 
household water samples and the corresponding serum and urine levels in the subjects 
investigated. These findings suggest a lack of association between Ca or Mg in DW and CVD and 
IHD mortality when using individual- rather than population-based data, and their significance 
will be discussed later. 

2. Case-control Studies 
 Seven case-control studies were included in our review. These studies investigated the 
association of Ca and Mg concentration with CVD mortality in Sweden, Taiwan, and Finland 
(Table 2). All found an inverse association between Mg levels in DW and mortality risks for 
AMI, stroke, or hypertension (HT); only one study found an inverse association with Ca (31-36).  

 In areas with DW Mg levels greater than 6.8 mg/L, Rubenowitz et al. (32) reported a 
statistically significant decreased risk of death due to AMI among men. Luoma et al. (31) 
observed that the AMI mortality risk increased among men as DW Mg levels decreased from 
greater than 3 mg/L to less than 1.2 mg/L, however, the increased risks were not statistically 
significant. Yang (33), Yang and Chiu (34) reported a statistically significant decreased risk of 
death due to stroke among men and women that was associated with Mg levels greater than 7.3 
mg/L and a large, but statistically non-significant, decreased risk of death due to hypertension that 
was associated with increasing Mg levels greater than 3.8 mg/L. Rubenowitz et al. (35) found a 
statistically significant decreased risk of death due to AMI among women in areas with Mg levels 
greater than 9.8 mg/L, and in areas with Ca levels greater than 70 mg/L.  

 In only one of the seven studies did the investigators adjust the estimates of association for 
the major CVD risk factors measured at the individual level (36). In this study, a relatively large, 
but statistically non-significant, decreased risk for death due to AMI was found for both men and 
women aged 50-74 in areas with the highest quartile of Mg in DW. The same study also 
investigated the risk of AMI among subjects who were still alive (AMI survivors) by collecting 
individual data on exposure (Ca and Mg concentration in household water) and on major risk 
factors for the disease. No association was found between Ca or Mg levels and the prevalence of 
AMI among the AMI survivors.  

 Rosenlund et al. (37) studied the association between AMI risk and the average daily intake 
of drinking water constituents in a sub-set from a large Swedish population-based case-control 
study in the period 1992-1994. After adjustment for the matching variables and confounders, the 
odds ratio for AMI was 0.88 among those with a Mg intake from their drinking water above 1.86 
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mg per day. Although this odds ratio suggested a protective effect, analyses using multiple 
categories of exposure showed no exposure-response relationship. The odds ratios for hardness, 
sodium and Ca were also slightly less than one, but as was found for Mg, the odds ratios were not 
statistically significant and there was no exposure-response relationship.  

3. Cohort Studies 
 We identified two cohort studies. One of them, conducted in two rural areas in Finland (38), 
found that populations residing in the area with lower Mg levels in DW (3.1 mg/L vs. 13.1 mg/L) 
had a proportionally higher mortality from CVD (14.7% vs. 8.7%). The other study, performed in 
the Washington County, Maryland, found no association between water hardness and CVD 
mortality (39). Neither study took into account measures of common CVD risk factors. 

IV. DISCUSSION  

 Many, but not all, of the geographic correlation studies showed an inverse association 
between water hardness and mortality from CVD. Most case-control studies and one cohort study 
showed a statistically significant inverse relation between mortality from CVD and water levels of 
Mg, but not Ca levels. The two elements act differently in human cells and may play different 
roles in CVD development and evolution. The roles of Ca and Mg in DW as they may affect CVD 
will, therefore, be discussed separately. 

1. Total hardness, calcium concentrations and CVD 
 Since Ca is the main element responsible for total water hardness, the results of studies that 
considered water hardness may be interpreted as concerning Ca as well. The majority of 
epidemiological studies on water hardness and CVD carried out so far have provided somewhat 
controversial results. Of the 19 geographical studies published since 1979 and included in the 
present review, 10 found a significant association, but the only two geographical studies which 
took into account the distribution of the main CVD risk factors (18, 19), both from Sweden, 
reported no association when individuals were considered. Of the 6 case-control studies that 
specifically considered Ca, only one (35) found a statistically significant protective effect of high 
Ca levels (>70 mg/L) in DW, but no exposure-response relationship was observed. An alternative 
explanation for the inverse association found between water hardness and CVD may be that hard 
water protects against the toxic effects of lead. Soft water is more aggressive and, therefore, richer 
in lead which may be present in plumbing materials. 

 One question is the possible role of Ca in the development and control of primary 
“essential” hypertension in humans (40). Some animal data and observational studies in humans 
support the hypothesis that Ca supplementation can reduce blood pressure. However, a recent 
meta-analysis of 42 randomised controlled trials on the influence of dietary and non-dietary Ca 
supplementation on blood pressure shows only a small, clinically modest, reduction in both 
systolic (mean reduction: - 1.44 mm Hg) and diastolic (mean reduction: - 0.84 mm Hg) blood 
pressure (41). These findings support present recommendations of an adequate dietary intake of 
Ca. The use of Ca supplements to prevent or treat hypertension is not, however, supported by 
current evidence.  

2. Magnesium concentrations and CVD 
 Mg participates in many different biological functions, ranging from structural roles by 
complexing negatively charged groups, i.e. phosphates in nucleic acids, catalytic roles in enzyme 
activation or inhibition, and regulatory roles by modulating cell proliferation, to cell cycle 
progression and differentiation (42). Mg deficiency accelerates the development of atherosclerosis 
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and the induction of thrombocyte aggregation, therefore, it is described as a risk factor for AMI 
and for cerebrovascular disease (43, 44). Mg is known to be a protective agent against soft tissue 
calcification (particularly for myocytes), and its role in AMI has been well documented (5, 45).  

 The results of epidemiological studies on the possible association between Mg in DW and 
CVD are persuasive, although some discrepancies have been noted. Many, but not all, of the 
geographical correlation, cohort and case-control studies show that a high Mg water concentration 
protects against CVD and stroke mortality. Some studies found an exposure-response 
relationship. However, the only study investigating both CVD incidence and mortality (36) found 
that a high Mg concentration in DW reduced the risk of dying from, but not of developing, CVD, 
when taking the main CHD risk factors into account. These findings suggest that Mg may reduce 
the fatality from CHD among those who develop the disease (secondary prevention) rather than 
prevent the onset of the disease (primary prevention). Accordingly, a cohort study showed that 
serum Mg concentration was inversely associated with CHD mortality but not with incidence 
(46), and clinical data show that Mg is useful in treating patients with myocardial infarction and 
other acute CVDs (47). Furthermore, oral Mg therapy in CHD patients has been shown to have 
beneficial effects on the outcome (48, 49). 

 The role of minerals such as sodium, Ca and Mg in the development of human hypertension 
has been investigated widely since the first geographical studies showing a lower incidence of the 
disease in populations with a diet poor in sodium yet rich in Ca and Mg. Physiological and 
pathophysiological studies support the role of Mg in hypertension development (50). The 
protective role of Mg in reducing the incidence of hypertension has been reported in many 
observational studies (50). A recent prospective cohort study found a lower risk of hypertension 
in subjects with high Mg serum concentration among people free of the diseases at baseline (51). 
Interestingly, well-designed randomized controlled trials have shown that a diet rich in 
vegetables, fruit and whole grains, therefore, richer in Mg than common western diets, reduced 
blood pressure significantly (52, 53). However, taking Ca or Mg supplements did not reduce 
blood pressure in either normotensive or hypertensive subjects (54-56). In fact, the current 
recommendations of the US Joint National Committee on the Prevention, Detection, Evaluation 
and Treatment of High Blood Pressure (57) are in favour of a regular dietary intake of Ca and Mg, 
but against taking more than the recommended dose of these mineral supplements.  

 Indirect evidence of the protective effects of Mg against CVD comes from several dietary 
preventive trials showing that a diet rich in vegetables, fruit and whole grains (“Oriental” diet) 
significantly reduces CVD incidence compared to the usual US diet (“American” diet) (58, 59). 
The Oriental diet is richer in Ca and Mg compared to western diets. However, it is also rich in 
many other putative factors protecting against CVD, such as vitamins, cofactors, anti-oxidants, 
polyunsatured fats and selenium. Despite suggesting an association, these trials provide no 
conclusive evidence that Ca or Mg intake reduces the risk of CVD.  

 Various experimental studies carried out on animals support the hypothesis of a cause-effect 
relationship between Mg content in drinking water and ischemic heart disease. Experimentally-
induced Mg deficiency changes the blood lipid composition in a more atherogenic direction (60, 
61). It has recently been observed that Mg-fortified water reduced atherogenesis in low-density 
lipoprotein (LDL) receptor-deficient mice with respect to those receiving distilled water, with and 
without a high-cholesterol diet (62-64). Likewise, Mg supplementation in DW inhibited 
atherogenesis in apolipoprotein-E-deficient mice not receiving a high-fat diet; Mg 
supplementation in DW significantly inhibited atherogenesis in female but not in male mice (65). 

 Another issue of interest is the relationship between biological measures of Ca and Mg 
concentration in extracellular and intracellular body compartments and CVD development. Some 
recent cross-sectional (66, 67), case-control (68) and cohort studies (46, 69) showed that subjects 
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with low Mg serum levels have an increased risk of CHD compared to people with high levels, 
when also considering all the major risk factors for the disease as possible confounders.  

 A controversial point is the relevance of Mg intake by water compared to diet. Although 
food is usually the main source of Mg, modern western diets often contain very little of this 
mineral. Marx and Neutra (7) pointed out the apparent paradox that waterborne Mg, which 
contributes less than dietary Mg to total intake, may have as great an effect (relative risks of 1.5-
2.0) on CVD mortality as that observed in some studies of other risk factors. Marx and Neutra 
criticised the methods of previous studies and noted that the studies are not supported by 
pharmacokinetic data. They also emphasized that confounding by other waterborne or dietary 
factors associated with Mg is the most serious concern and argued that further, more valid studies 
using personal data would be needed to clarify the issue once and for all. Nevertheless, it has been 
shown that the daily intake of Mg in industrialized countries does not reach the current 
recommended daily allowance in many subjects and therefore marginal Mg deficiencies are 
common. An extensive national sample survey among US adults showed that about 23% have Mg 
serum concentrations <0.80 mmol/L, a level considered as hypomagnesemia (46). Mg intake 
through DW may be important in these populations because of the higher bioavailability of the 
mineral in DW than in food. It has been pointed out that 2 litres of water rich in Mg (40 mg/L) 
will provide 80 mg of Mg, which is about 25% of an adult’s total requirement (18). 

3. Interpreting the epidemiological evidence 
 The strengths and limitations of epidemiology for investigating the causes of human 
diseases are well known. Weak associations, especially those regarding environmental factors, are 
difficult to interpret and require a number of well-designed investigations, with precise measures 
of both the factor under study and the possible confounders and effect modifiers at an individual 
level. There is as yet no conclusive evidence of the relationship between DW hardness and CVD, 
mainly because the numerous epidemiological studies carried out thus far do not satisfy the 
criteria for establishing causality. The main drawbacks of these studies are the lack of exposure 
data at an individual level, with the risk of exposure misclassification, and the lack of control of 
confounders, including the recognized risk factors for CVD. Although the epidemiological study 
results may be confounded, it should be remembered that a risk factor for a disease is a 
confounder if it is associated with exposure under investigation (70). Major CVD risk factors such 
as serum cholesterol, hypertension, diabetes mellitus, cigarette smoking, obesity and physical 
exercise may confound the relationship between water hardness and CVD mortality only if they 
are associated with soft DW. However, there is no reason to believe that major CVD risk factors 
are usually associated with low Ca or Mg concentration in DW. It, therefore, seems unlikely that 
confounding alone can explain the associations found in several geographical and case-control 
studies carried out in different populations and at different times. The role of chance in finding an 
association should be excluded as well, since numerous studies reported an association, whereas 
only 5% would expect to find a significant association by chance alone.  

 A study performed in two areas at substantially different levels of DW hardness provides a 
good example of how a geographical correlation study can produce invalid results (19). The study 
investigated two communities, one in the west and the other in the east of Sweden, with substantial 
differences in both DW hardness concentration and CVD mortality rates: the population with the 
lower DW hardness (west) had about double the mortality rate of the other population (east). 
However, the authors also collected individual data from 207 subjects, randomly sampled from the 
two populations (approximately 100 from each), including the following: Ca and Mg measurement 
in a sample of tap water from the subject's household; total dietary intake of Ca and Mg, determined 
by means of a questionnaire; serum and urine Ca concentration, and serum, urine and muscle Mg 
concentration; serum levels of LDL and HDL cholesterol, triglycerides and other risk factors for 
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CVD. Total Ca and Mg intakes were found to be higher in the population drinking softer water due 
to a higher intake of food rich in these minerals. However, there was no difference between the two 
populations in mean serum or urine levels of Ca and Mg. No correlation was found between Ca and 
Mg levels in DW and the mean values in serum or urine. Of the investigated risk factors for CVD, 
the LDL:HDL cholesterol ratio was higher in the west than in the east population, possibly 
explaining the higher mortality rates for CVD in the former. The research by Nerbrand et al. does 
not show a direct correlation between Ca and Mg in DW and CVD and IHD mortality at an 
individual level, in spite of an apparent geographical correlation. These findings are consistent with 
those from another study showing that a large part of the geographical variation observed in CHD 
incidence in British towns was reduced after adjustment for the main risk factors (71). At least 80% 
of major CHD events in middle-aged men can be attributed to the three highest risk factors, i.e. 
serum total cholesterol, cigarette smoking and blood pressure, as recently estimated (72). It follows 
that the contribution of other risk factors, including environmental ones, in CHD incidence or 
mortality is necessarily modest.  

 Should the association between DW Ca or Mg concentration and CVD be true, why have 
some studies not found an association. The possible reasons include:  

• 1.) the relatively small differences between the areas compared. For instance, only one of 
the 5 rate-based studies considered in the review by Marx and Neutra (7) compared 
populations with substantial differences in Mg concentration in DW (Figure 2 in reference 7);  
• 2.) the dilution of the effect due to heterogeneity of exposure among individuals in the same 
population, caused by substantial differences in water and food consumption;  
• 3.) the relatively weak strength of the association. 

