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EXECUTIVE SUMMARY 

Purpose of the report 

The aim of this study was to investigate the association between drinking water hardness 

and cardiovascular mortality in areas that had experienced a stepped change in water 

hardness, calcium or magnesium levels in England and Wales.   

Method 

Data collection: Mortality data for cardiovascular diseases in England and Wales between 

1981 and 2005 were obtained from the Office of National Statistics.  Such data included 

date of death, age at death, gender, cause of death and postcode of last residence.  Time 

series data detailing drinking water concentrations of total hardness, calcium, magnesium 

and sodium were requested from each company.   Concentration data were requested for 

both pre and post change time periods. 

 

Statistical analyses: 

For each area a linear or Poisson regression of log counts on monthly mean maximum 

daily temperature, its square, the previous months temperature, and variable accounting 

for the flu epidemic was fitted allowing for a quadratic time trend and the number of 

days in the month. The change in water hardness was included using an indicator 

variable. The coefficient of an indicator variable, as with all Poisson regression models, 

is the risk ratio. 

Results 

We found no evidence of an association between step changes in drinking water 

hardness, either increases or decreases, and cardiovascular mortality.  We undertook 

several sensitivity analyses to examine the impact of the model definition and variables 

upon the results obtained.  The results were robust to the inclusion of areal population 

estimates, the type of model used and the form of the dependent variable.  We also 

undertook a power calculation to examine whether the non significance of the 

association could be explained by a lack of power of this study to adequately examine the 

hypothesis.  

 

Only 14 areas were identified in England and Wales that experienced a step change in 

drinking water hardness over the period 1981 to 2005.  Of these, few were areas that had 

undergone substantial changes with large populations.  Overall, drinking water supply 
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characteristics were mostly stable in England and Wales, particularly with regard to 

magnesium.  As the course of the study progressed, it became apparent that the quality 

and availability of essential data including water hardness concentration, areal extent and 

population were variable. This variability could not have been predicted in advance. 

Conclusion 

This study found no evidence of an association between step changes in drinking water 

hardness, calcium or magnesium and cardiovascular mortality. As we only had one 

geographical area with a substantial magnesium change, the application of this time series 

approach in other settings may contribute to the state of knowledge regarding this 

hypothesis.  If the time series approach were to be replicated in other countries and 

populations, it should only be applied to populations with accurate historical water 

quality records, mortality and population data. 
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INTRODUCTION 

 

Approximately 50 years ago, the first papers suggesting an association between drinking 

water hardness and cardiovascular mortality were published.  Since that time, a large 

number of studies investigating this general association have been published from many 

different nations.  Diseases of the heart and circulatory system (cardiovascular disease, or 

CVD) are the leading cause of death in the United Kingdom and account for over 

208,000 deaths each year.  More than one in three people (36%) die from CVD each 

year.  The main forms of CVD are coronary heart disease (48%) and stroke (28%) (BHF 

2007).  If the association between drinking water characteristics and cardiovascular 

mortality is causal, this represents a significant potential for possible health benefits 

through drinking water hardness modification. 

 

We conducted a comprehensive and systematic review of studies examining the apparent 

effects of soft water on cardiovascular disease and cancer commissioned by the UK 

Drinking Water Inspectorate (Catling et al. 2005).  We concluded that there is evidence to 

support the role of water hardness in preventing cardiovascular mortality, and 

magnesium in particular based on a meta-analysis of analytical epidemiological studies 

(Catling et al. 2007, in press).  This conclusion mirrored a similar review conducted for the 

World Health Organisation (Monarca et al. 2006).  However, given the limitations 

associated with the design of studies examining this association to date, the basic 

question of whether or not the consumption of hard water protects against death from 

cardiovascular disease is still debated.  Following an International Symposium on Health 

Aspects of Calcium and Magnesium in Drinking Water (Baltimore, 2006), a WHO expert 

working group recommended that ‘natural experiments’ should be identified where the 

level of water hardness had changed, either due to the introduction or cessation of a 

softening treatment by the water company, or a change in source water.  Such areas 

provide an opportunity to examine the effect of these changes on the number of deaths 

occurring from cardiovascular disease in the population supplied from these water 

sources. 

 

The aim of this study was to investigate the association between drinking water hardness 

and cardiovascular mortality in areas that had experienced a stepped change in water 

hardness, calcium or magnesium levels in England and Wales.   

Step changes in drinking water hardness and cardiovascular mortality 5



DWI/70/2/203 

 

Two such studies examining natural experiments have previously been undertaken.  

Crawford (1971) and Lacey and Shaper (1984) examined the timeframes 1951 to 1961 

and 1961 to 1971 respectively.  These studies identified towns that had experienced a 

change in water hardness between census points.  They grouped the towns according to 

the type of change experienced (increase, decrease, no change) and calculated the 

mortality rate based on the decennial census population.  The two mortality rates were 

then compared.  Both studies reported a significant reduction in cardiovascular mortality 

following an increase in drinking water hardness.  Lacey and Shaper (1984) corrected and 

expanded upon Crawford (1971) and reported an increase of 100mg/l CaCO3 in the 

range 0-170mg/l CaCO3 was associated with a significant decrease of 8.1% in male 

cardiovascular mortality.  However, these studies are limited.  Whilst Lacey and Shaper 

(1984) used census populations and compared differences in rates for consecutive census 

years between intervention and control populations, this implicitly assumes that the 

control and intervention groups were similar, on average with regard to trend. Other 

factors, such as socioeconomic factors, may result in differences in trend.  Furthermore, 

only a small number of areas were considered in each of the change groups, therefore the 

summary analysis is associated with a high level of uncertainty. 

 

Modern advances in both statistical methods and computing power greatly improve our 

ability to examine this research question.  This study utilises a time series approach to 

examine cardiovascular mortality data for areas where there has been a change in water 

hardness to investigate whether this change has immediate and lasting consequences for 

the cardiovascular mortality rate. 

 

The objectives of phase one of the study are: 

 

(i) To discuss with water companies the quality of geographical and water 

quality/treatment data for areas where there has been step change in 

hardness. 

(ii) Assess the quality and availability of the data on cardiovascular disease, its 

geographical resolution and potential covariates. 

(iii) Based on these considerations  
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a. Conclude whether there are sufficient data for a robust study to be 

conducted. 

b. Outline its methodology and propose a number of candidate areas. 

The phase 1 report is included in appendix 2. 

 

The objectives of phase two are, for the candidate areas identified in phase 1: 

(iv) To enlist the cooperation of water companies in providing data on changes in 

the level of hardness, identify the precise areas affected and collect other 

relevant variables and/or treatment changes in areas affected. 

(v) To gather data on incidence of cardiovascular mortality in the affected areas 

(vi) To test the hypothesis that those consumers receiving harder water have 

lower incidence of cardiovascular mortality after the change than before and 

those receiving softer water have higher incidence of cardiovascular mortality 

after the change than before. 

(vii) To test the differences between sub sets of the data, such as, those 

consumers where the change has been to artificially hardened water 

compared with those consumers where the change has been to harder water 

as a consequence of the cessation of softening etc. 

(viii) If appropriate, gather corresponding data on control areas.  

(ix) To analyse the data to conclude  

a. Whether there is any association observed,  

b. Whether the study casts any light on causality or possible mechanism and  

c. What conclusions can be drawn about the size of potential health effect 

and  

d. Whether there is a minimum level of hardness that gives rise to a 

beneficial effect.   
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METHODS 
 

Data Collection 

 

In England and Wales, drinking water services were privatised in 1989.  The regulation of 

private companies providing drinking water services is overseen by the centralised 

regulatory body, the Drinking Water Inspectorate (DWI), established in 1990.  This is a 

government body responsible for enforcing statutory requirements and ensuring the 

provision of safe drinking water by water undertakers.   

 

The areal unit of drinking water supply is defined as the Water Supply Zone (WSZ).  The 

definition of a WSZ is such that it encompasses a population of approximately 50,000 

and drinking water quality is homogenous.  From 1990 to 2003, drinking water hardness, 

calcium and magnesium concentrations were under regulation and monitoring was 

required.  Each water company was required to submit a summary value for drinking 

water concentrations.   

 

The DWI approached all 25 water supply companies in England and Wales to identify  

any areas of their water supply that had undergone a step change in drinking water 

hardness.  Each company then submitted a return to the DWI briefly describing the area 

where any such changes had occurred, the approximate population serviced within that 

water supply zone(s), the approximate magnitude and date of change, and the reason 

such a change occurred.  Following this initial contact with the water companies, we were 

commissioned to undertake a study investigating a possible relationship between step 

changes in drinking water hardness and cardiovascular mortality.   

 

We developed a pro forma in order to standardise the information obtained from the 

water companies and to ensure comparability (Appendix 1).  We then contacted each 

company that had identified a step change in the hardness of the drinking water supply 

to obtain detailed information regarding the nature of the change and the exact areas 

affected.  Briefly, the pro forma was used to obtain information regarding key aspects of 

water quality data (extent of historical records, stability of concentration measurements, 

sources of  variability, method of quantification, frequency of measurements) and 

geographic boundary data (GIS  files, paper maps, historical boundary changes).  Each 
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company was also questioned to determine if other areas additional to those described in 

the DWI return had experienced a step change. 

 

Each water company was then asked to provide both geographical data detailing the 

specific area experiencing a step change (single or multiple water supply zones) together 

with information describing any boundary changes, and historical measures of drinking 

water parameter concentrations including total hardness, calcium, magnesium and 

sodium.  These were essential in order to confirm that a) a step change had indeed 

occurred and b) to obtain pre and post concentration levels. 

 

Geographical delineation of the study areas 
 

The water companies provided information detailing the geographical extent of the area 

experiencing a step change in drinking water hardness in a number of different formats, 

all of which were required to be entered into the specialist software package ArcGIS.  In 

some instances, geographical delineations were obtained as GIS shapefiles, i.e. as geo-

spatially referenced data that could be directly imported into ArcGIS.  Other companies 

provided details of the WSZ(s) on a paper map with hand drawn boundaries illustrating 

the extent of the water supply area.  The paper maps were scanned and the images 

entered into ArcGIS to be digitised.  In brief, this process uses key features such as road 

intersections, monuments or coastal outlines to fix the image to an underlying detailed 

map of the area and thus assign a geographical extent.  The degree of error in the 

digitising process is measured by the root mean square error (RMS).  This gives an 

approximate measure of the difference between the real world co-ordinates and the 

registration points on a digital layer.  In each case a digitised image was considered 

acceptable only if this value was less than 50 in order to minimise errors in the definition 

of geographical location associated with the digitisation process.  Once the image had 

been fixed, it was then possible to create a new file detailing the extent of the area of 

interest from the hand drawn boundary(s).  The output from this process was equivalent 

to the shapefiles obtained directly from some companies.  Furthermore, each company 

was asked to provide, if possible, historical records of the geographic boundaries of the 

WSZ(s) in question.  These boundaries were examined for changes over time to identify 

population settlements that had been consistently supplied with the drinking water in 

question.  Population settlements that had become included in, or excluded from, the 
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water supply zone due to peripheral changes in the boundary were excluded from 

analysis.  If no historical records were available, we obtained expert opinion from the 

water companies to identify consistently supplied areas.  ArcGIS was therefore used to 

identify the boundary of the water supply zone(s) where a step change had occurred, thus 

defining the outer limits of the area of change 

 

Once the extent of the area experiencing a step change had been defined, it was 

necessary to identify the final study area, i.e. the final geographic extent that would be 

used to define mortality cases for analysis.  The actual study area to be used as the unit of 

analysis in this study was defined using small area census boundaries.  In order to map 

populations over time, the study area was initially defined in terms of 1991 enumeration 

districts (ED), each typically containing approximately 200 households.   