V. CONCLUSIONS 

 There is little evidence that supports an association between water hardness or Ca 
concentration in DW and CVD. However, the available information from experimental, clinical 
and epidemiological studies supports the hypothesis that a lower than recommended intake of Mg 
is a condition that increases the risk of dying from, and possibly developing, CVD, stroke or 
hypertension. Similar conclusions about the benefits of Mg in water have been reached by others 
(43, 44, 73, 74). Although some scientists may argue that additional information is needed to 
establish causality, the following information strongly supports the conclusions reached : 

• In-vitro studies show that exposure of endothelial cells to low Mg causes some of the events 
involved in the pathogenesis of atherosclerosis; 
• Animal studies show that a low-Mg diet causes inflammation and high serum cholesterol 
levels, particularly LDL cholesterol, thus favouring atherosclerosis development, and 
conversely that high Mg intake protects against the atherosclerotic effects of oxidative stress 
and hypercholesterolemia-inducing diets; 
• In patients with CHD, Mg in pharmacological doses has been shown to reduce endothelial 
lesions and is a useful anti-ischemic and anti-arrhythmic agent; 
• Most correlation studies show a high mortality for CVD and stroke in populations with low 
Mg concentration in DW, and vice-versa; 
• Some cross-sectional and cohort studies show that people with low serum Mg levels are at a 
higher risk of hypertension, CHD and stroke; 
• Dietary trials show that a diet rich in vegetables and fruit, i.e. rich in Mg, reduces the risk of 
CVD.  
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Table 1. Geographic correlation studies on the relationship between cardiovascular diseases or stroke and hardness and/or calcium/magnesium 
concentration of drinking water. 

Authors, year of 
publication 

Country, area and 
population 

Period Drinking water 
parameters 

CVD or stroke mortality Results 

Total hardness 
 

Mortality for:  - IHD 
 - Stroke 

M & F: r= +0.28 
M & F: r= - 0.07 

Ca concentration Mortality for:  -IHD 
 - Stroke 

M & F: r= +0.37 
M & F: r= - 0.05 

Scassellati-Sforzolini et al., 
1979 (28) 

Italy, Umbria Region,  
12 municipalities, 

1967-1976 

Mg concentration Mortality for: - IHD 
 - Stroke 

M & F: r= - 0.26 
M & F: r= - 0.28 

Masironi et al., 1979 (20) Europe, 17 towns, 
45-64 years 

1974 Total hardness AMI incidence  M & F: r= - 0.46 

Pocock et al., 1980 (13) Great Britain, 
253 municipalities, 
35-74 years 

1969-1973 Total hardness Mortality for CVD M & F: r= - 0.67 

Ca concentration Mortality for: - IHD 
 - Stroke 

M: r= - 0.01 F: r= - 0.11 
M: r= - 0.14 F: r= - 0.12 

Zielhuis and Haring, 
1981(30) 

The Netherlands, 
30 communities 

1977 

Mg concentration Mortality for: - IHD 
 - Stroke 

M: r= - 0.19 F: r= - 0.10 
M: r= - 0.02 F: r= - 0.07 

Leary et al., 1983 (23) South Africa, 
12 districts 

1978-1982 Mg concentration Mortality for IHD M: r = - 0.68 
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Lacey and Shaper, 1984 
(21) 

England and Wales, 
14 areas, 45-74 years 

1968-1972 Total hardness Mortality for CVD Males: 7.5% reduction of 
mortality for 100 mg/L increase 
of hardness* 

Leoni et al., 1985 (22) Italy, Abruzzo Region 1969-1978 Total hardness Mortality for: - CVD 
 - IHD 
 - Stroke 

M & F: r= - 0.55** 
M & F: r= - 0.59* 
M & F: r= - 0.24 

Smith and Crombie, 1987 
(29) 

Scotland, 
56 districts 

1979-1983 Total hardness Mortality for IHD M: r= -0.17 

Total hardness Mortality for: - IHD 
 - Stroke 

M: r= - 0.60 F: r= - 0.37 
M: r= - 0.48 F: r= - 0.45 

Ca concentration Mortality for: - IHD 
 - Stroke 

M: r= - 0.47 F: r= - 0.41 
M: r= - 0.52 F: r= - 0.32 

Rylander et al., 1991 (6) Sweden, 
27 municipalities 

1969-1978 

Mg concentration Mortality for: - IHD 
 - Stroke 

M: r= - 0.62 F: r= - 0.45 
M: r= - 0.16 F: r= - 0.49 

Total hardness Mortality for AMI Gyllerup et al., 1991 (14) Sweden, 
259 municipalities, 
(males only) 40-64 years 

1975-1984 

Mg concentration Mortality for AMI 

Inverse association, with lower 
relevance after adjusting for 
cold climate 

Ca concentration Mortality for: - IHD 
 - Stroke 

NR 
NR 

Flaten and Bolviken, 1991 
(27) 

Norway, 
97 municipalities 

1974-1983 

Mg concentration Mortality for: - IHD 
 - Stroke 

M: r= +0.33*** F: r= +0.23* 
M: r= +0.22** F: r= +0.35** 

 Country, area and Period Drinking water CVD or stroke mortality Results 
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Authors, year of 
publication 

population parameters 

Total hardness Mortality for: - IHD 
 - Stroke 

M*** F* 
M*** F*** 

Ca concentration Mortality for: - IHD 
 - Stroke 

M** F*** 
M F*** 

Nerbrand et al., 1992 (19) Sweden,  
76 municipalities,  
males and females 

1969-1983 

Mg concentration Mortality for: - IHD 
 - Stroke 

M F 
M F 

Total hardnessa RR (95% CI) 

<75 mg/L 1.096 (1.084-1.108)* 

75-150 mg/L 1.045 (1.032-1.058)* 

Yang et al., 1996 (15) Taiwan, 
227 municipalities 

1981-1990 

>150 mg/L 

Mortality for IHD 

Reference 

 RR (95% CI) for 4-fold increase 
of Ca and Mg concentration in 
drinking water: 

Ca concentration Ca: 0.99 (0.94-1.05) 

Maheswaran et al., 1999  
(17) 

England, 
305 areas, 
(>45 years) 

1990-1992 

Mg concentration 

Mortality for AMI 

Mg: 1.01 (0.96-1.06) 

Sauvant and Pepin, 2000 
(25) 

France, Puy de Dôme 
Department, 
52 districts 

1988-1992 Total hardness Mortality for: - IHD 
 - Stroke  
  -CVD 

M: r = -0.33 F: r = -0.18 
M: r = -0.32 F: r = -0.34 
M: r = -0.34 F: r = -0.37 
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Ca concentration Mortality for: 
 
 - CVD 
 - IHD 
 - Stroke 

RR (95% CI) for highest vs 
lowest tertile: 
 0.90 (0.84-0.96)** 
 0.90 (0.84-0.97)** 
 0.86 (0.77-0.96)* 

Marque et al., 2003 (26) France South-West,  
69 areas (>65 years) 

1990-1996 

Mg concentration Mortality for: 
 
 - CVD 
 - IHD 
 - Stroke 

RR (95% CI) for highest vs 
lowest tertile: 
 0.93 (0.86-1.01) 
 0.96 (0.87-1.05) 
 0.92 (0.80-1.06) 

West 
(Ca : 8.8 mg/L,  
Mg: 0.74 mg/L) 

Mortality for §: 
 - IHD 
 - CVD 

Mortality rates: 
M: 21/1000 F: 5/1000 
M: 31/1000 F: 11/1000 

East 
(Ca : 66 mg/L,  
Mg: 4.1 mg/L) 

Mortality for §: 
 - IHD 
 - CVD 

Mortality rates: 
M: 10/1000 F: 2/1000 
M: 20/1000 F: 6/1000 

Nerbrand et al., 2003 (18) Sweden, 
2 municipalities in the 
West and East 

1989-1998 

  RR (West /East) for: 
IHD=M: 2.03 F: 2.56 
CVD=M: 1.56 F: 1.71 

Total hardnessa RR (95% CI) 

<46.5 mg/L  Reference 

46.5-51.9 mg/L  0.97 (0.91-1.03) 

Miyake and Iki, 2003 (16) Japan, 
44 municipalities 

1995 

>51.9 mg/L 

Mortality for Stroke 

 0.93 (0.84-1.02) 

 Country, area and Period Drinking water CVD or stroke mortality Results 
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Authors, year of 
publication 

population parameters 

Total hardnessa Rates per 100,000: 

<30.6 mg/L  562.1 

30.6-93.08 mg/L  469.5 

Kousa et al., 2004 (10) Finland, whole country 
(males, 35-74 years) 

1983, 1988 
and 1993 

>93.08 mg/L 

Incidence of AMI 

 437.6 
aTotal hardness in mg/L of CaCO3. 
IHD = ischaemic heart diseases; AMI = acute myocardial infarction; CVD = cardiovascular diseases; NR = not reported; RR = relative risk; 
CI = confidence interval; M = males; F = females; r = correlation coefficient. 
* p<0.05; ** p< 0.01; *** p<0.001; if no * shown, p>0.05. 
§ Study of 207 inhabitants found positive association for Ca and systolic blood pressure; inverse association for Ca in DW and LDL and total 
cholesterol; no association for Mg and major CVD risk factors. 
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Table 2. Case-control studies on the relationship between cardiovascular diseases (CVD) and hardness and/or calcium/magnesium concentrations 
of drinking water. 

Authors, years of 
publication 

Country 
and area 

Population Age 
(years) 

Drinking water 
parameters 

Odds ratio (OR) (95% CI) 

 Hospital controls Population controls 

Ca concentration   

 <16 mg/L  0.73 (0.22-1.99)  0.56 (0.25-1.28) 

 16-18 mg/L  0.77 (0.30-1.91)  1.07 (0.48- 2.42) 

 19-20 mg/L  0.91 (0.35-2.36)  1.64 (0.73-3.85) 

 >20 mg/L  Reference  Reference 

Mg concentration   

 <1.2 mg/L  2.00 (0.69-6.52)  4.67 (1.30-25.32)* 

 1.2-1.5 mg/L  1.11 (0.41-3.10)  2.29 (0.88-6.58) 

 1.6-3.0 mg/L  1.00 (0.36-3.08)  1.63 (0.62-4.52) 

Luoma et al., 1983 (31) Finland 58 males with AMI,alive 
or dead (cases) 

58 males (hospital 
controls) 

50 males (population 
controls) 

37-64 

 >3.0 mg/L  Reference  Reference 

Ca concentration OR age-adjusted: 

 <34 mg/L  Reference 

 34-45 mg/L  0.88 (0.65-1.19) 

 46-81 mg/L  0.84 (0.64-1.10) 

Rubenowitz et al., 
1996 (32) 

Southern 
Sweden,17 
municipalities 

854 males dead for AMI 
(cases) 

989 males dead for cancer 
(controls) 

50-69 

 ≥82 mg/L  1.06 (0.82-1.38) 

    Mg concentration OR age-adjusted: 
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 <3.6 mg/L  Reference 

 3.6-6.8 mg/L  0.88 (0.66-1.16) 

 6.9-9.7 mg/L  0.70 (0.53-0.93)* 

 ≥9.8 mg/L  0.65 (0.50-0.84)* 

Ca concentration OR adjusted for age and sex: 

 <24.4 mg/L  Reference 

 24.4-42.3 mg/L  1.5 (0.99-1.11) 

 42.4-81.0 mg/L  0.95 (0.88-1.01) 

Mg concentration OR adjusted for age and sex: 

 <7.3 mg/L  Reference 

 7.4-13.4 mg/L  0.75 (0.65-0.85)* 

Yang, 1998 (33) Taiwan,  
252 
municipalities 

17,133 males and females 
dead for stroke (cases)  

17,133 males and females 
dead for other causes, 
excluding CVD (controls) 

50-69 

 13.5-41.3 mg/L  0.60 (0.52-0.70)* 
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Authors, years of 
publication 

Country 
and area 

Population Age 
(years) 

Drinking water 
parameters 

Odds ratio (OR) (95% CI) 

Ca concentration OR adjusted for age, sex, urbanization and Mg: 

 4.0-11.3 mg/L  Reference 

 11.4-30.0 mg/L  1.23 (0.94-1.62) 

 30.1-37.7 mg/L  1.32 (0.98-1.78) 

 37.8-53.4 mg/L  1.12 (0.83-1.51) 

 53.5-81.0 mg/L  1.26 (0.92-2.02) 

Mg concentration OR adjusted for age, sex, urbanization and Ca: 

 1.5-3.8 mg/L  Reference 

 3.9-8.2 mg/L  0.73 (0.57-0.93)*** 

 8.3-11.1 mg/L  0.66 (0.50-0.87)*** 

 11.2-16.3 mg/L  0.67 (0.50-0.89)*** 

Yang and Chiu, 1999 
(34) 

Taiwan, 
252 
municipalities 

2336 males and females 
dead for HT (cases) 

2336 males and females 
dead for other causes, 
excluding CVD (controls)  

50-69 

 16.4-41.3 mg/L  0.63 (0.47-0.84)*** 

Ca concentration OR adjusted for age and Mg : 

 ≤31 mg/L  Reference 

 32-45 mg/L  0.61 (0.39-0.94)* 

 46-69 mg/L  0.71 (0.49-1.02) 

 ≥70 mg/L  0.66 (0.47-0.94)* 

Mg concentration OR adjusted for age and Ca: 

Rubenowitz et al., 
1999 (35) 

Southern 
Sweden,16 
municipalities 

378 females dead for AMI 
(cases) 

1368 females dead for 
cancer (controls) 

50-69 

 ≤3.4 mg/L  Reference 
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 3.5-6.7 mg/L  1.08 (0.78-1.49) 

 6.8-9.8 mg/L  0.93 (0.64-1.34) 
    

 ≥9.9 mg/L  0.70 (0.50-0.99)* 

OR adjusted for age and Mg (highest/lowest quartiles) 263 males and females 
dead for AMI (cases) Ca concentration  M: 1.01 (0.64-1.59) F: 0.68 (0.29-1.59) 

OR adjusted for age and Ca (highest/lowest quartiles) 258 males and females 
dead for other causes 
(controls) 

50-74 

Mg concentration  M: 0.69 (0.43-1.09) F: 0.51 (0.21-1.22) 

OR adjusted for age and Mg (highest/lowest quartiles) 823 males and females 
surviving after an AMI 
(cases) 

Ca concentration  M: 0.97 (0.75-1.26) F: 0.90 (0.59-1.38) 

OR adjusted for age and Ca (highest/lowest quartiles) 

Rubenowitz et al., 
2000 (36) 

Southern 
Sweden,18 
municipalities 

853 males and females 
without AMI (controls) 

50-74 

Mg concentration  M: 1.19 (0.91-1.54) F: 1.09 (0.70-1.70) 

Rosenlund et al., 2002 
(37) 

Sweden 570 males and females 
with AMI (cases) 

753 males e females 
without AMI (controls) 

45-70 Mg intake in 
drinking water 
>1.86 mg per day 

 OR (95% CI) 
 0.88 (0.67-1.15) 

AMI = acute myocardial infarction; CVD = cardiovascular diseases; HT = hypertension; M = males; F = females. 
95% CI = confidence interval. 
* p<0.05; *** p< 0.001; all others not statistically significant.
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I. INTRODUCTION 

 The composition of water varies widely with local geological conditions. Neither 
groundwater nor surface water has ever been chemically pure H2O, since water contains small 
amounts of gases, minerals and organic matter of natural origin. The total concentrations of 
substances dissolved in fresh water considered to be of good quality can be hundreds of mg/L. 
Thanks to epidemiology and advances in microbiology and chemistry since the 19th century, 
numerous waterborne disease causative agents have been identified. The knowledge that water 
may contain some constituents that are undesirable is the point of departure for establishing 
guidelines and regulations for drinking water quality. Maximum acceptable concentrations of 
inorganic and organic substances and microorganisms have been established internationally and 
in many countries to assure the safety of drinking water. The potential effects of totally 
unmineralised water had not generally been considered, since this water is not found in nature 
except possibly for rainwater and naturally formed ice. Although rainwater and ice are not used as 
community drinking water sources in industrialized countries where drinking water regulations 
were developed, they are used by individuals in some locations. In addition, many natural waters 
are low in many minerals or soft (low in divalent ions), and hard waters are often artificially 
softened. 

 Awareness of the importance of minerals and other beneficial constituents in drinking water 
has existed for thousands years, being mentioned in the Vedas of ancient India. In the book Rig 
Veda, the properties of good drinking water were described as follows: “Sheetham (cold to 
touch), Sushihi (clean), Sivam (should have nutritive value, requisite minerals and trace 
elements), Istham (transparent), Vimalam lahu Shadgunam (its acid base balance should be within 
normal limits)” (1). That water may contain desirable substances has received less attention in 
guidelines and regulations, but an increased awareness of the biological value of water has 
occurred in the past several decades. 

 Artificially-produced demineralised waters, first distilled water and later also deionized or 
reverse osmosis-treated water, had been used mainly for industrial, technical and laboratory 
purposes. These technologies became more extensively applied in drinking water treatment in the 
1960’s as limited drinking water sources in some coastal and inland arid areas could not meet the 
increasing water demands resulting from increasing populations, higher living standards, 
development of industry, and mass tourism. Demineralisation of water was needed where the 
primary or the only abundant water source available was highly mineralized brackish water or sea 
water. Drinking water supply was also of concern to ocean-going ships, and spaceships as well. 
Initially, these water treatment methods were not used elsewhere since they were technically 
exacting and costly. 
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 In this chapter, demineralised water is defined as water almost or completely free of 
dissolved minerals as a result of distillation, deionization, membrane filtration (reverse osmosis or 
nanofiltration), electrodialysis or other technology. The total dissolved solids (TDS) in such water 
can vary but TDS could be as low as 1 mg/L. The electrical conductivity is generally less than 2 
mS/m and may even be lower (<0.1 mS/m). Although the technology had its beginnings in the 
1960’s, demineralization was not widely used at that time. However, some countries focused on 
public health research in this field, mainly the former USSR where desalination was introduced to 
produce drinking water in some Central Asian cities. It was clear from the very beginning that 
desalinated or demineralised water without further enrichment with some minerals might not be 
fully appropriate for consumption. There were three reasons for this: 

• Demineralised water is highly aggressive and if untreated, its distribution through pipes and 
storage tanks would not be possible. The aggressive water attacks the water distribution piping 
and leaches metals and other materials from the pipes and associated plumbing materials. 
• Distilled water has poor taste characteristics. 
• Preliminary evidence was available that some substances present in water could have 
beneficial effects on human health as well as adverse effects. For example, experience with 
artificially fluoridated water showed a decrease in the incidence of tooth caries, and some 
epidemiological studies in the 1960’s reported lower morbidity and mortality from some 
cardiovascular diseases in areas with hard water.  
 

 Therefore, researchers focused on two issues: 1.) what are the possible adverse health 
effects of demineralised water, and 2.) what are the minimum and the desirable or optimum 
contents of the relevant substances (e.g., minerals) in drinking water needed to meet both 
technical and health considerations. The traditional regulatory approach, which was previously 
based on limiting the health risks from excessive concentrations of toxic substances in water, now 
took into account possible adverse effects due to the deficiency of certain constituents. 

 At one of the working meetings for preparation of guidelines for drinking water quality, the 
World Health Organization (WHO) considered the issue of the desired or optimum mineral 
composition of desalinated drinking water by focusing on the possible adverse health effects of 
removing some substances that are naturally present in drinking water (2). In the late 1970’s, the 
WHO also commissioned a study to provide background information for issuing guidelines for 
desalinated water. That study was conducted by a team of researchers of the A.N. Sysin Institute 
of General and Public Hygiene and USSR Academy of Medical Sciences under the direction of 
Professor Sidorenko and Dr. Rakhmanin. The final report, published in 1980 as an internal 
working document (3), concluded that “not only does completely demineralised water (distillate) 
have unsatisfactory organoleptic properities, but it also has a definite adverse influence on the 
animal and human organism”. After evaluating the available health, organoleptic, and other 
information, the team recommended that demineralised water contain 1.) a minimum level for 
dissolved salts (100 mg/L), bicarbonate ion (30 mg/L), and calcium (30 mg/L); 2.) an optimum 
level for total dissolved salts (250-500 mg/L for chloride-sulfate water and 250-500 mg/L for 
bicarbonate water); 3.) a maximum level for alkalinity (6.5 meq/l), sodium (200 mg/L), boron (0.5 
mg/L), and bromine (0.01 mg/L). Some of these recommendations are discussed in greater detail 
in this chapter. 

 During the last three decades, desalination has become a widely practiced technique in 
providing new fresh water supplies. There are more than 11 thousand desalination plants all over 
the world with an overall production of more than 6 billion gallons of desalinated water per day 
(Cotruvo, in this book). In some regions such as the Middle East and Western Asia more than half 
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of the drinking water is produced in this way. Desalinated waters are commonly further treated by 
adding chemical constituents such as calcium carbonate or limestone, or blended with small 
volumes of more mineral-rich waters to improve their taste and reduce their aggressiveness to the 
distribution network as well as plumbing materials. However, desalinated waters may vary widely 
in composition, especially in terms of the minimum TDS content. Numerous facilities were 
developed without compliance with any uniform guidelines regarding minimum mineral content 
for final product quality.  

 The potential for adverse health effects from long term consumption of demineralised water 
is of interest not only in countries lacking adequate fresh water, but also in countries where some 
types of home water treatment systems are widely used or where some types of bottled water are 
consumed. Some natural mineral waters, in particular glacial mineral waters, are low in TDS (less 
than 50 mg/l) and in some countries, even distilled bottled water has been supplied for drinking 
purposes. Otherbrands of bottled water are produced by demineralising fresh water and then 
adding minerals for desirable taste. Persons consuming certain types of water may not be 
receiving the additional minerals that would be present in more highly mineralized waters. 
Consequently, the exposures and risks should be considered not only at the community level, but 
also at the individual or family level.  

II. HEALTH RISKS FROM CONSUMPTION OF DEMINERALISED  
 OR LOW-MINERAL WATER 

 Knowledge of some effects of consumption of demineralised water is based on 
experimental and observational data. Experiments have been conducted in laboratory animals and 
human volunteers, and observational data have been obtained from populations supplied with 
desalinated water, individuals drinking reverse osmosis-treated demineralised water, and infants 
given beverages prepared with distilled water. Because limited information is available from these 
studies, we should also consider the results of epidemiological studies where health effects were 
compared for populations using low-mineral (soft) water and more mineral-rich waters. 
Demineralised water that has not been remineralised is considered an extreme case of low-mineral 
or soft water because it contains only small amounts of dissolved minerals such as calcium and 
magnesium that are the major contributors to hardness.  

 The possible adverse consequences of low mineral content water consumption are discussed 
in the following categories: 

• Direct effects on the intestinal mucous membrane, metabolism and mineral homeostasis or 
other body functions. 
• Little or no intake of calcium and magnesium from low-mineral water. 
• Low intake of other essential elements and microelements. 
• Loss of calcium, magnesium and other essential elements in prepared food.  
• Possible increased dietary intake of toxic metals.  

 
1. Direct effects of low mineral content water on the intestinal mucous membrane, 
 metabolism and mineral homeostasis or other body functions 
 Distilled and low mineral content water (TDS < 50 mg/L) can have negative taste 
characteristics to which the consumer may adapt with time. This water is also reported to be less 
thirst quenching (3). Although these are not considered to be health effects, they should be taken 
into account when considering the suitability of low mineral content water for human 
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consumption. Poor organoleptic and thirst-quenching characteristics may affect the amount of 
water consumed or cause persons to seek other, possibly less satisfactory water sources. 

 Williams (4) reported that distilled water introduced into the intestine caused abnormal 
changes in epithelial cells of rats, possibly due to osmotic shock. However, the same conclusions 
were not reached by Schumann et al. (5) in a more recent study based on 14-day experiments in 
rats. Histology did not reveal any signs of erosion, ulceration or inflammation in the oesophagus, 
stomach and jejunum. Altered secretory function in animals (i.e., increased secretion and acidity 
of gastric juice) and altered stomach muscle tone were reported in studies for WHO (3), but 
currently available data have not unambiguously demonstrated a direct negative effect of low 
mineral content water on the gastrointestinal mucous membrane.  

 It has been adequately demonstrated that consuming water of low mineral content has a 
negative effect on homeostasis mechanisms, compromising the mineral and water metabolism in 
the body. An increase in urine output (i.e., increased diuresis) is associated with an increase in 
excretion of major intra- and extracellular ions from the body fluids, their negative balance, and 
changes in body water levels and functional activity of some body water management-dependent 
hormones.Experiments in animals, primarily rats, for up to one-year periods have repeatedly 
shown that the intake of distilled water or water with TDS ≤ 75 mg/L leads to: 1.) increased water 
intake, diuresis, extracellular fluid volume, and serum concentrations of sodium (Na) and chloride 
(Cl) ions and their increased elimination from the body, resulting in an overall negative balance.., 
and 2.) lower volumes of red cells and some other hematocrit changes (3). Although Rakhmanin 
et al. (6) did not find mutagenic or gonadotoxic effects of distilled water, they did report 
decreased secretion of tri-iodothyronine and aldosterone, increased secretion of cortisol, 
morphological changes in the kidneys including a more pronounced atrophy of glomeruli, and 
swollen vascular endothelium limiting the blood flow. Reduced skeletal ossification was also 
found in rat foetuses whose dams were given distilled water in a one-year study. Apparently the 
reduced mineral intake from water was not compensated by their diets, even if the animals were 
kept on standardized diet that was physiologically adequate in caloric value, nutrients and salt 
composition. 

 Results of experiments in human volunteers evaluated by researchers for the WHO report 
(3) are in agreement with those in animal experiments and suggest the basic mechanism of the 
effects of water low in TDS (e.g. < 100 mg/L) on water and mineral homeostasis. Low-mineral 
water markedly: 1.) increased diuresis (almost by 20%, on average), body water volume, and 
serum sodium concentrations, 2.) decreased serum potassium concentration, and 3.) increased the 
elimination of sodium, potassium, chloride, calcium and magnesium ions from the body. It was 
thought that low-mineral water acts on osmoreceptors of the gastrointestinal tract, causing an 
increased flow of sodium ions into the intestinal lumen and slight reduction in osmotic pressure in 
the portal venous system with subsequent enhanced release of sodium into the blood as an 
adaptation response. This osmotic change in the blood plasma results in the redistribution of body 
water; that is, there is an increase in the total extracellular fluid volume and the transfer of water 
from erythrocytes and interstitial fluid into the plasma and between intracellular and interstitial 
fluids. In response to the changed plasma volume, baroreceptors and volume receptors in the 
bloodstream are activated, inducing a decrease in aldosterone release and thus an increase in 
sodium elimination. Reactivity of the volume receptors in the vessels may result in a decrease in 
ADH release and an enhanced diuresis. The German Society for Nutrition reached similar 
conclusions about the effects of distilled water and warned the public against drinking it (7). The 
warning was published in response to the German edition of The Shocking Truth About Water (8), 
whose authors recommended drinking distilled water instead of "ordinary" drinking water. The 
Society in its position paper (7) explains that water in the human body always contains 
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electrolytes (e.g. potassium and sodium) at certain concentrations controlled by the body. Water 
resorption by the intestinal epithelium is also enabled by sodium transport. If distilled water is 
ingested, the intestine has to add electrolytes to this water first, taking them from the body 
reserves. Since the body never eliminates fluid in form of "pure" water but always together with 
salts, adequate intake of electrolytes must be ensured. Ingestion of distilled water leads to the 
dilution of the electrolytes dissolved in the body water. Inadequate body water redistribution 
between compartments may compromise the function of vital organs. Symptoms at the very 
beginning of this condition include tiredness, weakness and headache; more severe symptoms are 
muscular cramps and impaired heart rate.  

 Additional evidence comes from animal experiments and clinical observations in several 
countries. Animals given zinc or magnesium dosed in their drinking water had a significantly 
higher concentration of these elements in the serum than animals given the same elements in 
much higher amounts with food and provided with low-mineral water to drink. Based on the 
results of experiments and clinical observations of mineral deficiency in patients whose intestinal 
absorption did not need to be taken into account and who received balanced intravenous nutrition 
diluted with distilled water, Robbins and Sly (9) presumed that intake of low-mineral water was 
responsible for an increased elimination of minerals from the body. 