 

Each study area was defined as all 1991 EDs falling within the area of change.  Where an 

ED was transected by the boundary for the area of change, the SURPOP1 dataset was used 

to examine the underlying population distribution within that ED.  SURPOP utilises the 

population weighted centroid location for each 1991 ED to redistribute the population 

into the cells of a regular grid (200m x 200m), thus generating a population surface.  For 

a transected ED, the population distribution was examined and if over 90% of the 

population was within the area of change, that ED was included in the definition of the 

study area (Figure 1).   

 

                                                 
1 SURPOP provides access to a set of population estimates for 200m cells derived from the 1991 
census population in England, Wales, Scotland and Northern Ireland. 
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Figure 1   Illustration demonstrating the examination of population distribution within 
the enumeration districs for selection in the study area 

 

However, in order to ensure that only populations within the area of change were 

identified for analysis, the extent and distribution of population settlements within each 

study area were further scrutinised using detailed Ordnance Survey maps for the area and 

surrounds.  If the study area boundary encompassed discrete populations e.g. whole 

towns and villages surrounded by sparsely populated areas, all census units falling within 

the area of change (as described above) were used to identify the study area.  However, in 

some cases population settlements were continuous and the boundary of the area of 

change transected dense settlements (e.g. towns or cities).  In these instances it was 

necessary to create a boundary on the outer extent of the study area.  This was to 

acknowledge the uncertainty in the precision and accuracy of the boundary location, 

which would be greater when obtained by manual digitisation of a paper map, and to 

ameliorate any possible peripheral effects associated with sources of drinking water 

supply..  In these instances, a boundary one ED wide was created on the periphery of the 

study area.  These EDs were then excluded from the final definition of the study area. 

 

The final study area was therefore defined in terms of 1991 ED census units, thereby 

allowing exact identification of the study population at census.  These areas were easily 

matched to the corresponding 1981 and 2001 census units (enumeration districts and 

output areas respectively) to obtain population estimates for these censuses. 
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Control areas  
 

Control areas were also defined for each study area in order to examine the specificity of 

any association between step changes in drinking water hardness and cardiovascular 

mortality.  A control area was identified that was geographically proximal to the study 

area in question and was matched by population density to obtain a similar rural/urban 

population distribution to that of the study area.  This was to match the two areas as 

closely as possible with regard to access to treatments and facilities which may vary 

geographically, or other local factors that may have changed at the same time as the step 

change in drinking water hardness and also affect cardiovascular mortality.  Additionally, 

geographically proximal areas could be expected to experience similar environmental 

exposures, e.g. temperature profiles.   

 

Drinking water data 
 

Time series data detailing drinking water concentrations of total hardness, calcium, 

magnesium and sodium were requested from each company.   Concentration data were 

requested for both pre and post change time periods.  Data were then examined to 

investigate variability in the concentration data over time, to verify the existence of a 

notable and sustained step change in hardness, calcium and/or magnesium, and to 

determine representative pre and post change concentrations.  This study defined a step 

change as a pronounced and sustained increase or decrease in drinking water hardness 

concentrations. 

 

The variability in the concentration data over time was examined.  This was to ensure 

that any step change that had been identified was distinct from any pre and post change 

variability.  High levels of variability could obscure the step change and reduce the ability 

of the models to detect an association. 

 

The water hardness concentration data were examined for each area to identify and 

define when the step change occurred.  Whilst the information obtained from the water 

companies was used to assist this process, the actual definition of the timing of the step 
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change was obtained from the water concentration data.  In some cases there was a 

distinct, immediate change in the drinking water hardness, calcium and/or magnesium 

levels.  However, for other areas it was necessary to model a transition period defining a 

period of increased variability before drinking water concentrations settled at their post 

change levels. 

 

Mortality data 
 

Mortality data for England and Wales were obtained from the Office of National 

Statistics.  Such data included date of death, age at death, gender, cause of death and 

postcode of last residence.  The postcode of last residence was used to assign a 

geographical reference to each mortality case and allow the identification of deaths 

occurring within the study areas.  Data preceding 1981 contained only a reference to the 

district of residence and were therefore of too poor a geographical resolution to be 

included in this study.  Mortality data were collected for the period 1981 to 2005 

inclusive. 

 

Definition of causes of mortality  
 

The principal outcome of interest for this study is cardiovascular mortality.  The 

aetiology of cardiovascular disease is multifactorial and complex.  Many factors can 

contribute to its development and progression including atherosclerosis, blood 

coaguability and electrical factors.  Both calcium and magnesium have been the subjects 

of a number of extensive studies with regard to cardiovascular disease (Durlach et al. 

1985, Rylander 1996, Marx and Neutra 1997).  Animal studies have demonstrated 

magnesium deficiency to be associated with cardiac arrhythmias, which predispose to 

fatal myocardial infarction (Anderson et al. 1975).  Moreover, animal studies have also 

shown that supplemental magnesium delivered via drinking water significantly improved 

the lipid profile and inhibited atherosclerosis (Sherer et al. 1999, Sherer et al. 2000, Cohen 

et al. 2002).  It is possible that any association between drinking water magnesium and 

cardiovascular mortality may be mediated through electrical imbalance within the heart 

and improved recovery from arrhythmia.  This study will examine specific conditions 
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defined under the wider category of cardiovascular disease that have been hypothesised 

to be associated with drinking water hardness, calcium or magnesium. 

 

A number of ecological studies have also reported an association between drinking water 

hardness and mortality from a number of non-cardiovascular causes.  A significant 

inverse association was found with mortality from pancreatic cancer (Yang et al. 1999a), 

stomach cancer (Yang et al. 1997a), colon cancer (Yang et al. 1998), rectal cancer (Yang et 

al. 1997b), oesophageal cancer (Yang et al. 1999c), breast cancer (Yang et al. 2000a), 

diabetes mellitus (Yang et al. 1999d), and ovarian cancer (Chiu et al. 2004).  Magnesium 

levels were found to be protective against cancer of the prostate (Yang et al. 2000b), 

oesophagus (Yang et al. 2002), colon (Yang et al. 1997b).  Increasing calcium levels were 

significantly associated with an increased likelihood of death from renal failure (Hwang et 

al. 2003).  Therefore in order to examine the specificity of any association found between 

drinking water hardness and cardiovascular mortality, deaths from these causes were 

excluded from the definition of ‘all other deaths’. 

 

Three groupings of mortality codes were used: 

 

1)  codes referring to specific forms of cardiovascular disease (selected cardiovascular 

causes) 

2)  conduction disorders and cardiac dysrhythmias  

3)  all causes excluding those that have also been linked to drinking water hardness. 

 

The International Classification of Diseases (ICD) is published by the WHO and 

provides a detailed coding system for causes of deaths with periodic revisions.  The 

timeframe of this study (1981 to 2005) encompasses two revisions, ICD9 (1979 to 2000) 

and ICD10 (2001 to date).  Mortality codes were matched between revisions.  In some 

instances classification of particular causes of death within a category differed between 

revisions.  To ensure continuity of definition in the mortality groups of interest, codes 

that were present in a category in ICD9 that had been recoded into non-cardiovascular 

categories in ICD10 were matched and the ICD10 code included regardless of category 

definition.  Where a code was present in ICD10 but not ICD9, such codes were 

excluded. 
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Table 1 lists the mortality codes (both ICD9 and ICD10) defining the three groups of 

interest. 

 
Table 1  Mortality codes defining groups of interest for study 

  ICD9 ICD10 

Selected cardiovascular mortality   

 Hypertensive disease 401-405 I10-I15 

 Ischaemic heart disease  410-414 I21-I25 

 Conduction disorders  426 I44, I45 

 Cardiac dysrhythmias  427 I47-I49 

 Cerebrovascular disease  430-438 I60-I69, G45 

 Atherosclerosis 440 I70 

Conduction disorders and cardiac dysrhythmias   

 Conduction disorders  426 I44, I45 

 Cardiac dysrhythmias  427 I47-I49 

All causes excluding   

 Renal failure  585-586 N18, N19 

 Diabetes mellitus  250 E10-E14 

 Colon cancer  153 C18 

 Rectal cancer  154 C19-C21 

 Breast cancer  174 C50 

 Prostate cancer  185 C61 

 Ovarian cancer  183 C56 

 Stomach cancer  151 C16 

 Pancreatic cancer  157 C25 

 Oesophageal cancer 150 C15 
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Assigning a geographical reference to mortality data 

 

Once mortality data were obtained, the household postcode of each record was matched 

to a 12 digit grid reference using the All Fields postcode directories (Office of National 

Statistics).  This allowed a geo-spatial reference to a one metre resolution to be assigned 

to each mortality case.  Postcode directories are available on an annual basis and contain 

both live (currently in use) postcodes and terminated codes.  Each code has a date of 

introduction and termination therefore for each mortality case, the date of death was 

examined to ensure it fell between introduction and termination of the postcode (and 

hence geographic reference) contained within the directory.  Terminated postcodes are 

occasionally reused by the postal service, Royal Mail, although generally not until a period 

of 2 years has elapsed.  The implication of mis-assigned geographic references would be 

greatest at the periphery of the study area of interest.  This may cause non-differential 

misclassification of mortality as occurring within or outside the study area. 

 

The geographically referenced mortality data for the period 1981 to 2005 were then 

entered into ArcGIS and overlaid onto each study area.  All deaths occurring within the 

defined study area were then selected and aggregated by the mortality groups detailed in 

Table 1 and by month thus defining the temporal unit of analysis.   