 Regular intake of low-mineral content water could be associated with the progressive 
evolution of the changes discussed above, possibly without manifestation of symptoms or causal 
symptoms over the years. Nevertheless, severe acute damage, such as hyponatremic shock or 
delirium, may occur following intense physical efforts and ingestion of several litres of low-
mineral water (10). The so-called "water intoxication" (hyponatremic shock) may also occur with 
rapid ingestion of excessive amounts not only of low-mineral water but also tap water. The 
"intoxication" risk increases with decreasing levels of TDS. In the past, acute health problems 
were reported in mountain climbers who had prepared their beverages with melted snow that was 
not supplemented with necessary ions. A more severe course of such a condition coupled with 
brain oedema, convulsions and metabolic acidosis was reported in infants whose drinks had been 
prepared with distilled or low-mineral bottled water (11).  

2. Little or no intake of calcium and magnesium from low-mineral water  
 Calcium and magnesium are both essential elements. Calcium is a substantial component of 
bones and teeth. In addition, it plays a role in neuromuscular excitability (i.e., decreases it), the 
proper function of the conducting myocardial system, heart and muscle contractility, intracellular 
information transmission and the coagulability of blood. Magnesium plays an important role as a 
cofactor and activator of more than 300 enzymatic reactions including glycolysis, ATP 
metabolism, transport of elements such as sodium, potassium, and calcium through membranes, 
synthesis of proteins and nucleic acids, neuromuscular excitability and muscle contraction. 

 Although drinking water is not the major source of our calcium and magnesium intake, the 
health significance of supplemental intake of these elements from drinking water may outweigh 
its nutritional contribution expressed as the proportion of the total daily intake of these elements. 
Even in industrialized countries, diets deficient in terms of the quantity of calcium and 
magnesium, may not be able to fully compensate for the absence of calcium and, in particular, 
magnesium, in drinking water.  

 For about 50 years, epidemiological studies in many countries all over the world have 
reported that soft water (i.e., water low in calcium and magnesium) and water low in magnesium 
is associated with increased morbidity and mortality from cardiovascular disease (CVD) 
compared to hard water and water high in magnesium. An overview of epidemiological evidence 
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is provided by recent review articles (12-15) and summarized in other chapters of this monograph 
(Calderon and Craun, Monarca et al.). Recent studies also suggest that the intake of soft water, i.e. 
water low in calcium, may be associated with higher risk of fracture in children (16), certain 
neurodegenerative diseases (17), pre-term birth and low weight at birth (18) and some types of 
cancer (19, 20). In addition to an increased risk of sudden death (21-23), the intake of water low 
in magnesium seems to be associated with a higher risk of motor neuronal disease (24), pregnancy 
disorders (so-called preeclampsia) (25), and some cancers (26-29). 

 Specific knowledge about changes in calcium metabolism in a population supplied with 
desalinated water (i.e., distilled water filtered through limestone) low in TDS and calcium, was 
obtained from studies carried out in the Soviet city of Shevchenko (3, 30, 31). The local 
population showed decreased activity of alkaline phosphatase, reduced plasma concentrations of 
calcium and phosporus and enhanced decalcification of bone tissue. The changes were most 
marked in women, especially pregnant women and were dependent on the duration of residence in 
Shevchenko. The importance of water calcium was also confirmed in a one-year study of rats on a 
fully adequate diet in terms of nutrients and salts and given desalinated water with added 
dissolved solids of 400 mg/L and either 5 mg/L, 25 mg/L, or 50 mg/L of calcium (3, 32). The 
animals given water dosed with 5 mg/L of calcium exhibited a reduction in thyroidal and other 
associated functions compared to the animals given the two higher doses of calcium.  

 While the effects of most chemicals commonly found in drinking water manifest themselves 
after long exposure, the effects of calcium and, in particular, those of magnesium on the 
cardiovascular system are believed to reflect recent exposures. Only a few months exposure may 
be sufficient consumption time effects from water that is low in magnesium and/or calcium (33). 
Illustrative of such short-term exposures are cases in the Czech and Slovak populations who 
began using reverse osmosis-based systems for final treatment of drinking water at their home 
taps in 2000-2002. Within several weeks or months various complaints suggestive of acute 
magnesium (and possibly calcium) deficiency were reported (34). The complaints included 
cardiovascular disorders, tiredness, weakness or muscular cramps and were essentially the same 
symptoms listed in the warning of the German Society for Nutrition (7).  

3. Low intake of some essential elements and microelements from low-mineral water 
 Although drinking water, with some rare exceptions, is not the major source of essential 
elements for humans, its contribution may be important for several reasons. The modern diet of 
many people may not be an adequate source of minerals and microelements. In the case of 
borderline deficiency of a given element, even the relatively low intake of the element with 
drinking water may play a relevant protective role. This is because the elements are usually 
present in water as free ions and therefore, are more readily absorbed from water compared to 
food where they are mostly bound to other substances.  

 Animal studies are also illustrative of the significance of microquantities of some elements 
present in water. For instance, Kondratyuk (35) reported that a variation in the intake of 
microelements was associated with up to six-fold differences in their content in muscular tissue. 
These results were found in a 6-month experiment in which rats were randomized into 4 groups 
and given: a.) tap water, b.) low-mineral water, c.) low-mineral water supplemented with iodide, 
cobalt, copper, manganese, molybdenum, zinc and fluoride in tap water, d.) low-mineral water 
supplemented with the same elements but at ten times higher concentrations. Furthermore, a 
negative effect on the blood formation process was found to be associated with non-supplemented 
demineralised water. The mean hemoglobin content of red blood cells was as much as 19% lower 
in the animals that received non-supplemented demineralised water compared to that in animals 
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given tap water. The haemoglobin differences were even greater when compared with the animals 
given the mineral supplemented waters. 

 Recent epidemiological studies of an ecologic design among Russian populations supplied 
with water varying in TDS suggest that low-mineral drinking water may be a risk factor for 
hypertension and coronary heart disease, gastric and duodenal ulcers, chronic gastritis, goitre, 
pregnancy complications and several complications in newborns and infants, including jaundice, 
anemia, fractures and growth disorders (36). However, it is not clear whether the effects observed 
in these studies are due to the low content of calcium and magnesium or other essential elements, 
or due to other factors. 

 Lutai (37) conducted a large cohort epidemiological study in the Ust-Ilim region of Russia. 
The study focused on morbidity and physical development in 7658 adults, 562 children and 1582 
pregnant women and their newborns in two areas supplied with water different in TDS. One of 
these areas was supplied with water lower in minerals (mean values: TDS 134 mg/L, calcium 18.7 
mg/L, magnesium 4.9 mg/L, bicarbonates 86.4 mg/L) and the other was supplied with water 
higher in minerals (mean values: TDS 385 mg/L, calcium 29.5 mg/L, magnesium 8.3 mg/L, 
bicarbonates 243.7 mg/L). Water levels of sulfate, chloride, sodium, potassium, copper, zinc, 
manganese and molybdenum were also determined. The populations of the two areas did not 
differ from each other in eating habits, air quality, social conditions and time of residence in the 
respective areas. The population of the area supplied with water lower in minerals showed higher 
incidence rates of goiter, hypertension, ischemic heart disease, gastric and duodenal ulcers, 
chronic gastritis, cholecystitis and nephritis. Children living in this area exhibited slower physical 
development and more growth abnormalities, pregnant women suffered more frequently from 
edema and anemia. Newborns of this area showed higher morbidity. The lowest morbidity was 
associated with water having calcium levels of 30-90 mg/L, magnesium levels of 17-35 mg/L, and 
TDS of about 400 mg/L (for bicarbonate containing waters). The author concluded that such 
water could be considered as physiologically optimum.  

4. High loss of calcium, magnesium and other essential elements in food prepared 
in low-mineral water 

 When used for cooking, soft water was found to cause substantial losses of all essential 
elements from food (vegetables, meat, cereals). Such losses may reach up to 60 % for magnesium 
and calcium or even more for some other microelements (e.g., copper 66 %, manganese 70 %, 
cobalt 86 %). In contrast, when hard water is used for cooking, the loss of these elements is much 
lower, and in some cases, an even higher calcium content was reported in food as a result of 
cooking (38-41).  

 Since most nutrients are ingested with food, the use of low-mineral water for cooking and 
processing food may cause a marked deficiency in total intake of some essential elements that was 
much higher than expected with the use of such water for drinking only. The current diet of many 
persons usually does not provide all necessary elements in sufficient quantities, and therefore, any 
factor that results in the loss of essential elements and nutrients during the processing and 
preparation of food could be detrimental for them. 

5. Possible increased dietary intake of toxic metals  
 Increased risk from toxic metals may be posed by low-mineral water in two ways: 1.) higher 
leaching of metals from materials in contact with water resulting in an increased metal content in 
drinking water, and 2.) lower protective (antitoxic) capacity of water low in calcium and 
magnesium. 
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 Low-mineralized water is unstable and therefore, highly aggressive to materials with which 
it comes into contact. Such water more readily dissolves metals and some organic substances 
from pipes, coatings, storage tanks and containers, hose lines and fittings, being incapable of 
forming low-absorbable complexes with some toxic substances and thus reducing their negative 
effects.  

 Among eight outbreaks of chemical poisoning from drinking water reported in the USA in 
1993-1994, there were three cases of lead poisoning in infants who had blood-lead levels of 15 
µg/dL, 37 µg/dL, and 42 µg/dL. The level of concern is 10 µg/dL. For all three cases, lead had 
leached from brass fittings and lead-soldered seams in drinking water storage tanks. The three 
water systems used low mineral drinking water that had intensified the leaching process (42). 
First-draw water samples at the kitchen tap had lead levels of 495 to 1050 µg/L for the two infants 
with the highest blood lead; 66 µg/L was found in water samples collected at the kitchen tap of 
the third infant (43). 

 Calcium and, to a lesser extent, magnesium in water and food are known to have antitoxic 
activity. They can help prevent the absorption of some toxic elements such as lead and cadmium 
from the intestine into the blood, either via direct reaction leading to formation of an unabsorbable 
compound or via competition for binding sites (44-50). Although this protective effect is limited, 
it should not be dismissed. Populations supplied with low-mineral water may be at a higher risk in 
terms of adverse effects from exposure to toxic substances compared to populations supplied with 
water of average mineralization and hardness.  

6. Possible bacterial contamination of low-mineral water 
 All water is prone to bacterial contamination in the absence of a disinfectant residual either 
at source or as a result of microbial re-growth in the pipe system after treatment. Re-growth may 
also occur in desalinated water. Bacterial re-growth within the pipe system is encouraged by 
higher initial temperatures, higher temperatures of water in the distribution system due to hot 
climates, lack of a residual disinfectant, and possibly greater availability of some nutrients due to 
the aggressive nature of the water to materials in contact with it. Although an intact desalination 
membrane should remove all bacteria, it may not be 100 % effective (perhaps due to leaks) as can 
be documented by an outbreak of typhoid fever caused by reverse osmosis-treated water in Saudi 
Arabia in 1992 (51). Thus, virtually all waters including desalinated waters are disinfected after 
treatment. Non pathogenic bacterial re-growth in water treated with different types of home water 
treatment devices was reported by Geldreich et al. (52) and Payment et al. (53, 54) and many 
others. The Czech National Institute of Public Health (34) in Prague has tested products intended 
for contact with drinking water and found, for example, that the pressure tanks of reverse osmosis 
units are prone to bacterial regrowth, primarily do to removal of residual disinfectant by the 
treatment. They also contain a rubber bag whose surface appears to be favourable for bacterial 
growth.  

III. DESIRABLE MINERAL CONTENT OF DEMINERALISED DRINKING WATER 

 The corrosive nature of demineralised water and potential health risks related to the 
distribution and consumption of low TDS water has led to recommendations of the minimum and 
optimum mineral content in drinking water and then, in some countries, to the establishment of 
obligatory values in the respective legislative or technical regulations for drinking water quality. 
Organoleptic characteristics and thirst-quenching capacity were also considered in the 
recommendations. For example, human volunteer studies (3) showed that the water temperatures 
of 15-350 C best satisfied physiological needs. Water temperatures above 350 or below 150 C 
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resulted in a reduction in water consumption. Water with a TDS of 25-50 mg/L was described 
tasteless (3).  

1. The 1980 WHO report 
 Salts are leached from the body under the influence of drinking water with a low TDS. 
Because adverse effects such as altered water-salt balance were observed not only in completely 
desalinated water but also in water with TDS between 50 and 75 mg/L, the team that prepared the 
1980 WHO report (3) recommended that the minimum TDS in drinking water should be 100 
mg/L. The team also recommended that the optimum TDS should be about 200-400 mg/L for 
chloride-sulphate waters and 250-500 mg/L for bicarbonate waters (WHO 1980). The 
recommendations were based on extensive experimental studies conducted in rats, dogs and 
human volunteers. Water exposures included Moscow tap water, desalinated water of 
approximately 10 mg/L TDS, and laboratory-prepared water of 50, 100, 250, 300, 500, 750, 1000, 
and 1500 mg/L TDS using the following constituents and proportions: Cl- (40%), HCO3 (32%), 
SO4 (28%) / Na (50%), Ca (38%), Mg (12%). A number of health outcomes were investigated 
including: dynamics of body weight, basal and nitrogen metabolism, enzyme activity, water-salt 
homeostasis and its regulatory system, mineral content of body tissues and fluids, hematocrit, and 
ADH activity. The optimal TDS was associated with the lowest incidence of adverse effect, 
negative changes to the human, dog, or rat, good organoleptic characteristics and thirst-quenching 
properties, and reduced corrosivity of water.  

 In addition to the TDS levels, the report (3) recommended that the minimum calcium 
content of desalinated drinking water should be 30 mg/L. These levels were based on health 
concerns with the most critical effects being hormonal changes in calcium and phosphorus 
metabolism and reduced mineral saturation of bone tissue. Also, when calcium is increased to 30 
mg/L, the corrosive activity of desalinated water would be appreciably reduced and the water 
would be more stable (3). The report (3) also recommended a bicarbonate ion content of 30 mg/L 
as a minimum essential level needed to achieve acceptable organoleptic characteristics, reduced 
corrosivity, and an equilibrium concentration for the recommended minimum level of calcium. 

2. Recent recommendations 
 More recent studies have provided additional information about minimum and optimum 
levels of minerals that should be in demineralised water. For example, the effect of drinking water 
of different hardness on the health status of women aged from 20 to 49 years was the subject of two 
cohort epidemiological studies (460 and 511 women) in four South Siberian cities (55, 56). The 
water in city A water had the lowest levels of calcium and magnesium (3.0 mg/L calcium and 2.4 
mg/L magnesium). The water in city B had slightly higher levels (18.0 mg/L calcium and 5.0 mg/L 
magnesium). The highest levels were in city C (22.0 mg/L calcium and 11.3 mg/L magnesium) and 
city D (45.0 mg/L calcium and 26.2 mg/L magnesium). Women living in cities A and B more 
frequently showed cardiovascular changes (as measured by ECG), higher blood pressure, 
somatoform autonomic dysfunctions, headache, dizziness, and osteoporosis (as measured by X-ray 
absorptiometry) compared to those of cities C and D. These results suggest that the minimum 
magnesium content of drinking water should be 10 mg/L and the minimum calcium content should 
be 20 mg/L rather than 30 mg/L as recommended in the 1980 WHO report (3).  

 Based on the currently available data, various researchers have recommended that the 
following levels of calcium, magnesium, and water hardness should be in drinking water: 

• For magnesium, a minimum of 10 mg/L (33, 56) and an optimum of about 20-30 mg/L (49, 
57);  
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• For calcium, a minimum of 20 mg/L (56) and an optimum of about 50 (40-80) mg/L (57, 
58); 
• For total water hardness, the sum of calcium and magnesium should be 2 to 4 mmol/L (37, 
50, 59, 60). 

 At these concentrations, minimum or no adverse health effects were observed. The 
maximum protective or beneficial health effects of drinking water appeared to occur at the 
estimated desirable or optimum concentrations. The recommended magnesium levels were based 
on cardiovascular system effects, while changes in calcium metabolism and ossification were used 
as a basis for the recommended calcium levels. The upper limit of the hardness optimal range was 
derived from data that showed a higher risk of gall stones, kidney stones, urinary stones, arthrosis 
and arthropathies in populations supplied with water of hardness higher than 5 mmol/L.  

 Long-term intake of drinking water was taken into account in estimating these 
concentrations. For short-term therapeutic indications of some waters, higher concentrations of 
these elements may be considered. 

IV. GUIDELINES AND DIRECTIVES FOR CALCIUM, MAGNESIUM,  
 AND HARDNESS LEVELS IN DRINKING WATER 

 The WHO in the 2nd edition of Guidelines for Drinking-water Quality (61) evaluated 
calcium and magnesium in terms of water hardness but did not recommend either minimum levels 
or maximum limits for calcium, magnesium, or hardness.The first European Directive (62) 
established a requirement for minimum hardness for softened or desalinated water (≥ 60 mg/L as 
calcium or equivalent cations). This requirement appeared obligatorily in the national legislations 
of all EEC members, but this Directive expired in December 2003 when a new Directive (63) 
became effective. The new Directive does not contain a requirement for calcium, magnesium, or 
water hardness levels. On the other hand, it does not prevent member states from implementing 
such a requirement into their national legislation. Only a few EU Member States (e.g. the 
Netherlands) have included calcium, magnesium, or water hardness into their national regulations 
as a binding requirement. Some EU Member States (e.g. Austria, Germany) included these 
parameters at lower levels as unbinding regulations, such as technical standards (e.g., different 
measures for reduction of water corrosivity). All four Central European countries that became part 
of the EU in May 2004 have included the following requirements in their respective regulations 
but varying in binding power;  

• Czech Republic (2004): for softened water ≥ 30 mg/L calcium and ≥ 10 mg/L magnesium; 
guideline levels of 40-80 mg/L calcium and 20–30 mg/L magnesium (hardness as Σ Ca + Mg 
= 2.0 – 3.5 mmol/L).  
• Hungary (2001): hardness 50 – 350 mg/L (as CaO); minimum required concentration of 50 
mg/L must be met in bottled drinking water, new water sources, and softened and desalinated 
water.  
• Poland (2000): hardness 60–500 mg/L (as CaCO3).  
• Slovakia (2002): guideline levels > 30 mg/L calcium and 10 – 30 mg/L magnesium. 

 
          The Russian technical standard Astronaut environment in piloted spaceships – general 
medical and technical requirements (64) defines qualitative requirements for recycled water 
intended for drinking in spaceships. Among other requirements, the TDS should range between 
100 and 1000 mg/L with minimum levels of fluoride, calcium and magnesium being specified by 
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a special commission separately for each cosmic flight. The focus is on how to supplement 
recycled water with a mineral concentrate to make it “physiologically valuable” (65). 

V. CONCLUSIONS 

 Drinking water should contain minimum levels of certain essential minerals (and other 
components such as carbonates). Unfortunately, over the two past decades, little research attention 
has been given to the beneficial or protective effects of drinking water substances. The main focus 
has been on the toxicological properties of contaminants. Nevertheless, some studies have 
attempted to define the minimum content of essential elements or TDS in drinking water, and 
some countries have included requirements or guidelines for selected substances in their drinking 
water regulations. The issue is relevant not only where drinking water is obtained by desalination 
(if not adequately re-mineralised) but also where home treatment or central water treatment 
reduces the content of important minerals and low-mineral bottled water is consumed. 

 Drinking water manufactured by desalination is stabilized with some minerals, but this is 
usually not the case for water demineralised as a result of household treatment. Even when 
stabilized, the final composition of some waters may not be adequate in terms of providing health 
benefits. Although desalinated waters are supplemented mainly with calcium (lime) or other 
carbonates, they may be deficient in magnesium and other microelements such as fluorides and 
potassium. Furthermore, the quantity of calcium that is supplemented is based on technical 
considerations (i.e., reducing the aggressiveness) rather than on health concerns. Possibly none of 
the commonly used ways of re-mineralization could be considered optimum, since the water does 
not contain all of its beneficial components. Current methods of stabilization are primarily 
intended to decrease the corrosive effects of demineralised water.  

 Demineralised water that has not been remineralized, or low-mineral content water – in the 
light of the absence or substantial lack of essential minerals in it – is not considered ideal drinking 
water, and therefore, its regular consumption may not be providing adequate levels of some 
beneficial nutrients. This chapter provides a rationale for this conclusion. The evidence in terms 
of experimental effects and findings in human volunteers related to highly demineralised water is 
mostly found in older studies, some of which may not meet current methodological criteria. 
However, these findings and conclusions should not be dismissed. Some of these studies were 
unique, and the intervention studies, although undirected, would hardly be scientifically, 
financially, or ethically feasible to the same extent today. The methods, however, are not so 
questionable as to necessarily invalidate their results. The older animal and clinical studies on 
health risks from drinking demineralised or low-mineral water yielded consistent results both with 
each other, and recent research has tended to be supportive.  

 Sufficient evidence is now available to confirm the health consequences from drinking 
water deficient in calcium or magnesium. Many studies show that higher water magnesium is 
related to decreased risks for CVD and especially for sudden death from CVD. This relationship 
has been independently described in epidemiological studies with different study designs, 
performed in different areas, different populations, and at different times. The consistent 
epidemiological observations are supported by the data from autopsy, clinical, and animal studies. 
Biological plausibility for a protective effect of magnesium is substantial, but the specificity is 
less evident due to the multifactorial aetiology of CVD. In addition to an increased risk of sudden 
death, it has been suggested that intake of water low in magnesium may be associated with a 
higher risk of motor neuronal disease, pregnancy disorders (so-called preeclampsia), sudden death 
in infants, and some types of cancer. Recent studies suggest that the intake of soft water, i.e. water 
low in calcium, is associated with a higher risk of fracture in children, certain neurodegenerative 
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diseases, pre-term birth and low weight at birth and some types of cancer. Furthermore, the 
possible role of water calcium in the development of CVD cannot be excluded. 

 International and national authorities responsible for drinking water quality should consider 
guidelines for desalination water treatment, specifying the minimum content of the relevant 
elements such as calcium and magnesium and TDS. If additional research is required to establish 
guidelines, authorities should promote targeted research in this field to elaborate the health 
benefits. If guidelines are established for substances that should be in deminerialised water, 
authorities should ensure that the guidelines also apply to uses of certain home treatment devices 
and bottled waters.  
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Munster, Germany 
______________________________________________________________________________ 

I. INTRODUCTION 

 The WHO Global Strategy on Infant and Young Child Feeding emphasizes the importance 
of infant feeding and promotes exclusive breastfeeding in the first six months of life. In infants 
who cannot be breast-fed or should not receive breast milk, substitutes are required. These should 
be a formula that complies with the appropriate Codex Alimentarius Standards or, alternatively, a 
home-prepared formula with micronutrient supplements (1). Drinking water is indispensable for 
the reconstitution of powdered infant formulae and needed for the preparation of other breast-milk 
substitutes. As a result of the long-term intake of a considerable volume in relation to body 
weight, the concentrations of nutrient minerals in drinking water may contribute significantly to 
the total trace element and mineral intake of infants and young children. This is especially 
applicable to formula-fed infants during the first months of life, who may be the most vulnerable 
group affected by excessive concentrations of nutrients or contaminants in drinking water.  

 Defining essential requirements of the composition of infant formulae, the importance of the 
quality of the water used for their reconstitution has been acknowledged by the Scientific 
Committee on Food, SCF, of the European Commission (2). Although it was noted that the 
mineral content of water may vary widely depending upon its source, the optimal composition 
remained undefined. Recommendations for the composition of infant formulae refer to total 
nutrient content as prepared ready for consumption according to manufacturer’s instructions. 
However, these usually inform the consumer about the quantity of powder and drinking water 
required as well as other technical advice for the reconstitution of the formula, but do not refer to 
the mineral concentration in drinking water itself. 

 The use of desalination to provide drinking water may continue to increase all over the 
world. Remineralization of mineral content in waters that have been treated by demineralization 
may provide an opportunity to improve compositional choices. Specific aspects of vulnerable 
groups have to be considered, but the needs of infants and young children, especially if nourished 
with infant formula instead of human milk, may be of special concern. The question arises 
whether special nutrient mineral properties of these waters should be considered for use for 
infants and young children. 

II. ASSESSMENT OF MINERAL INTAKE IN INFANT NUTRITION 

 Public health decisions about the composition of infant foods and the use of drinking water 
in infancy require awareness of the approaches used in the study methodology applied to nutrition 
trials in infancy and early childhood. These approaches may be of crucial importance in the 
interpretation of the results and potential limitations of their significance for the issues raised. 
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Analytical results of infant formulae may only refer to analyses of the powder itself or formulae 
prepared under standardized laboratory conditions with defined water (3). Metabolic studies 
investigating mineral bioavailability have attempted to exclude or minimize the potential 
influences of different water supplies, e.g. (4). They therefore have been performed either in the 
clinic, on metabolic wards, or at home using a standardized water supply or ready-to-feed liquid 
infant formula. On the other hand, recently published epidemiological trials concerning mineral 
supplementation in infancy neither assess representative mineral concentrations in the drinking 
water at a household level or the quantitative water intake (5-7). For example, investigations 
concerning the effects of copper concentrations in drinking water, analyzed neither the respective 
nutrition nor representative specimens (8). Finally, studies addressing both drinking water and 
powdered infant formula referred to the concentrations given by the manufacturer, but analysed 
the reconstituted formula, too (9). 

III. THE QUANTITATIVE INTAKE OF DRINKING WATER IN INFANCY  
 AND EARLY CHILDHOOD  

 Health and well-being in early childhood are dependent on an optimal supply of essential 
nutrients. Nutrient requirements for growth necessitate intake and positive retention of essential 
trace elements and minerals. The immaturity of homeostatic mechanisms in gastrointestinal and 
renal functions of resorption and excretion also raises a concern over the susceptibility to an 
excess or a deficiency of nutrients as well as to toxic substances during this crucial period for 
mental and motor development. A major factor in the nutrient mineral intake from drinking water 
is the quantity of water consumed. 

1. The Choice of Nutrition – a significant Factor of Drinking Water Intake in Infancy 
 In considering the consumption of drinking water by vulnerable populations, a figure of 
0.75 litres per day has been used for a 5kg child and a figure of one litre per day for a 10kg child 
(10). Although these figures may be applicable for standard calculations, the range of quantitative 
water intake observed in populations at that age might be considerable according to the Food and 
Nutrition Board of the Institute of Medicine (11). The choices made in terms of how an infant is 
fed, especially in the first six months of life, are significant factors in determining the level of 
nutrient mineral intake from drinking water:  

• Healthy, exclusively breast-fed infants nourished according to present recommendations (1) 
will not directly consume drinking water in the first six months of life. They might eventually 
be indirectly affected by a potential passage of (trace) minerals into human milk. 
Unfortunately, sometimes the early introduction of supplementary feedings of water, tea or 
other nutrients is practised. After six months, the introduction of complementary foods and 
breastfeeding for up to two years of age or beyond is recommended. During this period, 
household drinking water intake will depend on the extent of breastfeeding and on whether 
complementary foods are prepared at home or bought commercially. 
• Healthy infants fed powdered infant formula consume drinking water from the day they are 
born owing to the fact that it is used to reconstitute the product. Both may contribute to the 
mineral intake up until complementary foods are introduced. Different sources of water may 
be used, including tap water, well water, and natural bottled mineral water labelled as suitable 
for infant nutrition. Specific compositional characteristics of water used in a household or the 
use of stagnant water are very likely to have an effect throughout the entire formula feeding 
period if parents are not aware of the potential consequences. Infants are likely to be fed 
formula prepared at home, while older children or adults may consume considerable amounts 
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of drinking water from sources outside the household. Powdered formulae do not necessarily 
originate from the region in which they are consumed and may be subject to specific 
directives established by the place of origin. Therefore, different ecological and legal factors 
may independently affect the two components making up the nutrient mineral composition of 
infant formula.  
• Home-prepared formulas are more likely to be based on local produce and are affected by 
local factors such as soil composition, the use of fertilizers or pollution. These may influence, 
too, the composition of the drinking water in the area. Home-prepared formulae may be 
prepared with a 1:1 dilution of cow’s milk to drinking water with the addition of other 
components (12). Other concepts are based on a 2:1 dilution of cow’s milk (13), with a 
resulting lower quantitative intake of drinking water. After the age of six months, drinking 
water intake will also be dependent on the choice of complementary foods and beverages and 
how they are prepared.  
• The choice of complementary food introduced after six months may vary widely and it 
influences the evaluation of the nutrient mineral content in drinking water considerably. 
Inappropriate increases of the mineral intake may be of concern. Use of foods that are 
naturally rich in trace elements like zinc and iron (e.g. meat) or minerals like calcium (e.g. 
dairy products) is recommended, but may not be practised because these foods are not 
available, affordable or acceptable for the family. This may lead to reliance on predominantly 
plant-based or vegetarian diets of poor nutritional quality (12, 14). In these situations, and 
depending on its composition, drinking water may contribute a considerable part of the dietary 
mineral intake.  