 

Cardiovascular mortality is strongly associated with age.  Mortality rates increase with 

age, with males exhibiting higher rates than females up until the age of approximately 50 

years (Beevers et al. 1995).  After this age, males and females exhibit similar 

cardiovascular morbidity and mortality rates.  Studies examining the association between 

drinking water hardness and cardiovascular mortality have typically examined middle 

aged or older individuals.  Typically, no studies have examined any association for 

differential effects by age.  Rubenowitz (1999) examined exposure by two age groups in 

females, 50 to 59 and 60 to 69 years.  There was no discernible difference between the 

age groups and associations.  To examine the association for possible differential effects 

by age, mortality data were then further aggregated by age group (all ages, <50years, 50-

64 years, 65-74 years and 75+ years) for males, females and the genders combined. 
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Statistical analysis – development of the methodology 
 

Definition of the dependent variable 

 

This study employs a time series approach to investigate step changes in drinking water 

hardness and cardiovascular mortality.  Mortality from cardiovascular disease is strongly 

associated with age, therefore when considering mortality trends by study area, it is 

important to also consider possible trends in the underlying population distribution.  The 

age and gender structure of each study area is enumerated in the decennial census.  An 

accurate account of the age and gender distribution of each study area is therefore only 

available for 1981, 1991 and 2001.  The Office of National statistics provides mid-year 

population estimates (MYE) for England and Wales at the local authority district level.  

This is a much higher geographical level covering large areas.  They are also available at 

the county level.  The estimates are calculated by the previous mid year estimate being 

aged on one year, the addition of births occurring during the year, removal of deaths 

occurring during the year and with adjustments made for migration into and from the 

resident population.  Historic MYE for the period 1981 to 2002 are revised to be 

consistent with the results of the 2001 Census.  The pattern of the MYE for districts 

differed considerably from those at the county level, casting doubt on the suitability of 

either for this study. 

 

The application of these estimates to the generally relatively much smaller study areas 

would further increase the level of approximation associated with attempts to estimate 

the population over time.  Due to the lack of any adequate monthly population 

denominator at the study area level, mortality counts per month, not rates, were used for 

the dependent variable.  Sensitivity analyses were conducted to examine the effect of 

including population estimates obtained from interpolating district and county level 

population.  This will be described in the Results section. 
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Explanatory variables 
 

Time trend 
 

Figure 2 illustrates the trends in mortality from selected cardiovascular diseases (Table 1) 

for both a large study area and the national dataset for males aged 50-64 years.  This 

figure shows a distinct trend of declining cardiovascular mortality between 1981 and 

2005 when expressed both as counts per month (study area) and as rates from coronary 

heart disease per 100,000 population for the UK (national).  
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Figure 2  Cardiovascular mortality rates (national dataset) and counts (large study area) for males 

aged 50-64 years 
 

 

Preliminary examination of the trend in cardiovascular mortality also showed a marked 

non-linearity.  This trend was apparent in both the mortality rates of the national dataset 

and the mortality counts of the study areas.  This trend was evident for all the geographic 

regions of England and Wales.  This non-linearity was accounted for in each study area 

by including a quadratic time function as an explanatory variable in the models (time and 
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time squared).  Any trend fitted will encompass the likely downward trend in 

cardiovascular mortality rate and changes in population, both of which are assumed to be 

gradual.  Whilst the trend in mortality rate and population are confounded and cannot be 

separated, they are not of individual interest in this study.   

 

Season 
 

Figure 2 also illustrates that there is a strong seasonal signature in the cardiovascular 

mortality trend, with increased mortality in winter.  This seasonal signature was dissimilar 

between years.  A number of studies have demonstrated a significant inverse association 

between temperature and cardiovascular mortality (McGregor 2001, Pocock et al 1980, 

Näyhä 2002, Eurowinter 1997).  Furthermore there is evidence to suggest a lag effect of 

temperature upon mortality (Donaldson 1997), and an overall U shape to the relationship 

with higher mortality seen with increasing extremes of low and high temperatures (Näyhä 

2002).  The nearest MIDAS land surface observation station to each study area containing 

complete temperature data was identified.  Daily minimum and maximum temperatures 

were then extracted for the period 1981 to 2005.  The average daily maximum air 

temperature per month had the strongest correlation with cardiovascular mortality and 

was therefore included in the models.  Further temperature variables detailing lag 

temperature (temperature in the preceding month), and a quadratic variable (temperature 

squared) were also calculated.  In the event of multiple possible choices of weather 

station, we identified the station most likely to have the closest microclimate by 

examining satellite imagery of the study location.  The inclusion of these temperature 

variables reduced the variance in the models more efficiently than the inclusion of a 

simple sinusoidal variable.   

 

Flu 
 

The national dataset exhibited a distinct single peak in mortality in December 1989.  This 

corresponded to a flu epidemic that was responsible for nearly 30,000 excess deaths in 

the UK (Ashley et al. 1991).  The effects of this were removed by the inclusion of a flu 

indicator variable in the model. 
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Water hardness 
 

The step change in water hardness was modelled using a binary indicator variable (0 

before change, 1 after the change).  If a transition period was necessary, water hardness 

was included as a categorical variable with three categories (before, transition and after).  

Any change due to water hardness was assumed to be a stepwise, immediate change.  

Although an immediate effect of the change in drinking water hardness was modelled, a 

short term lagged effect would be expected to be detected given the length of the follow 

up period modelled. 

 

The dependent variable, cardiovascular mortality was expressed in such a way as to 

ensure the water hardness coefficient for these models corresponded to the log of the 

risk ratio for post-change compared to pre-change mortality.  The coefficient of an 

indicator variable, as with all Poisson regression models, is the risk ratio. A risk ratio 

(RR) compares the probabilities of an event occurring in 2 groups.  A RR of 1 implies 

that the event, in this case cardiovascular mortality, is equally probable in both groups, 

i.e. before and after a step change in drinking water hardness.  A RR greater than 1 

implies that cardiovascular mortality is more likely post change, similarly a RR of less 

than 1 implies it is less likely post change. 

 

Model fitting and evaluation 
 
The mean counts of cardiovascular mortality per month were examined for each study 

area.  When the average monthly count of a series was low (<50 per month) a Poisson 

regression of log counts on monthly mean maximum daily temperature, its square, the 

previous months temperature, and variable accounting for the flu epidemic was  fitted 

allowing for a quadratic time trend.  The number of days per month was included as an 

exposure variable.   

 

The Poisson model fits were evaluated by the chi squared goodness of fit test, although 

this assumes that the standardised residuals follow a normal distribution which may not 

be appropriate for very small counts.  The chi squared divided by the degrees of freedom 

as a general rule should be about 1 if the fit is good. If it is larger, overdispersion may be 

indicated and the negative binomial distribution may be more appropriate.  In the few 
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cases where this was indicated, a negative binomial fit produced almost identical results 

to the Poisson regression. Plots of standardized residuals were made including their 

autocorrelations.  All the cases of poor fit corresponded to larger expected counts thus 

enabling a normal linear regression to be fitted for the larger count series. 

 

For series with higher average counts (≥50) a poor fit was usually suggested for the 

Poisson models.  For these cases, a linear regression was fitted with the same explanatory 

variables, but with the dependent variable as log (counts/month).  The residuals from 

this model were assessed for normality using Q-Q (quantile-quantile) plots. Further, the 

autocorrelation function was plotted and tested (Bartlett’s test) to ensure that there were 

no significant correlations of any size (>0.15), or pattern to the autocorrelations. Several 

series had significant autocorrelations at lag 1 in which case an autoregressive coefficient 

was used to model the autocorrelation. In all cases this eliminated the autocorrelation in 

the series.  The inclusion of this autoregressive component made little change to the 

estimate of the water hardness effect, although it usually resulted in a slightly wider 

confidence interval.  

 

All analyses were conducted using the software package STATA. 

 

Exclusions 
 

Preliminary examination of sample study areas illustrated that mortality counts for study 

areas of total population size <3000 (as at 1991 census) were insufficient for accurate 

modelling.  Therefore study areas with a total population of less than 3000 were excluded 

from this study. 

 

Sensitivity analyses 
 

Sensitivity analyses were conducted to examine the impact of including areal monthly 

population estimates upon the models.  These were excluded earlier because accurate 

population figures are only available at census. 
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Given that the study areas fall within a district or county area, three alternative methods 

for estimating the population of the study area presented themselves: 1) linear 

interpolation of the study area population between census points, 2) scaling of the mid 

year estimates for the district within which the study area falls to provide population 

estimates between known census counts, and 3) scaling of the mid year estimates for the 

county within which the study area falls as in (2).  Initial experience with some arbitrarily 

chosen study areas showed that all three methods made very little difference to the 

model results.   

 

Sensitivity analyses were then performed on two large count study areas (areas E and F) 

and one small count study area (area I) using method 2 above.  Population counts by 

gender and age for the study areas were obtained from the 1981, 1991 and 2001 

censuses.  A scale factor, the ratio of the census population of the study area to the 

census population of the district, was calculated at each census year.  This ratio was then 

interpolated linearly between censuses (and back and forward extrapolated before and 

after the census years).  The district estimates were also linearly interpolated between 

mid-years. Monthly population estimates for each study area were then obtained by 

multiplying the district estimates by the corresponding scale factor. 

 

Ethics 

 

Ethical approval for this study was granted by the Eastern Multi Centre Research Ethics 

Committee. 
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RESULTS 

 

Study areas 
 

A total of 44 separate areas undergoing a step change were identified by 12 companies.  

Figure 3 illustrates the identification of areas to be analysed in this study.   

 
 

44 areas 
identified by 

12 water 
companies 

30 areas excluded: 

7 step change occurred pre 1981 

7 no data were received from water companies 

7 water quality measurements indicated no step 
change had occurred, companies withdrew areas as 
examples of step changes 

7 small populations 300-3000 at 1991 census 

2 the areas experiencing the step change could not be 
geographically delineated by the water companies 

14 accepted for 
analysis 

 
Figure 3  Diagram illustrating identification of study areas and reasons for exclusion 
 
 
 
In total, 30 areas identified by the water companies were excluded for the reasons 

summarised in Figure 3.  Despite repeated contact with the companies involved, no data 

were received for 7 areas that had been reported as experiencing a step change in 

drinking water hardness.  From the information initially reported to the DWI, these areas 

typically experienced small changes and generally had smaller populations (<10,000).  

The availability and quality of the water parameter concentration data varied widely 

between companies.  In some instances weekly operational data were available 

supplemented by regular zonal measurements.  The poorer quality records contained 

only one annual measurement with no measure of variability.  The completeness of 

Step changes in drinking water hardness and cardiovascular mortality 
 

23



DWI/70/2/203 

company records also varied.  If pre-change concentration data were not available, expert 

opinion was elicited both to verify a change had occurred and also to provide an estimate 

of hardness concentration.  In some cases although the water company had indicated a 

step change had occurred in the initial return, examination of the water hardness 

concentration data did not verify this.  These areas were therefore excluded from our 

analysis.  A total of 14 study areas were identified with suitable data for inclusion in the 

analysis.   

 

In the period 1981 to 2005, there were a total of 13,973,573 deaths in England and 

Wales.  Of these, 22,131 (0.16%) were missing any form of postcode and therefore could 

not be assigned a geographical location for the purpose of this study and were excluded.  