 

 Assumptions about the mineral intake in infants may be influenced by factors not directly 
linked to the actual product composition. The “standard intake” of drinking water calculated by 
WHO in early infancy is 750 ml (10); the same figure is given by the SCF (2) for infant formula. 
Most standard instructions for infant formulae require 90g water to 100g formula. Therefore, the 
basic intake assumptions for the quantitative intake of drinking water in formula-fed infants could 
differ by approximately 10%. Recent recommendations supported a reduction of the upper 
margins for caloric density in infant formulae and follow-on formulae. As nutrient requirements 
for powdered infant formulae are given per 100 kcal intake (e.g. (2)), this results in a reduction of 
the recommended upper levels of mineral concentrations (-7% or -12%). These examples may 
only refer to differences of approximately 10%, but they emphasize the need for transparency 
regarding the factors that influence the final composition of infant formulae.  

2. Specific aspects of quantitative intake of drinking water in infancy and childhood 
 In exclusively breast-fed infants, the mean intake increases from 699g up to 854g at the age 
of six months (15). The quantitative milk consumption of formula-fed infants exceeds the intake 
of breast-fed infants at the age of 2-4 months (16). The potential implications for the quantitative 
intake of household drinking water (Figure 1) have been calculated by re-evaluating data assessed 
in a longitudinal trial on nutrient mineral supply in breast-fed and formula-fed infants (17, 18): 

 Exclusive breast-feeding had been recommended for a minimum of four months in infants 
receiving human milk, the other families were provided with liquid infant-milk formulae. For 
infants from the age of five months, powdered follow-on formulae, age-specific complementary 
feeds, powdered cereals and a standard mineral water suitable for infant feeding were supplied. 
Weighing each meal over a period of 72 hours enabled its nutrient intake to be assessed. Liquid 
infant formulae were recalculated based on the assumption that the powdered formula and 
drinking water used corresponded to an equivalent product marketed in Germany. This precept 
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enabled the differences in drinking-water intake between full-term, breast-fed infants and 
premature or full-term formula-fed infants to be assessed (Figure 1, Table 1). Up until the age of 
four months, only two breast-fed infants consumed small amounts of drinking water. At the same 
time, the daily drinking water intake needed for the re-constitution of powdered infant formula 
decreased from 158 to 140g/kg in premature infants and from 153 to 122.9g/kg in full-term 
infants. With all families in the study being provided with standardized complementary feeds, it 
was not until infants reached the age of 32 weeks that comparable intakes of drinking water in all 
groups (57% of total water intake, Table 1) were attained. 

Table 1. Drinking water intake in infancy (median, range)  

Age ± 2 
weeks  

4 8 16 24 32 42 52 

Infants 
studied 

 Total water intake, g x kg-1 x d-1 

FF-Pt 158.3 
(128.1-
201.9) 

148.0 
(123.2-
254.2) 

140.1 
(102.2-
172.4) 

90.2 
(52.9-130.6) 

78.5 
(58.0-116.2) 

77.9 
(65.1-110.9) 

81.3 
(56.9-116.6) 

FF-T 152.7 
(111.8-
224.1) 

142.6 
(99.6-240.0) 

122.9 
(106.5-
157.8) 

94.5 
(81.9-117.8) 

87.9 
(69.3-139.6) 

83.7 
(53.8-135.3) 

77.7 
(63.4-149.9) 

BF-T 132.7 
(81.7–
147.7) 

111.4 
(75.6-153.0) 

97.8 
(50.1-144.2) 

98.8 
(66.9-132.2) 

84.9 
(71.4-140.3) 

82.9 
(60.0-165.3) 

93.7 
(49.2-192.2) 

  Drinking water intake, g x kg-1 x d-1 
FF-PT 158.3 

(122.8-
201.9) 

148.0 
(112.3-
254.2) 

140.1 
(102.2-
172.4) 

70.3 
(48.6-130.6) 

43.1 
(31.7-99.9) 

42.9 
(25.9-76.6) 

43.9 
(21.3-67.9) 

FF-T 152.7 
(111.8-
224.1) 

142.6 
(99.6-240.0) 

122.9 
(106.5-
157.8) 

76.5 
(63.4-100.6) 

47.8 
(38.0-97.8) 

48.7 
(33.3-89.9) 

50.0 
(33.2-104.6) 

BF-T 0.0 
(0.0-4.7) 

0.0 
(0.0-14.0) 

0.0 18.6 
(0.0-83.9) 

46.6 
(3.8-96.5) 

49.5 
(9.8-118.1) 

48.9 
(0.8-148.8) 

  Drinking water intake, % of total water intake 
FF-PT 100.0 

(95.8-100.0) 
100.0 
(91.1-100.0) 

100.0 
(98.9-100.0) 

88.2 
(65.4-100.0) 

57.7 
(41.4-85.9) 

53.3 
(39.6-73.5) 

55.2 
(37.4-71.9) 

FF-T 100.0 100.0 
(99.9-100.2) 

100.0 81.7 
(67.8-100.0) 

57.7 
(48.1-70.1) 

58.2 
(54.8-75.1) 

58.9 
(44.8-70.4) 

BF-T 0.0 
(0.0. to 3.6) 

0.0 
(0.0-11.4) 

- 16.8 
(0.0-84.3) 

57.0 
(4.6-71.6) 

63.8 
(12.2-77.3) 

66.3 
(0.9-81.3) 

FF-PT: Premature, formula-fed infants, investigated in parallel with term infant groups, gestational 
age at birth 29 (25 – 32) weeks; fed cow’s-milk-protein-based infant formula at least up until the age 
of 16 weeks, corrected for gestational age; n= 16 (14-15) infants. FF-T: Term, formula-fed infants, 
fed cow’s-milk-protein-based infant formula at least up until the age of 16 weeks; n=15 (11-14) 
Infants.BF-T: Term, exclusively or predominantly breast-fed infants up until the age of 16 weeks; n 
= 20 (14-16) infants. 
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Figure 1. Household drinking water intake of breast-fed term infants and formula-fed term 
and preterm infants (based on mineral nutrition studies: 17, 18). 
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 These drinking water intakes exceed those assessed in the DONALD (Dortmund Nutritional 
and Anthropometrical Longitudinally Designed) Study (19). The authors reported that in formula-
fed infants, the daily intake decreased longitudinally from 107 ± 28g/kg at three months to 33 ± 
25g/kg at twelve months of age. Comparing specifically the tap-water intake of formula- and 
breast-fed infants, the mean total daily tap-water intake in breast-fed infants observed throughout 
the first year was 15 ± 23g/kg and, of formula-fed infants, 49 ± 33g/kg. Between the ages of one 
and three years, tap-water intake averaged 15 ± 20g/kg. The differences may be explained by 
several factors: the DONALD study omitted early infancy up until 3 months of age, where higher 
intakes are observed. Lower intakes of tap drinking water may be indicative of a higher 
proportion of home-prepared meals. The DONALD study also reported on water intake in school 
children (20) and assessed the hydration status of children aged 4 to 10.9 years through the 
analysis of water intake, urine volume and urine osmolality. Based on their estimates of adequate 
daily total water intake, the authors confirmed the total water intake of 1.0ml/kcal in children that 
was recommended earlier (21). The mean intake volumes reported for the age groups 4.0-6.9 and 
7.0-10.9 were 1495g and 1834g for boys, and 1318g and 1545g for girls. The trends over the 15-
year period of the study revealed an increase in total water intake in 2-13-year-old children 
irrespective of sex, attributable to increased beverage consumption on the one hand, and 
decreased milk, coffee/tea and soft-drink consumption on the other (22). The results may be 
influenced by regional aspects and the high interest in nutrition documented by the longitudinal 
participation in the trial. Other authors have been rather concerned about consumption of large 
quantities of squash on the one hand and the low consumption of plain water on the other (23). 
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IV. THE CONTRIBUTION OF DRINKING WATER TO NUTRIENT  
 MINERAL INTAKE IN INFANCY AND EARLY CHILDHOOD  

 The potential significance of mineral nutrients in infant nutrition, but especially in human 
milk, has attracted a great deal of attention over the last few decades (2, 14, 15). The upperbound 
acceptable mineral concentrations in WHO Drinking Water Guidelines, mature human milk, and 
the recent recommendations on the composition of infant formulae and follow-on formulae are 
compared in Table 2. Age-specific nutrient recommendations from different authorities have been 
compiled by Olivares (24). In view of the specific needs of this age group and recent 
modifications in the assumptions of adequate intakes in infancy, some aspects of current 
guidelines or directives for drinking water may be reconsidered. The evaluation of adequacy or 
optimization potential in terms of feeding infants and young children have preferably to be based 
at household level to enable the assessment of leaching from water pipes or contamination by 
other sources.  

 Public health recommendations should take into account that both desalinated water (25) 
and infant formula (26) are manufactured products and offer the potential of influencing the final 
nutrient mineral supply to the infant. Remineralization of processed waters should aim to achieve 
concentrations that are acceptable when combined with infant formulae but which are potentially 
useful in early childhood thereafter. However, the assessment may differ for each mineral under 
consideration. 

1. Manganese and Molybdenum.  
 Manganese and molybdenum concentrations set out in the WHO drinking water guidelines 
(10, 27) are much higher than those observed in human milk and in the recommendations 
regarding their respective daily adequate intake (28), Table 2. 

 Manganese is an essential nutrient in the formation of bone, amino acids, cholesterol and 
carbohydrate metabolism and present in the metalloenzymes arginase, glutamine synthetase, and 
manganese superoxide dismutase. The recommended adequate intake (AI) is based on the intake 
from human milk and set at 0.003mg/day in the first six months (preceding recommendation: 0.3-
0.6 mg (21)). Thereafter, an increased intake of 0.6mg/day (7-12 months) and 1.2mg/day for 
children aged 1-3 years (28) has been recommended. During the last decade other 
recommendations and directives have also decreased considerably: In Germany, infant formulae 
for special medical purposes had to provide 0.5 to 2mg manganese per day, equivalent to 0.66 to 
2.67mg/L (29), but actual requirements are set at 0.325 to 1.3 mg/L (30). Analytical results of 
formulae ranged from 0.0 to 7.8mg Mn/L (3), with high concentrations observed in soy-protein-
based formulae and formulae for special medical purposes. Subsequently considerably lower 
results were assessed (0.44 and 0.53mg Mn/L, (31)). Recommendations for infant milk formulae 
yielded a range of 1-100µg/100kcal (2), equivalent to 0.007 to 0.65mg Mn/L. Therefore, 
regardless of any change in drinking water composition or respective regulations, the potential 
significance of the contribution of drinking water supply to infant nutrition has increased 
considerably. 
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Table 2. Trace minerals in human milk and in drinking water guidelines 

Mineral Mature human milk 
(Lawrence and 
Lawrence 1999, (54)) 

Drinking water 
guidelines 
(WHO 1996 (27)) 

EC, SCF 2003 (2) 
(Recommended energy 
content: 60-70kcal/dl; 
based on 65kcal/dl, 
cow’s-milk- protein-
based formula) 

 mg/L mg/L mg/L 

Calcium (mg/L) 280 n.g. 325-910 (Ca:P=1-2) 

Iron (mg/L) 0.40 0.3 b 1.95-8.45 

Zinc (mg/L) 1.2 3.0 b 3.25-9.75 

Copper (mg/L) 0.25 1.0 b; 2.0 a (P) 0.228-0.65 

Selenium (µg/L) 20 10 a 20-59 

Fluoride (mg/L) 0.016 1.5 (P) ≤ 0.65 

Magnesium (mg/L) 30 n.g. 33-98 

Sodium (mg/L) 180 200 a 130-390 

Sulphate (mg/L) 140 (sulphur) 250 a n.g. 

Chloride (mg/L) 420 (chlorine) 250 a 325-1040 

Manganese (µg/L) 6 100 b; 500 a (P) 6.5-650 

Molybdenum (µg/L) 2µg/dc 70 a n.g. 
a Health-based guideline value, (P): provisional; b Parameters in drinking water that may give rise to 
complaints from consumers, c FNB (28) 

 

 A WHO guideline value has been set at 0.5mg/L based upon aesthetics for manganese in 
drinking water (27). Powdered infant formula with the mean recommended manganese 
concentration (0.325mg/L) would exceed the maximum suggested by the SFC (2) if prepared with 
drinking water in the upper range of WHO guideline values. Animal studies (32, 33) indicate that 
neonatal manganese metabolism may be of special concern. Balance studies in infants confirmed 
substantial quantitative manganese retention in infants fed special diets as a result of metabolic 
disease or in premature infants fed routine mineral supplements and containing manganese by 
contamination (34, 35). Recommendations concerning drinking water for the reconstitution of 
infant formulae should take into consideration the low concentration in human milk and concerns 
about the safety of high manganese intakes. In situations where high manganese concentrations in 
drinking water cannot be avoided, the potential combination with formulae of high manganese 
content with high manganese water should be discouraged. 

 Molybdenum is a co-factor in the enzymes sulphite oxidase, xanthine oxidase and aldehyde 
oxidase (36). The adequate intake in infants and young children has been set for the age of 0-6 
months at 2µg/day, derived from the intake by human milk (preceding recommendation: 15-
30µg/day; (21)). In contrast to manganese, however, the AI for the age 7-12 months has been 
derived from the likely intake with human milk as a sole source (3µg/day) and not from the 
estimated intake with a mixed diet (28). This value will be greatly exceeded by formula-fed 
infants and by infants nourished with the recommended complementary feeds (37). The 
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uncertainty over molybdenum requirements is also reflected in the tolerable upper intake (UL) 
level defined for adults with 0.01mg/kg body weight (38) or, alternatively, 0.03mg/kg body 
weight (28). Both were based on the same trial (39), but differed in the assessment of the 
uncertainty factors. Despite concern about the infant’s capacity to deal with excess amounts of 
Mo, no UL has been set for infancy. 

 The upper level of Mo intake has been set at 10µg/100kcal for nutrients for special dietary 
purposes in infancy (30). An infant formula prepared in accordance with this directive may result 
in a daily Mo uptake > 10µg/kg. In addition, an upper guideline value of 70µg/L has been set for 
drinking water (10). The maximum Mo intake by water used for powdered formula preparation 
exceeds 10µg/kg at an intake of 150ml/kg or more. This volume, however, is quite common in 
premature and young full-term infants (Figure 1) and unsupplemented infant formulae repeatedly 
contained > 100µg/L (40). The threshold for long-term safe molybdenum intake in infancy may 
need to be reconsidered and re-evaluated by studies in areas with naturally longterm high 
molybdenum intakes by drinking water before present WHO guidelines are extended on other 
processed waters.  

2. Copper 
 Both copper deficiency and excess are of clinical importance: copper deficiency has been 
described in premature infants and is characterized by oedema, anaemia, leucopoenia, neutropenia 
and osteoporosis (41). On the other hand, concerns have been raised after the description of Non-
Indian Childhood Cirrhosis associated with excessive copper concentrations in well waters with a 
low pH and copper pipes (42). Examinations in a subgroup of infants from households with 
copper concentrations exceeding 0.8mg/L yielded no indication of a hazard resulting from copper 
pipes connected to public water supplies (8). The safety of the WHO guideline value (2mg/L) for 
copper in drinking water during infancy has been supported (43). Leaching from copper pipes and 
other potential problems of infant formula preparation have raised concern and have been 
addressed in respective recommendations (44). 

 Differences in the quality of water available from the tap or directly drawn at the water plant 
may be important in terms of its suitability in infancy and early childhood. The problems of the 
use of well water have to be considered in both developed and developing countries, though the 
proportion of public water supply and the use of home wells may vary considerably. In Germany, 
in 1998, only 2.5% of the drinking water supply was derived from well supplies. However, more 
than 58% of the [adult] study population consumed first-draw drinking water for their personal 
consumption (45). Concerns arise that common awareness of problems caused by the application 
of this practice to formula preparation cannot be assumed.  

 The FNB (28) recommendations in the first year for adequate copper intake, based on intake 
by human milk and adequate complementary feeds thereafter, were set for the first 6 months at 
200µg/day and, in the 7-12 months thereafter, at 220µg/day. For young children of 1-3 years, the 
intake was set at 340µg/day. Regulations for both components of infant formulae - the powdered 
formula and the water - have declined considerably during the last few years: In the past, national 
directives for copper intake by foods for medical purposes in infancy were set at 0.5 to 2mg Cu 
per day, equivalent to 0.670 to 2.7mg/L formula (29). This has been reduced to 0.130 to 0.780mg 
Cu/L formula (30), slightly lower values are recommended in infant formulae (2). At the same 
time, the WHO Guideline value of 2mg/L (27) has been transferred into present regulations on 
drinking water, which formerly set a cut-off value of 3mg/L (46, 47). These changes result in a 
reduction of the upper margin of daily copper intake from > 4 mg/d to 2 mg/d at an intake of 750 
ml/d.  
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3. Iron and zinc 
 Iron and zinc drinking guideline values are only set at levels that may give rise to 
complaints from consumers (27). Recommendations for both elements in infant food other than 
human milk have to take into consideration the importance of bioavailability (14). Other than for 
manganese, molybdenum and copper, these are within the concentrations observed in mature 
(iron) human milk or colostrum and transitional human milk (zinc), Table 2.  

 The low iron intake recommended in the first six months of life by the FNB (28), 0.27mg 
Fe/d, is based on the highly bioavailable intake with human milk. Thereafter, however, increased 
intakes are needed to cover the demands of growth, especially the increase in blood volume (7-12 
months: 11mg/d; 1-3 years: 7mg/d). The American Academy of Pediatrics (48) advocated an iron 
supplementation of 4-12mg/L of infant formulae. The SCF (2) of the European Commission 
regarded 2-8mg/L as suitable for cow’s-milk-based infant formula and 6-15mg/L for soy-based 
follow-on formula. 2mg/L in drinking water were not considered to present a hazard to health, but 
it has been assumed that acceptability would usually be affected above 0.3mg Fe/L because of the 
staining of laundry and plumbing fixtures (27). Therefore, in infants fed iron supplemented 
formulae, the contribution of drinking water to the iron intake may be of minor importance.  

 This assessment may be different in infants fed home-prepared, non-supplemented formulae 
or complementary feeds. In Bangladesh, children drinking water containing > 1mg Fe/L were 
significantly taller than those drinking < 1mg Fe/L (49). The higher iron concentrations were 
caused by soil characteristics and high concentrations occurred in clusters of tube wells. However, 
other minerals present in the soil along with iron may have promoted linear growth too. The 
effects of other trace elements (e.g. zinc, copper) have not been reported in a trial investigating the 
fortification of drinking water with iron for pre-school children attending day-care community 
institutions in Brazil. A reduction of anaemia in preschool children in a day care centre and in 
families with a low socio-economic status (50, 51) was assessed.  

 Zinc in colostrum may exceed 10mg/L, declining continuously down to a level of about 
1.2mg/L at 4 months (52). Despite the high bioavailability of zinc in human milk, it may be 
difficult to satisfy needs adequately after a period of four to six months (15). In view of different 
bioavailability depending on the nutritional source, intake recommendations range from 1.1 to 
6.6mg/day during the first six months of life, and 2.5 to 6.4mg/day thereafter (14). The FNB (28) 
recommended 2 and 3mg respectively, based on the zinc concentration in human milk as the basic 
source. Recommendations for infant and follow-on formulae (2) in accordance with the current 
infant formulae EC directive, yield 3.3–10mg/L or, if based on soy protein, 4.9–15.6mg/L. The 
upper level of tolerable zinc intake for children aged 1-3 years (53) has been set at 7mg/day. 
Water yielding a zinc concentration within the upper range of WHO guideline values (3mg/L, 
Table 2) might contribute considerably to the zinc intake in infancy. 

4. Calcium and Magnesium 
 The calcium and magnesium concentrations in cow’s milk far exceed those present in 
human milk (54) and have to be modified e.g. during the manufacturing of infant formulae based 
on cow’s milk protein. The adequate intake (AI) for calcium has been set at 210mg (formula-fed 
infants: 315mg/d), 270mg and 500mg, respectively, for ages 0-6 and 7-12 months and 1-3 years. 
The AI for magnesium was set at 30mg (formula-fed infants: 35mg) and 75mg (0-6 and 7-12 
months) and for ages 1-3 years the RDA was set at 80mg (11). The ranges recommended for 
infant formulae by the SCF (2) were 325-910mg/L Ca and 33-88mg/L Mg, respectively. Lesser 
absorption from infant milk formula compared to human milk has been considered, therefore the 
minimum requirements are set above that found in human milk.  
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 High mineral concentrations in water increase the renal solute load and, therefore, are of 
concern in infancy. For natural mineral water labelled as “suitable for the feeding of infants”, the 
Committee on Nutrition of the German Society of Paediatrics (55) advocated, amongst others, 
concentrations of < 20mg Na/L and < 200mg/L sulphate. The Committee assessed that, at that 
time, the cut-off value for sulphate (200mg/L) in mineral waters with a sodium concentration < 
20mg/L led to a natural limitation of the calcium and magnesium concentration. In view of this 
finding, no cut-off value for calcium and magnesium was set. In Switzerland, however, a cut-off 
value has been set for calcium < 200mg/L and magnesium < 40mg/L (56). Public drinking water 
in Germany yielded a mean concentration of 66.4 (0-555.9) mg/L calcium and 11.8 (0-555.9) 
mg/L magnesium (57). Transparency should be provided for the consumer with respect to Ca and 
Mg concentrations in public drinking water, this may not be achieved by referring to “water 
hardness”. Older infants fed mainly plant-based complementary foods and young children on 
vegetarian nutrition may benefit from drinking water contributing to calcium and / or magnesium 
intake.  

5. Sodium 
 Children, the elderly, and persons with compromised renal systems are more susceptible 
than healthy adults to harmful effects of high sodium intake. The FNB (28) set the adequate 
intake (AI) at 120mg, derived from the intake of breast-fed infants. In accordance with respective 
regulations in the USA, the regulation for infant milk formulae in Europe supports an intake of 
20-60mg/100kcal (58), equivalent to 127-292.5mg Na/d. Mineral quantities have been calculated 
and incorporated into baby formula by the manufacturers in accordance with current directives.  

 Actual data on sodium metabolism in infants fed modern infant milk formulae, however, are 
scarce and the interpretation has to take into account specific information: longitudinal sodium 
balance studies in infancy compared ready-to-feed liquid infant milk formula-fed (269mg Na/L) 
infants with breast-fed (138mg Na/L) infants (4). The daily retentions observed were 11.5mg/kg 
and 9.2mg/kg, respectively. The actual composition of this brand marketed as powdered infant 
formula has a sodium content of 120mg Na/100g powder. In Germany, a mean sodium drinking 
water concentration of 12.4 (<1.0-210) mg/L has been observed (59), concentrations exceeding 
150mg/L are the rare exception. The upper level of the Drinking Water Ordinance is 200mg/L 
(47), equivalent to respective WHO guidelines. Prepared according to current recommendations 
for the preparation of infant feeds/formula in the first months of life (12, 44), these factors may 
theoretically result in a considerable range of sodium intake:  

• Up to 186mg/L (formula + bottled mineral water labelled as suitable for the preparation of 
infant formula, containing ≤ 20mg/L). 
• Up to 366mg/L (formula + drinking water with the upper limit of 200mg/L).  
• Up to 310 or 490mg/L, respectively, through the components drinking water (as used in 1) 
or 2) and cow’s milk (580mg/L,(54)) if parents insist on the use of home-prepared formula 
and prepare it according to Kersting (12).  

 

 These examples also highlight potential hazards; drinking water with high sodium 
concentrations may elevate the sodium concentration of infant formulae considerably. Cow’s-
milk-based infant formulae with low sodium content may be either not available, not affordable or 
inadequately prepared owing to regional or social constraints. The home-prepared replacement 
formula recipe described by WHO/UNICEF/UNAIDS (13) comprises a 2:1 dilution of cow’s milk 
with drinking water and added sugar. Cow’s milk contains more sodium than human milk; the 
sodium concentrations to be expected will range from slightly less than 406mg/L up to 586mg/L 
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or above (based on the recommendation of ≤ 20mg/L for bottled drinking water for infant use to ≤ 
200mg/L for drinking water). Other minerals may potentially increase the renal solute load, too, 
necessitating higher quantities of water available to form urine in view of the reduced ability of 
infants to concentrate urine. This may reduce the margin of safety, especially under conditions of 
stress, such as infections accompanied by fever.  

 Where definite problems exist with drinking water (e.g. excessive nitrate content), packaged 
mineral water should be considered as an alternative to drinking water from the public supply. 
The infant formula industry does try to lower the higher mineral concentration of cow’s milk 
compared to human milk, but with the addition of mineral waters this content may be increased 
again. Considerable ranges for sodium in packaged mineral waters have been observed in Europe 
(26.6 (1.3-1723.0) Na, (60)). This necessitates transparency as to whether a product is suitable for 
the use in infant nutrition or not. Paediatric recommendations for the suitable composition of 
packaged waters for use in infant feeding were set at <20mg Na/L (44, 55). A certain 
contradiction arises in view of the previously mentioned cut-off value for public drinking water 
(200mg/L). However, these differences may scarcely be of practical relevance for public drinking 
water in Germany. In other regions, where sodium concentrations exceeding 180mg/L have been 
repeatedly described in drinking water (9,61), the assessment may differ considerably and 
preferable choices should be considered if processed water yields options. 

 Concern has been raised due to higher blood pressure in infants fed infant formulas with a 
higher sodium content due to the concentration in the drinking water (9). In addition, an 
association between formula feeding and blood pressure later in life has been found and attributed 
in part to the difference in sodium content between human milk and infant formula (62). There is 
a need for epidemiological studies that focus on the potential health effects of different 
concentrations of sodium and other [trace] mineral supply by drinking water on infants and young 
children. These should be conducted in regions where “natural experiments” render exposures 
close to the upper margins of current recommendations and necessitate these evaluations in view 
of potential consequences for the use of drinking water.  

 Especially in infancy, fluid consumption may serve nutritional purposes including caloric 
requirements but it also plays an important role in hydration. This is obvious in cases of diarrhoea, 
where increased fluid intake is necessary for rehydration and ORS (oral rehydration solution) 
recommended. A reduction in morbidity has been achieved by lowering the sodium concentration 
of the former standard solution from 90 to 75 mmol/L (2070mg/L to 1725 mg/L) (63). Oral 
rehydration solutions containing 60mmol/L (1380 mg/L) have been recommended in Europe in 
view of the concern over hypernatraemia or the osmotically-driven increase in stool output, 
especially in infants and young children (64).  

 Other hazards concerning sodium in infancy may arise from inadequate feeding practices. 
Hyponatremic seizures resulting from water intoxication have been associated with bottled 
drinking water used as an inexpensive “supplement” to cow’s-milk-based infant formula (65). 
The labelling had been misinterpreted to indicate that the product had been produced specifically 
for infants and contained nutrients adequate for use as a feeding supplement. Inadequate dilution 
of infant foods may result in nutritionally insufficient feeding. Misjudgement, inexperience or 
poverty may lead to the use of bottled water products marketed specifically for infants as an 
affordable and appropriate feeding supplement. These aspects underline the importance of 
adequate labelling and instructions for the parent or carer.  
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V. CONCLUSIONS 

 Public health recommendations on infant nutrition should consider the complete process 
that includes all the stages involved in the source of the nutrients. This refers to the choice of the 
base ingredients used for the production of manufactured or home-prepared products well as to 
the provision of adequate instructions for the reconstitution and the feeding to the infant. Water 
companies should comply with existing guidelines and legislation, however the quality of water 
available from the tap may differ from that at the water plant and additional water treatment is 
possible at household level. Transparency in terms of a water’s suitability for infant and child 
nutrition is essential for the consumer to make an informed choice. Depending on region and 
social status, consumers may have a choice of water (tap, mineral, bottled water) or have to accept 
what is available. Social inequalities and lack of information may result in non-recommended 
practices of infant feeding that can cause inadequate mineral intake.  