The assignation of a grid reference to the postcode of last residence was investigated for 

each study area.  It was found that in each area, a small proportion of cases (typically 

<1%) were mismatched with regard to date of death and the valid period of the 

postcode.  The implications of this were investigated in a large study area.  Multiple 

postcode directories from earlier years were used to assign a time matched grid reference 

to each mismatched mortality case.  It was found that although the date of death did not 

fall between the dates of introduction and termination of that particular postcode (and 

hence grid reference), the differences in geospatial location were typically minimal.  No 

further steps were taken to match this small percentage of postcodes by time period.  

There is therefore a small possibility of non-differential misclassification of mortality 

cases on the periphery of the study area. 

 

Table 2 summarises the drinking water and mortality characteristics of the 14 study areas.  

The number of mortality cases within the study area for conduction disorders, 

cardiovascular disease (as defined in Methods), excluded causes and all deaths are given 

for each study area.  Cardiovascular disease was a major cause of mortality in all study 

areas (range 33.8 to 41.9%).  It can be seen that mortality from conduction disorders 

constituted a very small percentage of deaths in the study areas (range 0.2 to 0.7%). 

 

Water hardness 
 

The absolute magnitude of the change in the drinking water parameters total hardness, 

calcium, magnesium and sodium are given together with the pre- and post- 
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concentrations and the proportional change as a percentage.  Table 2 shows that the 14 

study areas exhibited step changes through a wide range of water hardness levels.  Of the 

14 study areas, 9 experienced a step change due to a change of source water, whilst 5 

were a result of changing softening treatment practice.  Typically a change in softening 

practice affected only total hardness and calcium levels but not magnesium 

concentrations.  Full water hardness data measurements were not available for 4 study 

areas.  Of these, 3 had no historical pre change concentration data, therefore expert 

opinion was elicited from the water company concerned to estimate the magnitude of the 

change (and hence pre change levels) for water hardness only.  The changes for these 3 

areas were labelled as ‘proxy’ changes (areas H, J and M).  The data for the remaining 

area exhibited high levels of variability in parameter concentrations therefore there was a 

degree of uncertainty associated with the reported step change for study area I. The 

remaining 8 study areas had reasonable to good historical water quality records thereby 

increasing confidence in both the presence of the step change and the representativeness 

of the pre and post summary measures. 
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Table 2  Drinking water and mortality characteristics of the 14 study areas 

Area 
Drinking water parameter step change

Absolute change (pre, post concentrations)  
proportional change (%) 

Mortality 1981-2005 
Total count (% of all deaths) 

Type of 
change 

Comments 

 
Hardness Calcium Magnesium Sodium 
(mg/l CaCO3) mg/l mg/l mg/l 

Conduction All CVD Excl. codes All deaths 
 

  

A 
+117.2 (324.3, 441.5) +71.7 (92.0, 163.7) -4 (14.5, 10.5) no data 
 +36%  +78%  -28% 

10 (0.4%) 848 (37.7%) 309 (13.7%) 2,250 
Source 

 

B 
+88.6 (39.4, 128.0) +11.8 (37.3, 49.1) +1.3 (3.1, 4.4) no data 
 225%  32%  42% 

9 (0.7%) 534 (41.9%) 157 (12.3%) 1,273 
Source 

 

C 
-83.9 (111.5, 27.6) -28.9 (36.4, 7.5) -4 (4.7, 0.7) no data 
 75%  79%  85% 

20 (0.4%) 1,759 (39.1%) 614 (13.7%) 4,497 
Source 

 

D 
+116.7 (66.5,183.2) +53(16.1, 69.1) +1.66(1.7, 3.3) no data 
 175%  329%  98% 

7 (0.3%) 931 (39.4%) 325 (13.7%) 2,364 
Source 

 

E 
+138 (157, 295) +43.8 (48.4, 92.2) +0.2 (9.3, 9.5) +40.3(90, 
49.7)  
 88%  90%  2%  45% 

561 (0.4%) 46,376 (35.4%) 16,470 (12.6%)  131,149 Cessation of 
softening  

F 
+27.5 (18.3, 45.8) +15 (4.7, 19.7) +0.6 (1.2, 1.8) no data 
 150%  319%  50% 

1,589 (0.6%) 106,615 (42%) 35,991 (14.%) 253,653 
Introduction 
of hardening 

treatment 
 

G 
+151.3 (38.7, 190) +41.2 (6.5, 47.7) +14(0.8, 14.8) no data 
 391%  634%  1750% 

 
22 (0.5%) 1,933 (39.8%) 620 (12.8%)  4,852 

Source 
 

H 
~+120 (~47.6,167.6) (    , 31.8) (   , 14.2) no data 
 252%     

41 (0.5%) 3,468 (40%) 1,165 (13.4%) 8,668 
 

Source No pre change 
data (proxy) 

I 
-1.4 (49.3, 47.9) -0.5 (14.9, 14.4) -0.5 (3.0, 2.5) 
 -2.8%  -3.4%  -16.7% 

72 (0.6%) 4,333 (38.6%) 1,456 (13%) 11,231 
Source 

Highly variable 

J 
+127.3 (~127.3,177.3) (   , 116.2) (   , 61.8) 
 +40%     

9 (0.2%) 1,687 (40.7%) 557 (13.4%) 4,150 
Source No pre change 

data (proxy) 
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Area 
Drinking water parameter step change

Absolute change (pre, post concentrations)  
proportional change (%) 

Mortality 1981-2005 
Total count (% of all deaths) 

Type of 
change 

Comments 

K 
-22.8 (320.4, 297.6) +10.3 (89.9, 100.2) -10.1(23.0, 12.9) 
 -7.1%  +11.5%  -44% 

3 (0.3%) 375 (36.5%) 153 (14.9%) 1,026 
Source 

 

L 
+140 (184, 324) +52 (72, 124) +1(1,2) -65(78,13) 
 +76%  +72% +100%  -83% 

23 (0.6%) 1,399 (33.8%) 574 (13.9%) 4,133 Cessation of 
softening  

M 
+100(~242, 342) (    ,128) (    ,5)  (   , 34) 
 +41%       

280 (0.4%)      24,620 (34.2%)      8818 (12.3%)  71,938 Cessation of 
softening 

No pre change 
data (proxy) 

N 
+62(287, 349) +19(108, 127) +1(3.3, 4.1) -30(48, 18.2) 
 +21.6%  +17.6%  +30%  -62.5% 

73 (0.5%) 5,459 (35.3%) 1,834(11.9%) 15,474 Cessation of 
softening  
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Results of statistical models 
 

The number of deaths from conduction disorders were too small to model for each study 

area, therefore they were not considered separately in the models but were included 

within the selected codes defining cardiovascular disease for this study.  The results 

presented here are from models of cardiovascular mortality as defined in the methods.  

Table 3 illustrates the mortality counts seen by gender and age subgroup in a typical small 

and large study area.  Small areas included in this study exhibited counts as low as 0 in 

any particular subgroup.  The time series length for each study area was 300 months 

(January 1981 to December 2005). 
Table 3  Summary of mortality counts per month for a small and large study area 

Gender, age (years) 
Small area (~15,000 population) Large area (>1,000,000 population)

Mean St. Dev. Min Max Mean St. Dev. Min Max 

Fe
m

ale
s 

<50 0.03 0.16 0 1 2.26 1.49 0 6 

50-64 0.16 0.37 0 2 13.20 6.30 3 33 

65-74 0.42 0.71 0 4 34.21 13.08 9 75 

75+ 2.08 1.50 0 8 124.15 24.48 68 207 

All ages 2.67 1.74 0 8 173.82 39.74 82 291 

M
ale

s 

<50 0.04 0.20 0 1 7.22 3.35 1 19 

50-64 0.44 0.66 0 3 36.16 14.78 8 75 

65-74 0.82 0.94 0 4 57.04 18.94 15 105 

75+ 1.64 1.29 0 6 81.14 15.70 47 131 

All ages 2.94 1.85 0 10 181.56 41.69 83 311 

M
ale

s+
Fe

m
ale

s <50 0.07 0.25 0 1 9.48 3.87 2 21 

50-64 0.60 0.79 0 4 49.36 19.76 12 108 

65-74 1.24 1.18 0 6 91.25 30.52 24 170 

75+ 3.72 2.05 0 11 205.29 36.83 123 335 

All ages 5.62 2.64 0 13 355.38 79.21 186 582 
St. Dev=standard deviation of monthly mortality counts 
 

Models were constructed and evaluated individually for each study area.  The risk ratio 

(RR) for the water hardness variable was examined for all age and gender groupings after 

adjustment for time, time squared, temperature, temperature squared, lag one 

temperature, flu and the transition period where necessary.  Tests of heteroscedasticity of 

variance provided no evidence of volatility clusters.  The risk ratio, 95% confidence 
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interval and p-values for the step change in drinking water hardness are given for each 

study area by age and gender in Appendix 2. 

 

Where mortality counts were low, the wide confidence intervals surrounding the 

estimates reflect the greater uncertainty associated with the RRs.  In a few instances with 

such low counts the model failed to converge to an estimate, therefore no RR was 

obtained.  A very small number of RRs were found to be statistically significant at the 5% 

level in the individual models.  However, some of the results would be expected to be 

significant by chance alone.  All models were evaluated for goodness of fit and residual 

autocorrelation where appropriate for the model type and were found to be acceptable.   

 

Given this non-significant finding, it was not necessary to examine specificity with regard 

to cardiovascular mortality, therefore mortality from cardiovascular disease and all other 

causes in the control areas was not examined with regard to the step changes in water 

hardness. 

Sensitivity analysis 
 

Sensitivity analyses were conducted on a sample of small and large study areas to examine 

the effect of (1) including areal population estimates upon the model results,  (2) 

changing the type of model fitted and (3) changing the modelling approach to account 

for differences the lack of yearly population data and local trends in mortality  (detailed in 

appendix 3). 

 

The three alternative methods for estimating the population of the study area described 

in Methods were examined for a large study area.  All three methods yielded very similar 

results to the original models.  Sensitivity analyses were then performed on 2 large count 

study areas (areas F and E) and 1 small count study area (area I) using method 2 (scaling 

of the mid year population estimates for the district within which the study areas were 

located to provide population estimates between known census counts).  The inclusion 

of the areal population estimates in the model had little effect on the estimated 

coefficients of the independent variables.  The risk ratios obtained from the models 

summarising the association between a step change in drinking water hardness and 

cardiovascular mortality were therefore robust to the inclusion of population.  The 
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results of the sensitivity analysis were consistent with our assumption that population 

growth was incorporated within the trend terms of the model. 

 

Further analyses examined sensitivity to the type of model fitted (e.g. Poisson, normal or 

autoregressive), and whether the data series were logged or not.  Again, the coefficients 

obtained for the independent variables remained robust to these changes in model 

definition.  These findings support our premise for the main analyses that the gradual 

trend due to falling mortality rate and population change is accounted for by the time 

terms of the model.  

Examination for trends 
Although the results of the models were non-significant, the risk ratios for each study 

area were individually examined for any systematic patterns before being compared to 

other areas.  There was no evidence of consistent patterns in the RRs by age or gender 

within the study areas.   