 Guidelines that are to be effective in terms of trace element intake in infants and young 
children have to consider age-specific trace element requirements. It is essential that they take into 
account the combined effects of general recommendations on infant feeding on a comparable 
organizational level. For example: 

• The WHO global strategy on infant and young child feeding and specific recommendations 
for trace mineral and mineral intakes in infancy;  
• The Standards of the Codex Alimentarius for infant formulae;  
• The WHO/UNAIDS/UNICEF recommended (and other) recipes for home-prepared 
replacement milks for infants of HIV-infected mothers, and  
• The WHO Guidelines for Drinking Water Quality.  

 

 The awareness of potential variations and analysis of the water used by a population is 
important for epidemiological assessments of the trace element supply in infancy. Intervention 
studies in communities in the intention of changing water sources or treatment could facilitate the 
evaluations of the implications of different mineral intakes in infancy and early childhood. The 
natural occurrence of concentrations in drinking water within the upper range of WHO drinking 
water guidelines may support the assessment of the safety for some minerals (e.g. molybdenum). 
In view of the consequences for public health recommendations and potential consequences for 
infant morbidity on the one hand, and potential economic consequences for governments and 
households on the other, there is a need for further scientific evidence of the optimal mineral 
concentrations in drinking water in early childhood. 
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I. INTRODUCTION 

 Fluoride has both beneficial and detrimental effects on human health. In terms of dental 
health, the prevalence of dental caries is inversely related to the concentration of fluoride in 
drinking water; while there is a dose-response relationship between the concentration of fluoride 
in drinking water and the prevalence of dental fluorosis (1). In terms of general health, in 
communities where drinking water and foodstuffs are excessively high in fluoride, skeletal 
fluorosis and bone fracture are the most relevant adverse effects. However, there are also other 
sources of fluoride. Processes such as desalination and some membrane and anion exchange water 
treatment processes will remove virtually all fluoride from water. In terms of using such sources 
for drinking water, the implications for public health will strongly depend on local circumstances. 
However, the public health requirement is to maximise the beneficial effects of fluoride in 
drinking water supplies for caries prevention, whilst minimising the unwanted dental and 
potential general health effects. 

 The aetiology of dental caries involves the interplay on the tooth surface between certain 
oral bacteria and simple sugars (e.g. sucrose) derived from the diet. In the absence of those sugars 
in foods and drinks dental caries will not be a public health problem. However where sugar 
consumption is high or is increasing, dental caries will be or will become a major public health 
problem unless there is appropriate intervention. Removing fluoride from a local drinking water 
supply could potentially exacerbate an existing or developing dental public health problem.  

II. FLUORIDE INTAKE IN HUMANS 

 Fluoride is widely distributed in the lithosphere mainly as fluorspar, fluorapatite and 
cryolite, and is recognised as the thirteenth most common element in the earth’s crust. It is found 
in seawater at a concentration of around 1.2 – 1.4 mg/litre, in ground waters at concentrations up 
to 67 mg/litre, and in most surface waters at concentrations less than 0.1 mg/litre (2). Fluoride is 
also found in foods particularly fish and tea (3). 
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Whilst almost all foodstuffs contain at least traces of fluoride, water and non-dairy 
beverages are the main sources of ingested fluoride, accounting for 66 to 80% of fluoride intake in 
US adults according to the concentration of fluoride in the public drinking water. Other 
significant sources of ingested fluoride are toothpaste in very young children (who tend to 
swallow most of their toothpaste), tea in tea-drinking communities, and inhaled fluoride in some 
communities in China where coal containing very high levels fluoride is burned indoors. 
Absorption of ingested fluoride is via the stomach and small intestine (3). 

 Most of the fluoride in water, either naturally occurring or added, will be in the form of the 
free fluoride ion (3). The effect of water hardness in the range 0 to 500 mg Ca Co3 /litre has little 
effect on ionic dissociation, and therefore little effect on the bioavailability of fluoride (4). 
Absorption of a standard dose of fluoride will vary from 100% on a fasting stomach, to 60% when 
taken with a calcium-rich breakfast.  

III. DENTAL EFFECTS OF INGESTED FLUORIDE 

 The dental effects of fluoride naturally present in public drinking water were established 
during the 1930s and 40s by Trendley Dean and his colleagues at the US Public Health Service. In 
a series of epidemiological studies across the United States they demonstrated that as the 
concentration of fluoride naturally present in drinking water increased, the prevalence and 
severity of dental fluorosis increased and, the prevalence and severity of dental caries (decay) 
decreased (5). Furthermore Dean’s data suggested that at a natural fluoride concentration of 
around 1 mg/litre, the prevalence, severity and cosmetic impact of dental fluorosis was not of 
public health significance, and that the increased resistance to dental caries was of substantial 
public health importance. 

 Inevitably this led to the question as to whether artificially raising the fluoride level of 
public drinking water would have the same effects. The first intervention study was undertaken 
under the direction of USPHS in Grand Rapids in 1945. The results after 6 years of fluoridation 
were published in 1953. Additional studies were started in 1945/6 in New York State, in Illinois, 
and in Ontario Canada. Further intervention studies were established in the Netherlands (1953), 
New Zealand (1954), the UK (1955-6), and East Germany (1959). All of these intervention 
studies demonstrated clinically important reductions in the incidence of dental caries (5). 
Following the publication of the results of these intervention studies the application of water 
fluoridation as a public health measure became widespread. Some of the countries involved and 
the populations receiving artificially fluoridated water are listed in Table 1. The optimal 
concentration of fluoride varies according to climatic conditions with the range 0.5mg-1.0mg/litre 
being generally recommended (6). Worldwide around 355 million people are receiving artificially 
fluoridated water. In addition, around 50 million people receive water naturally fluoridated at a 
concentration of around 1 mg/litre. Table 2 lists countries where community drinking water 
supplies with a natural fluoride concentration of around 1 mg/litre serve populations of 1 million 
or more. In some countries, particularly parts of India, Africa and China, drinking water can 
contain very high concentrations of naturally occurring fluoride -well in excess of the WHO’s 
recommended Guideline Value of 1.5 mg/litre. 

 Many countries that have introduced water fluoridation continue to monitor the effects on 
both dental caries and dental fluorosis using cross-sectional random samples of children aged 5 
through 15 years. An excellent example of such monitoring is a recently published report of child 
dental health in the Republic of Ireland (mainly fluoridated) and the North of Ireland (not 
fluoridated)(7). (See Table 3).  
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IV. INGESTED FLUORIDE AND HEALTH 

 The health effects of ingested fluoride were reviewed by Moulton in 1942 (8) prior to the 
Grand Rapids intervention and regularly ever since by numerous organisations and individuals. 
More recently IPCS (3) have carried out a detailed review of fluoride and the potential for impacts 
on health. Studies and reviews have concentrated on bone fractures, skeletal fluorosis, cancers and 
birth defects but also cover many other disorders claimed to be caused, or aggravated, by 
fluoridation (1, 9, 10, 11, 12, 13, 14). There is no good evidence of any adverse medical effects 
associated with the consumption of water with fluoride naturally or artificially added at a 
concentration of 0.5 – 1.0mg/litre other than the increase in dental fluorosis described above. 
Furthermore, US studies in areas with natural fluoride levels of up to 8 mg/litre found no clinical 
evidence of harm. However there is clear evidence from India and China that skeletal fluorosis 
and an increased risk of bone fractures occur as a result of long-term excessive exposure to 
fluoride (total intakes of 14 mg fluoride per day), and evidence suggestive of an increased risk of 
bone effects at total intakes above about 6 mg fluoride per day (3). 

 The U.S. National Academy of Sciences Institute of Medicine (15) has recommended an 
Adequate Intake (AI) of fluoride from all sources as 0.05 mg F/kg body weight/day, defined as 
the estimated intake that has been shown to reduce the occurrence of dental caries maximally in a 
population without causing unwanted side effects including moderate dental fluorosis. The U.S. 
Environmental Protection Agency sets a maximum contaminant level of 4.0 mg/litre to protect 
against skeletal fluorosis, and a secondary (guidance) value of 2 mg/litre to protect against 
moderate to severe dental fluorosis. The WHO’s drinking water quality Guideline Value for 
fluoride is 1.5 mg/litre (16). However, WHO emphasises that in setting national standards for 
fluoride it is particularly important to consider climatic conditions, volumes of water intake, and 
intake of fluoride from other sources (e.g. food and air). WHO (16) also noted that in areas with 
high natural fluoride levels the Guideline Value might be difficult to achieve in some 
circumstances with the limited technology available. 

 Fluoride is not irreversibly bound to bone. During the growth phase of the skeleton, a 
relatively high portion of an ingested fluoride dose will be deposited in the skeleton. The 
“balance” of fluoride in the body i.e. the difference between the amount of fluoride ingested and 
the amount of fluoride excreted in the urine and the faeces can be positive and negative. When the 
fluoride is derived from human milk or cow’s milk, biological fluids with a low fluoride content 
(0.005 mg/L) urinary excretion generally exceeds intake i.e. there is a negative fluoride balance. 
In infants when fluoride intakes are extremely low sufficient fluoride is released from bone to 
extracellular fluid to result in urinary excretion higher than intake. This is in great contrast to the 
situation in an adult approximately one half of the daily fluoride intake by adults will be deposited 
in the skeleton and the rest excreted in the urine. Thus, fluoride will be mobilized slowly but 
continuously from the skeleton depending on present and past fluoride exposure. This relationship 
is largely due to the fact that bone is not static but, continuously undergoes a remodelling, 
whereby old bone is resorbed and new bone is formed (17, 18).  

V. IMPLICATIONS OF DESALINATION 

 Desalination will remove virtually all fluoride from seawater thus the product water will be 
low in fluoride and other minerals unless it is reconstituted. Many natural drinking waters are also 
low in minerals, including fluoride. The public health implications of this will depend on the 
balance of benefits to risks locally. 

 There are substantial variations in the levels of dental decay both between and within the 
continents. WHO recommends the index DMFT at 12 years of age (mean number of decayed, 
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missing and filled teeth) as the most appropriate national indicator, and the WHO oral health 
database provides extensive information (19). The aetiological factors in dental caries involve the 
interplay on the tooth surface between certain oral bacteria and simple sugars (e.g. sucrose) 
derived from the diet. In the absence of those sugars in foods and drinks (an average national 
consumption of say less than 15 kg per person per year) dental caries will not be a public health 
problem. Under such circumstances, the public health concern will be to avoid the harmful effects 
of any excessive fluoride consumption from drinking water. 

 However, where caries risk is high (or increasing) the effects of a decision to remove 
fluoride from the public drinking water are more complex. In countries such as the Scandinavian 
countries, where public dental awareness is very high and alternative vehicles for fluoride (e.g. 
tooth paste) are widely available and widely used, a decision not to replace fluoride removed from 
the dinking water would be of no consequence. On the other hand in some developing countries, 
where public dental awareness might be much lower, water fluoridation at concentrations of 0.5-
1.0 mg/litre would remain an important public health objective. In yet other countries (e.g. the 
UK) the situation is mixed. In parts, such as the South East of England, dental caries is mainly 
under control without water fluoridation; in other regions, such as the North West of England, the 
prevalence of dental caries is substantially higher and water fluoridation remains an important 
public health objective. 

VI. CONCLUSION  

 The significance of a decision to use demineralized water as a drinking water source 
without addition of fluoride during remineralization will depend upon: 

• the existing concentration of fluoride in the local supply; 
• climatic conditions and the volume of water consumed; 
• dental caries risk (i.e. sugar consumption);  
• the level of public dental awareness and the general availability of  

alternative vehicles for fluoride available to the whole population.  
 

 However, total fluoride intake from other sources and the need to ensure an appropriate 
minimum intake of fluoride to prevent loss from bone also need to be considered. 
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Table 1. Countries with water fluoridation schemes covering populations of 1 million or more 

Adjusted fluoride Country Population (millions) 

Population covered 
(millions) 

Population covered 
(%) 

Argentina 35.9 3.1 9.0 

Australia 19.3 11.7 60.6 

Brazil 172.5 65.6 38.0 

Canada 31.0 13.3 42.9 

Chile 15.4 5.4 35.1 

Colombia 42.8 29.4 68.7 

Guatemala 11.7 1.8 15.4 

Hong Kong 6.7 6.7 100.0 

Ireland 3.8 2.3 60.5 

Israel 6.4 4.3 67.2 

Korea 46.1 5.4 11.7 

Malaysia 22.6 15.8 69.9 

New Zealand 3.8 2.3 60.5 

Philippines 77.1 5.0 6.5 

Singapore 4.1 4.1 100.0 

Spain 39.9 4.0 10.0 

UK 59.5 5.4 9.1 

USA 281.4 171.0 60.8 

Vietnam 79.7 4.4 5.5 
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Table 2. Countries with drinking water supplies with a natural fluoride concentration of 
around 1 mg/litre covering populations of 1 million or more 

Natural fluoride at or around 1mg/litre Country Population (Millions) 

Population covered 
(millions) 

Population covered 
(%) 

Argentina 35.9 4.5 12.5 

France 59.4 1.8 3.0 

Gabon 1.3 1.3 100 

Libya 5.4 1.0 18.5 

Mexico 100.4 3.0 3.0 

Senegal 9.7 1.0 10.3 

Sri Lanka 19.1 2.8 14.7 

Tanzania 35.0 12.2 34.9 

USA 281.4 10.0 3.6 

Zimbabwe 13.0 2.6 20.0 

 

 

 

Table 3. Mean number of decayed, missing and filled teeth in children resident in fluoridated (f) 
and non-fluoridated (nf) parts of the Republic of Ireland (RoI) and in non-fluoridated (nf) 
Northern Ireland (NI) 

Age RoI (f) RoI (nf) NI (nf) 

5 years 1.0 1.7 1.8 

15 years 2.1 3.2 3.6 
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