 

The model results for the study areas were then grouped according to the type of 

drinking water change experienced.  Table 2 shows that in some study areas there was a 

step change in magnesium, but not calcium or hardness concentrations.  There were no 

areas where calcium levels changed independently of total hardness.  Therefore RRs were 

examined separately for areas experiencing a magnesium increase, magnesium decrease,  

and for all areas experiencing an increase decrease in total hardness. 

 

The risk ratios and 95% confidence intervals are illustrated by age group for males, 

females and the genders combined for hardness increase (Figure 4), hardness decrease 

(Figure 5), magnesium increase (Figure 6) and magnesium decrease (Figure 7).  A 

summary estimate was also calculated for each gender and age group and all ages 

combined using the inverse variance weighted method.  Table 4 presents these summary 

estimates and 95% confidence intervals.  The majority were not statistically significant. 

One value was significant not exceeding the expected number of significant results that 

would be observed by chance given the number of analyses done. There was no evidence 

of any association or systematic trend between drinking water magnesium, calcium or 

total hardness and cardiovascular mortality by age, gender or type of step change.  These 

results remained unchanged when the four study areas with poor water quality data (areas 

H, I, J and M) were excluded from analysis. 
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Table 4  Summary estimates for all areas experiencing a step change in magnesium and total 
hardness by gender and age groups 

 Magnesium Hardness 

Gender, age (years) Increase 
N=5 

Decrease 
N=4 

Increase 
N=12 

Decrease 
N=2 

Fe
m

ale
s 

<50 1.09 (0.79, 1.49) 1.31 (0.07, 25.49) 1.05 (0.81, 1.37) 3.88 (1.23, 12.47) 

50-64 0.88 (0.77, 1.01) 1.19 (0.40, 3.58) 0.97 (0.87, 1.08) 2.16 (0.38, 12.47) 

65-74 0.98 (0.91, 1.06) 0.64 (0.36, 1.13) 1.00 (0.94, 1.07) 0.74 (0.32, 1.70) 

75+ 1.00 (0.94, 1.06) 1.24 (0.99, 1.56) 0.99 (0.95, 1.04) 1.21 (0.86, 1.72) 

All ages 0.99 (0.94, 1.04) 1.13 (0.92, 1.38) 1.00 (0.96, 1.03) 1.15 (0.84, 1.57) 

M
ale

s 

<50 1.14 (0.96, 1.36) 4.78 (0.49, 46.85) 1.16 (1.00, 1.34) 2.53 (0.00, 4X1015)

50-64 0.93 (0.86, 1.01) 0.96 (0.54, 1.70) 1.02 (0.96, 1.09) 0.69 (0.32, 1.49) 

65-74 1.62 (1.03, 2.55) 0.97 (0.64, 1.47) 0.96 (0.88, 1.05) 0.97 (0.54, 1.73) 

75+ 1.00 (0.94, 1.05) 0.95 (0.71, 1.27) 1.02 (0.97, 1.07) 1.02 (0.65, 1.62) 

All ages 1.00 (0.97, 1.04) 0.95  (0.77, 1.18) 1.02 (0.99, 1.05) 0.90 (0.66, 1.24) 

M
ale

s+
Fe

m
ale

s 

<50 1.13 (0.97, 1.32) 2.83 (0.69, 11.65) 1.14 (1.00, 1.29) 6.33 (0.71, 56.21) 

50-64 0.92 (0.86, 0.99) 0.98 (0.59, 1.61) 1.01 (0.95, 1.07) 0.77 (0.38, 1.55) 

65-74 1.02 (0.97, 1.08) 0.85 (0.61, 1.18) 1.00 (0.96, 1.05) 0.90 (0.56, 1.44) 

75+ 1.00 (0.95, 1.04) 1.11 (0.93, 1.33) 1.01 (0.97, 1.04) 1.13 (0.85, 1.48) 

All ages 0.99 (0.96, 1.04) 1.03 (0.89, 1.20) 1.01 (0.98, 1.04) 1.02 (0.82, 1.27) 
N= number of study areas contributing to the summary estimate 

 

It has been suggested that any association between drinking water hardness and 

cardiovascular mortality may only be seen in softer waters.  Pocock et al. (1980) found a 

significant inverse association between water hardness and cardiovascular mortality and 

estimated that the maximum effect occurred when water hardness was <170 mg/l 

CaCO3.  Of the 14 study areas, 12 experienced an increase in water hardness of which 6 

areas underwent step changes when water hardness levels were <170mg/l.  There was no 

systematic difference in the summary estimates for areas experiencing an increase in 

hardness occurring at <170 and >= 170 mg/l.  The grouped model results for the study 

areas were then further investigated by examining the absolute magnitude of the step 

change, the proportional change and the pre change concentrations.  There was no 

evidence of any systematic pattern or trend to support this hypothesis. 
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Figure 4  Risk ratios, 95% confidence intervals and summary estimates by gender and 
age group for study areas experiencing a total hardness increase 
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Hardness decrease - males
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Hardness decrease - females
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Hardness decrease - males+females
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Figure 5  Risk ratios, 95% confidence intervals and summary estimates by gender and 
age group for study areas experiencing a total hardness decrease
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Magnesium increase - males
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Figure 6  Risk ratios, 95% confidence intervals and summary estimates by gender and 
age group for study areas experiencing a magnesium increase 
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Figure 7  Risk ratios, 95% confidence intervals and summary estimates by gender and 
age group for study areas experiencing a magnesium decrease 
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DISCUSSION 
 

This study found no evidence of an association between step changes in drinking water 

hardness, calcium or magnesium and cardiovascular mortality.  This report has 

highlighted a number of problems existing with regard to the quality and availability of 

both drinking water and population data.  These issues in turn impact on the modelling 

process and the ability to detect an association if one exists. 

 

Measurement error and variability 

 

The completeness of water quality records varied by water company.  Organisation 

structural changes, together with variations in storage and archiving procedures, 

impacted on the ability to extract information.  In some cases, only a small number of 

data points were available summarising pre-change conditions, whilst for three study 

areas no such data were available.  In a few cases, continuous records were only available 

for operational data.  We therefore assumed that such data was qualitatively 

representative for water at the customer’s tap. 

 

An early assumption was that any step changes seen would be clear and distinct with 

relatively stable pre and post change concentrations. However, we found that in reality 

drinking water hardness could be markedly variable over time with the step change being 

less distinct than thought.  From our discussions with the water companies and 

investigation of the concentration data submitted, it was clear that in some instances the 

concentrations of minerals could vary substantially throughout the year.  Reasons for 

such variability included varying proportions of different sources being used to address 

seasonal factors such as increased demand or quality issues such as nitrate pulses.  Also, 

in some cases the operational performance of the treatment works where water was 

being softened could show a period of decline for a number of years. 

 

Where possible, we examined the variability in the concentration data both to verify that 

a step change had occurred and to estimate the magnitude of the change.  Areas where 

the variability exceeded any step change present were excluded.  However, the time 

scales of the data received ranged from weekly measurements to single annual values 

with no indication of variability.  The representativeness of these single values could not 

be examined, thereby introducing measurement error into the quantification of the water 
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hardness variables.  It is possible therefore that study areas of high variability have been 

included in our analysis, the implication of this is that it would make it harder to detect 

an association between drinking water hardness and CVD mortality if one existed.   

 

Two possible sources of error in the identification of the area that had experienced the 

step change were acknowledged.  Upon discussion with the water companies, we learnt 

that there were periods of dynamic change with regard to zoning practice and water 

supply.  However, as described in the Methods, every effort was made to identify areas 

that had been consistently supplied with the drinking water in question.  An additional 

possible source of error was where the boundary for the supply area transected a 

continuous population settlement, therefore introducing the possibility of peripheral 

effects of drinking water supply.  Although we included a one ED wide buffer zone to 

exclude potentially affected areas, there is still a small possibility of non-differential 

misclassification of mortality cases occurring on the periphery. 

 

Other variables 
 

It is possible that the step change in drinking water hardness also affected other chemical 

parameters that were not considered in this study.  For example, where a softening 

regime utilising ion exchange was implemented or terminated, changes in sodium 

concentrations were observed.  However, we found no association between the step 

change and cardiovascular mortality, therefore alternative compositional factors were not 

investigated. 

  

Response of the water companies 
 

It was more difficult than anticipated to obtain essential data from some water 

companies.  Throughout the course of this study we were met with varying levels of co-

operation on the part of the private water companies.  Lengthy delays in the acquisition 

of key data in some instances significantly delayed the research.  Despite initial interest in 

participation, some companies failed to supply essential data for seven potential study 

areas.  It is possible that with the co-operation of those companies data issues could be 

clarified and the analysis improved. 
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Modelling 
 

An important consideration for the modelling process was the lack of adequate 

population data for the study areas.  There is the possibility that significant changes may 

have occurred within the population of the study area that could be reflected in the 

mortality counts.  However the sensitivity analyses conducted to examine this issue 

showed that the results of the models were not greatly affected by the inclusion of 

population.  Another aspect of population change, and hence possible changes in both 

mortality counts and rates, is the effect of migration both into and out of the study areas.  

Our models assume that the inclusion of the time trend captured all such changes in 

population. 

 

This study applied an ecological measure of drinking water hardness to the individual 

mortality cases.  The representativeness of this value for the characteristics of the water 

usually consumed by the individual is unknown.  This study assumed that the drinking 

water supplied by the water company was the dominant source of exposure, and the 

water consumed was qualitatively the same as that supplied.  Furthermore, it was not 

possible to consider the actual volume of water consumed by the individual.  It is likely 

that there will be substantial variation at the individual level with regard to both the 

quantity and quality of consumed water.  Water softener use could confound the analysis.  

Anecdotal evidence for one study area where hardness levels had been increased 

suggested that household use of water softeners had increased soon after the step 

change. 

 

If the association observed between drinking water parameters and cardiovascular 

mortality is causal, the time lag between exposure and outcome is unknown.  The models 

described for this study examined for an immediate effect between the step change and 

cardiovascular mortality.  It would be expected that this approach could also detect short 

term lags given the length of follow up.  It was not possible to consider length of 

residency in the study area for the mortality cases.  It has been suggested by some 

authors that the time lag between exposure and effect for water hardness may be several 

years (Luoma et al. 1983).  However, in the absence of any substantive evidence to 

support this, it would not be methodologically sound to investigate multiple long term 

lag lengths. 
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At this point in time, although studies have reported a significant inverse association 

between drinking water hardness and cardiovascular mortality, the magnitude of a step 

change required to see an effect on mortality is unknown.  Some notable total hardness 

changes occurred in the study areas but no association with cardiovascular mortality was 

detected.  Approximately half of the study areas examined covered relatively small 

populations.  The greater variability per time period associated with such small study 

areas increases the difficulty of detecting an association between a step change and 

cardiovascular mortality.  Furthermore, Table 2 showed that only 3 of 14 study areas 

exhibited a notable change in magnesium over a 300 month period.  If the water 

hardness effect was mediated via magnesium, the very small number of study areas 

exhibiting a change in magnesium may explain the lack of association seen.  

 

Sample size calculation 

 

Sample size calculations are rarely done for time series analysis as the data are usually 

observed (as opposed to those in a designed trial) and the autocorrelation structure is 

unknown at the outset.  Further, for this study, prior to the data collection phase we had 

no idea of the variability of the data or the time and nature of the water hardness 

changes.  However, some retrospective calculations can be made.  Assuming the 

regression model fitted to the log of the larger counts, our method follows Hsieh et al. 

(1998).   

 

First a sample size is calculated assuming that the binary independent variable of interest, 

in this case water hardness is the only independent variable in the model.  This depends 

on size of the coefficient which the test is to detect, the variance of the dependent 

variable and the proportion of time periods before the water hardness change.  The 

nearer this proportion to 0.5, the smaller the sample size. The higher the variance of the 

dependent variable the higher the required sample size.  As there are other independent 

variables in the model this basic sample size must then be multiplied by a variance 

inflation factor (VIF) which is based on the correlation between the binary water 

hardness variable and the other independent variables.  The main source of such 

correlation to likely to be due to time period and this is borne out empirically by 

regressing each of the independent variables in turn on the others. It can be shown that 

the correlation of time period with the water hardness variable and hence the variance 
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inflation factor increases, the nearer the proportion of time periods before the change is to 

0.5.  For instance, when the change occurs exactly mid-series the VIF is 4.  One third (or 

two thirds) of the way it is 3 and 20% or 80% it is 2.   

 

A typical variance for some of the larger count series is 0.23.  If the change occurred one 

third of the way through ( also fairly typical)  the basic sample size calculation to detect a 

coefficient of -0.1 (corresponding to a relative risk of 0.9) with 80% power at significance 

level 0.05 is n = 181. However, the VIF for this is 4 so a sample size of 644 would be 

required.  The corresponding calculations for the change one third or 20% through the 

series yield n = 546 and 508 respectively.  

 

Hence our study size of 300 periods has a lower than 80% chance of detecting a real 

change in risk in a single area.  Further, we can calculate that the power to detect such a 

relative risk for a change half way, one third or 20% of the way through the series is 47%, 

54% or 57% respectively. Whilst this power is low for a single area, for a particular 

age/sex subgroup the model is fitted to 14 areas and at most one significant coefficient 

was found. If the power for each area were 50%, at most one area has a significant result 

is very low, at about 0.0009.  

 

Lacey and Shaper (1984) estimated a relative risk which corresponds to a coefficient of 

about 0.06 in our model. A change point one third of the way through the series gives a 

power of about 33% in this case, but even assuming this, the probability that at most one 

out of 14 areas gives a significant result is 0.0283. Although individual studies were not 

powerful, taken together there is less than a 3% chance that at most one of 14 studies 

detected an effect of the size suggested by Lacey and Shaper. We conclude that if such 

a relative risk exists, our results are unlikely.  

 

Hence whilst the lack of significance in our results does not imply that there is no real 

effect, the chances of missing an effect of the order suggested by Lacey and Shaper 

(1984) so many times does suggest that there might not be an effect to detect.  

 

We conclude that whilst the lack of significance in our results does not imply that there is 

no real effect, the chances of missing an effect of the order suggested by Lacey and 

Shaper (1984) so many times does suggest that there might not be an effect to detect. As 
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we only had one geographical area with a substantial magnesium change, the application 

of this time series approach in other settings may contribute to the state of knowledge 

regarding this hypothesis. 

 

Improvements and future directions 
 

Although our sensitivity analyses showed that the results of this study were robust to 

population not being explicitly included, accurate intercensual estimates of areal 

population would increase the precision of the estimates and improve confidence in the 

results.  Work is ongoing in this field and new population surface datasets are currently 

being generated incorporating sources of population data additional to the census.  These 

developments will ultimately provide population estimates at a much finer geographical 

scale than those currently available at only the district level. 

 

 

 



DWI/70/2/203 

APPENDIX 1 - PROFORMA 
 

Name: Date: 

Department: Tel: 

Water Company: Fax: 

Email: 
 

Water Quality Data 
 

1. How many areas have undergone a step change? ..……………………………………………………. 

 

2. How were these identified? .…………………………………………………………………………... 
 (Records / Professional experience) 
 

3. Reason for change: Hardening of soft sources 

 Method…………………………………………………..…….……………

 …………………………………………………………………………….. 

 Cessation of a softening scheme 
 

 Introduction of a softening scheme 

 Method ……………………………………………………………………. 

 …………………………………………………………………………….. 

 Change of sources of supply (details)  ..……………………………………... 

 …………………………………………………………………………….. 

 Other: .…………………………………………………………………….. 

 Effects on water chemistry (e.g. Ca, Mg, Ca:Mg, Na)  …....……………………… 

 …………………………………………………………………………….. 

 …………………………………………………………………………….. 

 

4. Date of change/duration of change (month/year):  ………………………………………………….. 
 (e.g. introduction/cessation of treatment or gradual handover) 
 

5. How far back do company records go?  ……………………………………………………………... 
 (paper/ electronic archive)? 
 

6. Time period for which data measurements are available?  …………………………………………… 

 All data from 1980 onwards  

 Complete time series (minimum 5 years pre- and post-change) 
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 If incomplete, how many years are data available for? ……………………………………………. 

Stability 
 

7. How stable are the post change concentrations? ...………………………………………………… 
 (indication of variability)?   
 

8. How consistent/representative are the measurements?  

 (e.g. if blended, are there varying proportions over the year or always ~ same.  If varying, ~ how 

 much? ………………………………...……………………………………………………………. 

 ……………………………………………………………………………………………………... 

 ……………………………………………………………………………………………………... 

 

9. Possible sources of variability in zone: …………………………………………………………….... 

 ……………………………………………………………………………………………………... 

 

10. Times of increased water demand: e.g. do you import water?  how frequently (especially over 10 year 

 timeframe)? What influence does this have on the concentrations?  ……………………………….... 

 ……………………………………………………………………………………………………... 

 ……………………………………………………………………………………………………... 

 

11. Were there any major changes during the timeframe? ................................................................................... 

  (e.g. new treatment works)……………………………………………………………………………… 

 

 

Parameter measurements 
 

12. How were total hardness, calcium and magnesium measured? 

 Standard blue book method 

 Other  ……………………………………………………………………………………… 

 

13. Any known problems with contamination of the samples affecting concentrations? ………………... 

 

14. Were these techniques constant over time?  ……………………………………………………….... 

 

15. Comparable between areas/regions?  ………………………………………………………………. 
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16. Frequency of measurements? Annual 

  Multiple  

  - individual measures available?  …………………………. 

 

 

17. Point of measure?  ………………………………………………………………………………….. 
 (works / water mains network / household level) 

 If multiple points of measure, any variation in concentrations? ...…………………………… 

 ……………………………………………………………………………………………… 

 

18. Are there separate measurements for Ca and Mg?   

 Yes 

 No 

 Estimate of Ca:Mg  ………………………………………………………………….... 

 

19. After 2003, no longer required to report.  Still measuring as part of procedure?  …………………… 

 

20. If no concentration measures, measures of output volume and dosing? ……………………………. 

 ……………………………………………………………………………………………………... 

 

Boundary data 
 

 Contact details (if different): Name …………………………………………….. 

  Department …………………………………………….. 

  Telephone …………………………………………….. 

  Email …………………………………………….. 

 

21. Are boundary data available defining the area of change? 

 Yes GIS 

   Paper maps 

   Other …………………………………………………………………........ 

 

  No Possible to get place names and approximate area covered?  ……………… 

   …………………………………………………………………………….. 
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22. Water Supply Zones: any boundary changes over the 10 year period in question? ………………….. 

 (Especially after privatisation)  ………………………………………………………………………….. 

 

23. Are WSZ codes consistent over the years? (have they changed/now refer to different areas) 

  Yes 

  No Are there look up tables for comparisons?  …………………………………... 

 

 

Changes in consumption 
 

24. During the time period (5 years pre- and post-) are there records documenting refusal to 

 drink/complaints re quality in area? (change in taste/appearance)? ……………………………………... 

 ……….……………………………………………………………………………………………... 

 ……….……………………………………………………………………………………………... 

 

25. Any incidents/events (e.g. issue of boil water notice)? 

 Yes 

   How long do these notices last? 

 No 

 

Population served 
 

26. Is there a record of population size served by the WSZ?  E.g. DMA/property counts? 

  Yes No 

 

 How is this figure estimated?  ………………………………………………………………………. 

 How often is this updated?  ……………………………………………………………...................... 

 Are population estimates available for the years covered by the change?.................................................... 

 Was there any notable change in the population size (e.g. new housing estate in WSZ area?)  …………… 

 ……………………………………………………………………………………………………... 

 

 

LEAVE OPEN TO RE-CONTACT AT LATER DATE (E.G. FOR MATCHED CONTROL AREAS) 
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  Females Males Females+Males 
Study Area Age group RR 95% CI RR 95% CI RR 95% CI 
A <50 y 0.02 (0, 11.08) 0.48 (0, 65.45) 0.16 (0, 5.8) 
 50-64 y 30.73 (1.08, 873.59) 2.81 (0.49, 16.25) 4.82 (1.06, 21.96) 
 65-74 y 0.31 (0.08, 1.24) 0.69 (0.23, 2.09) 0.5 (0.21, 1.19) 
 75+ y 0.81 (0.47, 1.41) 0.94 (0.5, 1.76) 0.86 (0.57, 1.31) 
 All ages 0.76 (0.46, 1.26) 0.94 (0.56, 1.57) 0.84 (0.59, 1.19) 
B <50 y   3868.57  0  
 50-64 y 0.43 (0.02, 9.89) 1.55 (0.22, 10.91) 1.08 (0.21, 5.56) 
 65-74 y 1.97 (0.3, 12.83) 1.55 (0.34, 6.98) 1.7 (0.53, 5.49) 
 75+ y 0.98 (0.53, 1.84) 1.09 (0.46, 2.54) 1.01 (0.61, 1.67) 
 All ages 0.99 (0.55 ,1.77) 1.27 (0.64, 2.53) 1.1 (0.72, 1.7) 
C <50 y 512.95 (2.1, 125412)   11.51 (1.04, 127.37) 
 50-64 y 2.85 (0.39, 20.83) 0.94 (0.36, 2.5) 1.16 (0.49, 2.79) 
 65-74 y 0.44 (0.18, 1.11) 0.75 (0.38, 1.5) 0.62 (0.35, 1.07) 
 75+ y 1.35 (0.89, 2.05) 1.1 (0.61, 1.98) 1.25 (0.89, 1.75) 
 All ages 1.19 (0.82, 1.71) 0.87 (0.59, 1.3) 1.03 (0.79, 1.35) 
D <50 y 3.8 (0.1, 143.86) 0.3 (0.05, 1.9) 0.5 (0.1, 2.54) 
 50-64 y 0.23 (0.03, 1.58) 2.31 (0.65, 8.25) 1.18 (0.42, 3.33) 
 65-74 y 1.49 (0.55, 4.03) 1.63 (0.7, 3.8) 1.6 (0.84 ,3.06) 
 75+ y 0.65 (0.39, 1.09) 0.65 (0.34, 1.23) 0.65 (0.44, 0.97) 
 All ages 0.75 (0.48, 1.16) 0.99 (0.63, 1.56) 0.86 (0.64, 1.17) 
E <50 y 0.91 (0.48, 1.74) 0.89 (0.63, 1.25) 0.89 (0.66, 1.2) 
 50-64 y 1.23 (0.96, 1.59) 1.29 (1.11, 1.5) 1.27 (1.12, 1.45) 
 65-74 y 0.98 (0.84, 1.13) 0.93 (0.83, 1.04) 0.95 (0.87, 1.04) 
 75+ y 1.01 (0.9, 1.13) 1.08 (0.96, 1.22) 1.04 (0.94, 1.14) 
 All ages 1.02 (0.92, 1.12) 1.05 (0.98, 1.13) 1.04 (0.96, 1.12) 
F <50 y 1.07 (0.78, 1.47) 1.16 (0.97, 1.39) 1.14 (0.97, 1.33) 
 50-64 y 0.88 (0.77, 1.01) 0.93 (0.85, 1.01) 0.91 (0.85, 0.98) 
 65-74 y 0.98 (0.9, 1.06)   1.01 (0.96, 1.07) 
 75+ y 1 (0.94, 1.07) 1.01 (0.95, 1.07) 1 (0.96, 1.05) 
 All ages 0.98 (0.94, 1.04) 1.01 (0.97, 1.05) 1 (0.96, 1.04) 
G <50 y 1.03 (0.02, 47.32) 0.54 (0.05, 5.68) 0.61 (0.09, 4.35) 
 50-64 y 1.78 (0.24, 13.25) 1.01 (0.29, 3.44) 1.18 (0.41, 3.36) 
 65-74 y 0.65 (0.24, 1.78) 1.5 (0.72, 3.11) 1.16 (0.65, 2.08) 
 75+ y 1.17 (0.78, 1.76) 1.06 (0.6, 1.85) 1.13 (0.81, 1.58) 
 All ages 1.12 (0.78, 1.62) 1.16 (0.77, 1.75) 1.14 (0.87, 1.5) 
H <50 y 21583291  1.35 (0.09, 19.79) 2 (0.2, 19.98) 
 50-64 y 1.37 (0.2, 9.42) 2.46 (0.87, 6.94) 2.14 (0.86, 5.33) 
 65-74 y 1.85 (0.72, 4.71) 1.65 (0.78, 3.49) 1.74 (0.97, 3.12) 
 75+ y 1.2 (0.74, 1.93) 1.39 (0.78, 2.48) 1.27 (0.88, 1.84) 
 All ages 1.33 (0.88, 2.01) 1.62 (1.07, 2.45) 1.47 (1.1, 1.96) 
I <50 y 0.31 (0, 23.98) 9.06 (0.68, 120.06) 3.67 (0.42, 32.31) 
 50-64 y 0.37 (0.08, 1.76) 1.17 (0.44, 3.1) 0.84 (0.37, 1.93) 
 65-74 y 0.74 (0.28, 1.95) 1.11 (0.56, 2.21) 0.97 (0.56, 1.7) 
 75+ y 1.52 (1.06, 2.19) 0.89 (0.56, 1.4) 1.24 (0.93 1.64) 
 All ages 1.3 (0.94, 1.81) 1.02 (0.72, 1.45) 1.16 (0.91, 1.47) 
J <50 y 0.01 (0.00, 4.3) 8.71 (0.09, 869.56) 0.67 (0.02, 23.01) 
 50-64 y 6.24 (0.55, 70.8) 3.73 (0.93, 15.03) 4.25 (1.27, 14.2) 
 65-74 y 0.94 (0.23, 3.94) 0.35 (0.13, 0.95) 0.49 (0.22, 1.1) 
 75+ y 1.46 (0.74, 2.88) 1.49 (0.7, 3.15) 1.47 (0.89, 2.43) 
 All ages 1.41 (0.78, 2.55) 1.14 (0.66, 1.97) 1.26 (0.84, 1.87) 

Appendix 2 – Risk ratios and 95% confidence intervals for cardiovascular mortality and step 
changes in drinking water hardness for individual study areas by age and gender 
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  Females Males Females+Males 
Study Area Age group RR 95% CI RR 95% CI RR 95% CI 
K <50 y 0 (0, 9969955) 2.53 (0, 4.03E+14) 0.38 (0, 69.94) 
 50-64 y 0.83 (0.02, 33.66) 0.42 (0.12, 1.45) 0.37 (0.12, 1.19) 
 65-74 y 8.57 (1.14, 64.61) 1.76 (0.61, 5.08) 2.55 (1.02, 6.4) 
 75+ y 0.95 (0.5, 1.78) 0.91 (0.44, 1.9) 0.92 (0.57, 1.48) 
 All ages 1.06 (0.59, 1.89) 0.96 (0.56, 1.63) 1 (0.69, 1.44) 
L <50 y  27.16 (0.11, 

792.41) 
0  35.88 (0.48, 2659.97) 

 50-64 y 5.82 0.56, 60.39) 0.75 (0.2, 2.88) 1.28 (0.41, 4.07) 
 65-74 y 3.03 (0.9, 10.24) 1.85 (0.72, 4.76) 2.22 (1.05, 4.69) 
 75+ y 0.88 (0.53, 1.49) 0.44 (0.24, 0.83) 0.67 (0.45, 0.99) 
 All ages 1.13 (0.71, 1.79) 0.62 (0.38, 1.00) 0.86 (0.62, 1.2) 
M <50 y 0.98 (0.44, 2.19) 1.64 (1.07, 2.5) 1.47 (1.01, 2.14) 
 50-64 y 1.03 (0.74, 1.44) 1.05 (0.87, 1.28) 1.05 (0.89, 1.24) 
 65-74 y 1.14 (0.94, 1.38) 0.93 (0.8, 1.08) 1 (0.89, 1.13) 
 75+ y 0.93 (0.84, 1.02) 1.06 (0.94, 1.19) 0.98 (0.9, 1.07) 
 All ages 0.97 (0.89, 1.06) 1.04 (0.96, 1.13) 1.01 (0.94, 1.08) 
N <50 y 5.42 (0.69, 42.47) 2.42 (0.72, 8.12) 3.16 (1.12, 8.91) 
 50-64 y 1.68 (0.53, 5.36) 1.13 (0.57, 2.24) 1.25 (0.69, 2.25) 
 65-74 y 1.27 (0.65, 2.46) 1.39 (0.83, 2.32) 1.33 (0.89, 2.00) 
 75+ y 0.99 (0.76, 1.3) 1.01 (0.73, 1.41) 1.03 (0.82, 1.31) 
 All ages 1.08 (0.85, 1.37) 1.15 (0.89, 1.47)   
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APPENDIX 2 – PHASE 1 REPORT 
 
 

Phase I report 

 

Project title:  A study into the possible association between step changes in water 

hardness and incidence of cardiovascular disease in the community 

 

Phase I:   Conduct preliminary investigation of existing data held by water 

companies and corresponding health data to assess feasibility of 

the study and report on the proposed methodology and power of 

the study.  To prepare ethics application and obtain ethics 

approval. 

 

1 – Mortality data 
 
Registration of death is required by law, therefore universal coverage of individual level 
mortality data is available for England and Wales (corresponding to our study period of 
1979 to date).  Each mortality record details gender, age at death, date of death, cause of 
death (ICD code) and household postcode of the deceased individual.  Investigation of a 
10 year mortality sample (as used in the pilot study detailed in section 3) showed 
postcodes were missing and/or the individual was non-UK resident for 0.3% of deaths 
in Essex.  Therefore a geographical reference is obtainable for the vast majority of 
deaths. From this sample, we may conclude that the geographical resolution of the 
mortality data is excellent.  Contact has been made with the custodians of the mortality 
data, the Office of National Statistics (ONS).  Our application for mortality data has 
been lodged with the ONS pending confirmation of Phase II, whereupon we will 
proceed and purchase the data. 
 
Ethical approval 
 
The only ethical issue arising from this study related to the potential for identification of 
deceased individuals from the mortality records.  It is our understanding that this does 
not require formal research ethics committee approval because no patients or NHS 
services are involved.  However, we have prepared a formal ethics committee application 
to strengthen the integrity and scientific credibility of our study. 
 
 
3 – Water company data 
 
Pilot study 
 
To date, we have conducted a pilot study to examine data availability and determine 
procedures and protocols for data extraction, collation and analysis for both a 
geographical information system (GIS) and statistical framework.   
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We undertook a pilot study within one of the water companies to assess the availability 
of suitable data and to develop and assess protocols for data extraction, evaluation of 
additional data/information concerns, procedures for GIS analysis, and procedures for 
statistical evaluation and analysis (to be described in sections 4 and 5). 
 
A proforma was developed to ensure all relevant information regarding the drinking 
water quality  (concentrations of total hardness, calcium and magnesium) and distribution 
networks was obtained.  This helped us to identify issues that might affect a) reliability of 
data measurements b) reliability of definition of exposed population and c) comparability 
between companies. 
 
Conversations with data quality managers revealed the complexity of distribution 
networks and sources of variability in supply, together with incomplete historical data 
records.  Identification of true changes in water quality beyond those identified by the 
company themselves would be too time intensive to locate.  It is likely that very few 
instances of change not identified by the company (through response to the DWI and 
conversation with us) would be obtained.  Therefore stepped changes in drinking water 
hardness for consideration in this study were identified by the water companies by return 
to the DWI and interview. 
 
Our pilot study, combined with conversations with a number of other water companies, 
has shown that in the absence of complete quality records, there is sufficient information 
regarding parameter concentrations before and after the stepped change, together with 
information detailing consistency of concentrations and expert knowledge to proceed.  
Furthermore, in one instance this has led to the identification of additional possible areas 
of interest (South East water). 
 
Table 1 details our position regarding contact with the 12 water companies who 
identified a stepped change to the DWI. 
 
Table 2  Dates of contact with water companies 
 

 Date of: 

Company 
Introduction 
letter1 

Confirmed willingness 
to participate2 

Direct 
contact3 

Meeting4 

1  04/10/06 05/10/06 09/10/06 16/10/06 
2 28/11/06 05/12/06 06/12/06  
3 04/10/06 26/10/06 02/11/06 Awaiting data 
4 28/11/06 01/12/06 06/12/06  
5 29/11/06 13/12/06 15/12/06  
6 28/11/06 04/12/06 05/12/06  
7 28/11/06 04/12/06 04/12/06 01/07 
8 28/11/06 05/12/06 12/12/06 01/07 
9 28/11/06    
10 28/11/06    
11 28/11/06    
12 29/11/06    
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1 Letter from Peter Marsden introducing the study group to the water company 
2 Response of water company to Peter Marsden indicating willingness to participate 
3 First letter from Louise Catling to contact at water company  
4 Outcome of direct contact 
 
4 – GIS 
 
The boundary of the area identified as having experienced a stepped change in drinking 
water hardness was entered into the GIS software ArcGIS.  A buffer zone was created 
on the fringe of the boundary to exclude areas of higher uncertainty.  This was then 
overlaid with the boundaries of the census units (wards) to determine those wards lying 
wholly within the study area.  This stage is essential as population data are only available 
for census areas. 
 
Postcoded mortality allows geo-aggregation to a number of scales for analysis.  In order 
for mortality counts to be expressed with sufficient accuracy in our pilot study, the 
mortality counts were aggregated for the whole study area.  The mortality data were 
assigned a grid reference using the given household postcode and overlaid on the study 
area.  The number of deaths in the study area was then derived using a point in polygon 
process, yielding a total of 46,668 deaths in the study area for the period 1981 to 1989. 
 
5 – Statistical analysis 
 
The method of statistical analysis is dependent upon the number of deaths per time 
period in a stratum (age, gender, cause of death).  If numbers are sufficiently large, it is 
reasonable to model the log of the rate as normally distributed, with trend and seasonal 
components and to allow for autocorrelated errors.  If the counts are smaller, then a 
Poisson model may have to be adopted.  
 
Data requirements of a statistical model 
 
For each area subject to a change in water hardness:  
 cardiovascular disease (CVD) mortality count by month 
(ii)   size of population from which these deaths occur for each month 
(iii)  adjustment for the changing age structure of the population by month 
 
 
Data available 
 
(i) Individual level mortality data are available for the study area and may be 
aggregated into age groups for analysis. 
 
The groupings of ICD codes to be considered separately in the modelling process are: 
 
All deaths (all codes excluding those that have been hypothesised to be associated with 
drinking water hardness) 
All cardiovascular deaths  
Selected mortality codes (ICD 9th revision)2  Hypertensive disease 401 to 405 
   Ischaemic heart disease 410 to 414 

                                                 
2 Those having been specifically associated with drinking water hardness in published literature 
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   Cerebrovascular disease 430 to 438 
   Atherosclerosis 440 
Control causes of mortality not associated with drinking water hardness e.g. accidental 
deaths 
 
(ii) Accurate population age and sex structure are available for the wards contained 
wholly within the water supply area (the study area) and are available at census points (in 
this example, 1981 and 1991).  Estimates of population change must therefore be made 
between census points.  
 
 (iii) Mid-year population estimates are available from the ONS at the local authority 
district level by gender and 5 year age band. However water supply boundaries do not 
exactly correspond to district boundaries. 
 
We have therefore investigated a number of methods for interpolating between census 
years to estimate underlying population structure and allow the calculation of mortality 
rates.  In the pilot study, the different techniques did not significantly affect the results of 
the statistical analysis.  We will replicate these techniques within the next few study areas 
to determine the best method of interpolation. 
 
 
Due to the low mortality counts by 5 year age bands, combined with a large variation in 
mid year population estimate trends for some 5 year age bands, all data were aggregated 
into the following age groups: <50y 
 50-64y 
 65-74y 
 75+y 
 
Statistical models for time series analysis will be fitted for each gender, examining for a 
possible lag effect of 1 month, 6 months and 12 months following the change in water 
hardness.  Models will be fitted for each age group and an age adjusted total population.  
The age groups used will also allow for a separate investigation of a possible differential 
effect of water hardness by menopausal status (average age of menopause in UK is 
approx 50 years).  Seasonal and trend components will also be included.  
 
It is important to establish a priori justification for statistical procedures to maintain 
integrity.  Due to the pilot study containing only one study area of a large population, we 
have determined two possible modes of proceeding.  The final technique used for 
analysis will be dependent upon the nature of the data within further study areas.  The 
study area for Water Company 1 contains a large total population, therefore the large 
number of deaths allow a normal modelling procedure to be followed.  We anticipate 
that our study will include a number of areas encompassing considerably smaller 
populations and hence lower mortality counts over the ten year bounding period.  
Normal or Poisson models will be used as appropriate.   
 
Once time series analyses have been conducted for the individual study areas, the trend 
coefficients (post change) will be weighted by their standard errors and combined.  This 
will allow an overall investigation of trends by actual concentration and magnitude of 
change for total hardness, calcium and magnesium.  In addition, if the data are 
comparable, we will also elaborate on the methods of the earlier studies examining 
changes in water hardness and cardiovascular disease (Lacey and Shaper 1984) to 
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contextualise our results and maintain continuity in the literature.  However modern 
advances in statistical techniques and computing power improves our ability to examine 
the hypothesised association. 
 
6 – Other issues 
 
Identification of potential risks and delays:  
 
1.  Risk:  Delay in obtaining data from the ONS 
Reduction strategy: Maintain regular communication with contact as ONS to ensure 
progression of order 
 
2.  Risk:  Ethical approval required 
 Reduction strategy: The full application for ethical approval has been 
prepared and will be submitted before Christmas 
 
3.  Risk:  Delay in supply of data from water companies 
Reduction strategy: Maintain regular contact with individual(s) at water company.  If 
data still not received, request additional reminder from the DWI. 
 
4.  Risk:  Difficulties in defining appropriate control areas 
Reduction strategy: Control areas (where no change in hardness has occurred) will be 
matched as closely as possible by geographic location, total population size, rural/urban 
population distribution and by water company.  Automated Zone Mapping (AZM) 
software has been identified to assist with matching areas. 
 
Confidentiality  
 
Concerns regarding the confidentiality of participating water companies has been raised.  
All mapping illustrations in the report to the DWI will be generic and for anonymous, 
unidentifiable areas.  Similarly, study area characteristics will be listed (e.g. initial 
magnesium concentrations, reason for change etc), but will remain anonymous, e.g. 
company A, B etc. 
 
 
Conclusion 
 
Based upon the successful completion of the pilot study and our discussions with other 
water companies, there is no reason to believe that other companies should differ from 
the pilot company with regard to candidate areas and data quality.  We therefore apply to 
continue into Phase II of this project as outlined in the proposal. 
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Appendix 3. Using control areas for water hardness data 
 
Methods:  
 
Data issues 
To estimate effect of a change in water hardness for a particular area, one ideally 
needs; time series of mortality counts by month for each age and gender group, 
corresponding population values for each, all independent variables which may effect 
mortality rate and date and magnitude of water hardness change. The independent 
variables include temperature (evidence that highly correlated), underlying 
cardiovascular mortality trend and demographics over time. 
 
a. Population values are, however, only available every 10 years at census. Mid year 
estimates exist for local authority and county areas, but not for water supply zone 
which falls between these. Pattern of mid year estimates were quite different for local 
authority and county for the water supply zones we considered in this study.   
 
b. The underlying CV mortality trend is also unknown. 
 
Modelling issues 
 
a. As with all time series methods, each series acts as its own control. In addition, 
independent variables such as temperature are also modelled. The main limitation of 
the models relate to the lack of population denominators between censuses. This 
means exact rates are only known at census. We investigated the sensitivity of the 
observed results to several alternative population estimates.  
 
b. The lack of data on the underlying mortality trend also posses a problem for the 
modelling. The rates varies between regions, we can not therefore use the national 
trend. An option is to assume a linear or quadratic trend but the expected of water 
hardness is step wise. More data are therefore required to get good, separate estimates.  
We attempted to address by two methods which eliminate trend by comparing similar 
regions in some way.  
 
1. The ratio method: This requires the selection of control regions assumed to have 
the same trend. This method therefore eliminates trend by modelling the ratio of the 
two series (i.e. time series of the relative risk of one area compared to another). The 
main disadvantage of this approach is that there is still no accurate population 
estimates so interpolate between censuses for each area. Change in ratio before and 
after water hardness change may be due to under- /over- estimate of the relative 
populations.  
 
2. Census year only method: In this approach, the relative risk of two areas at ( or 
near) is calculated at census years only.  Then compare the relative risk ratio 
before/after change.  This is equivalent to comparing the relative risk of a current to a 
previous census date, between areas.   Lacey and Shaper did 10 year change in 
mortality rate for regions with change versus regions without a change, so this 
corresponds to their method. In practice, one would use the corresponding odds ratios 
as log odd ratios which can be assumed to be normal and hence tested. The main 
disadvantage of this approach is that it all hinges on assumption that the two areas 
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being compared have similar changes in demographics, trend and temperature over 
the 10 years of interest. 
 
 
Results: 
 
Data must have no zero counts to apply method A.   Only two areas with a control had 
no zero mortality counts: A and B 
 
Area A 
 
 
Method 1: age 3 and age 4 only. Logs of the rate ratio looks approximately normal 
and passes normality tests, one rate ratio fails normality test ( age 3 female) therefore 
analysis undertaken with logged series.  
 
Regressing log rate ratio onto the water hardness indicator showed no evidence of 
autocorrelated residuals. 
 
 beta Standard 

error 
P  95% CI  

3 Male 0.030 0.021 0.154 -0.011 0.071 
3 female 0.049 0.027 0.074 -0.005 0.103 
4 Male 0.034 0.017 0.052 0.000 0.067 
4 Female -0.001 0.033 0.966 -0.066 0.064 
 
Method 2: Odds ratios for 2001 versus 1991 with a change in intervention that 
occurred in August 1994. If water hardness lowers mortality rate, we would expect a 
lower odds ratio in intervention area. The corresponding Odds ratios calculated 
between 1981 and 1991, where no difference was expected, were all non significant.   
 
 
 OR 2001 vs 1991  Z for log OR – Log 

OR 
 intervention control  
3 Male 0.658 0.576 0.614 
3 female 0.683 0.774 -0.462 
4 Male 0.705 0.703 0.017 
4 Female 0.657 0.738 -0.899 
 
 
 
Area B: Analysis for area B using the two methods above similarly shows no 
evidence of an association. 
 
Method 1: 
 beta Standard 

error 
P  95% CI  

3 Male 0.050 0.071 0.475 -0.088 0.189 
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3 female 0.107 ? 0.335 -0.111 0.326 
4 Male -0.093 0.055 0.089 -0.201 0.014 
4 Female 0.041 0.045 0.360 -0.047 0.129 
 
Method 2 with a change in water hardness month 38 i.e. 1984. The corresponding 
Odds ratios calculated between 1991 and 2001, where no difference was expected, 
were all non significant.   
 
 OR 1991 vs 1981  Z for log OR – Log 

OR 
 intervention control  
3 Male 0.715 0.730 -0.082 
3 female 0.783 0.808 -0.962 
4 Male 0.752 0.942 -1.037 
4 Female 0.837 0.793 0.333 
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