
Insulin-dependent diabetes mellitus (IDDM) is a con-
dition resulting from an autoimmune process in which
insulin-producing pancreatic beta cells are destroyed.
Its genetic susceptibility is closely linked with genes
within the HLA region on the short arm of chromo-
some 6 [1]. Concordance rates range between 13 and

50% for IDDM in monozygotic twins [2, 3] suggesting
environmental factors in its aetiology.

Many environmental exposures have been studied
in relation to IDDM, the majority concentrating on
diet or viral infections [4]. However, chemical toxins
such as alloxan, chlorotocin and certain pesticides
can poison pancreatic beta cells directly or trigger an
immune response which damages these cells [5]. Par-
ticular attention has been focussed on nitrosamines
and beta cell destruction as streptozotocin (STZ), a
wide spectrum antibiotic, is also a nitrosamine specif-
ically used as a toxin to induce IDDM in rats. STZ
causes DNA strand breaks, selectively destroying
beta cells either following single high doses or multi-
ple low doses [6]. In humans, the reduction of in-
gested nitrate to nitrite and amination in the stomach
to nitrosamines is well documented [7] and a limited
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Summary The relationship between the incidence of
childhood-onset insulin-dependent diabetes mellitus
and levels of nitrate in drinking water in the former
Yorkshire Regional Health Authority was investi-
gated by means of an ecological analysis. A popula-
tion-based register contributed 1797 0–16-year-olds
diagnosed with diabetes between 1978 and 1994. Ni-
trate data were based on 9330 samples of drinking
water tested between 1990 and 1995 in 148 water sup-
ply zones, for which 1991 census small area statistics
were taken on population density, ethnicity and so-
cio-economic status. Diabetes incidence was posi-
tively associated with raised mean nitrate levels with
a standardised incidence ratio of 115 in zones with
greater than 14.85 mg ⋅ l–1 (c2 = 26.81, 1 df,
p < 0.001). Significant negative trends were found be-
tween standardised incidence ratios and proportion
of non-whites in the population (c2 = 33.57, 1 df,

p < 0.001), childhood population density (c2 = 30.81,
1 df, p < 0.001) and the Townsend deprivation score
(c2 = 33.89, 1 df, p < 0.001). Poisson regression model-
ling, adjusting for the other factors, showed a signifi-
cant increase in relative incidence rate ratio from a
baseline of 1 at nitrate levels below 3.22 mg ⋅ l–1 to
1.27 (95% confidence interval 1.09,1.48) for mean ni-
trate levels above 14.85 mg ⋅ l–1. An association be-
tween higher nitrate levels in domestic drinking wa-
ter and incidence of childhood diabetes has been
demonstrated. This was not explained by the ethnic
composition of the population, population density or
socioeconomic status. Nitrate in drinking water may
be a precursor of chemicals which are toxic to the
pancreas. [Diabetologia (1997) 40: 550–556]
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number of previous studies have investigated the pos-
sible links between dietary intake of nitrate and ni-
trite and the incidence of IDDM. Helgason et al. [8]
have shown that mice fed with a nitrosamine-rich
diet of smoked and cured meat developed diabetes
and sustained morphological damage to islet beta
cells. In Scandinavia conflicting evidence has
emerged from dietary studies of nitrate and nitrite
[9, 10] and a case-control study in Australia found no
association between estimated intake of nitrosamines
from food and IDDM [11]. However, an ecological
study in the United States [12] has demonstrated a
significant positive correlation between levels of ni-
trate in drinking water and IDDM.

Estimates of daily nitrate intake in the United
Kingdom vary between 64 and 297 mg ⋅ person–1 ⋅
day–1 [13]. European Community Drinking Water Di-
rective 80/778/EEC [14] defines a maximum accept-
able concentration of nitrate in drinking water as
50 mg ⋅ l–1 and recommends that levels do not exceed
25 mg ⋅ l–1. In the United Kingdom, a nitrate level of
50 mg ⋅ l–1 in drinking water is estimated to provide
over 50% of total dietary nitrate intake [13]. The pre-
sent study is the first in the United Kingdom to anal-
yse the small area variation in levels of nitrate in
drinking water in relation to the incidence of IDDM.

Materials and methods

Study population. The Yorkshire Register of Childhood Diabe-
tes (YRCD) contains demographic details of 1797 children and
young adults aged 0–16 years who were diagnosed with IDDM
while resident within the geographical area of the former
Yorkshire Regional Health Authority. The register covers the
period 1978–1994 and is estimated to be 97 % complete [15].
Registrations are ascertained from three independent sources
(hospital clinics, general practitioners and hospital episode sta-
tistics) and diagnosis of IDDM confirmed by hospital note ab-
straction. A postcode is identified for the residential address
at diagnosis of each child on the register using the Postcode
Address File (PAF) and located in the smallest areal unit of
the 1991 decennial census, an Enumeration District (ED), us-
ing the Central Postcode Directory.

Nitrate in drinking water. Water supplies in England are pro-
vided by 31 privately owned utilities which are regulated under
the Water Industry Act 1991 [16]. Regulation 2 of the Water
Supply (Water Quality) Regulations under that Act, requires
supply companies to create distribution networks comprising
‘water supply zones’ (WSZ) supplying a maximum of 50 000
people. The chemical composition of water supplied to every
household within each WSZ is considered to be the same at
any one time. Nitrate levels in drinking water for the study
area were obtained from Yorkshire Water plc and the York
Water Company. Complete data were only available from
1990 onwards for the entire study area and Figure 1 depicts its
location and the WSZ boundaries. Sampling of treated water
in the distribution network is carried out at both regular (usu-
ally monthly) and random intervals to ascertain biological and
chemical composition. A sample taken in a WSZ will represent
the water quality throughout the zone at that time. A total of

9330 water samples were analysed for nitrate content in 148
WSZs in Yorkshire over the period 1990–1995. Over the sam-
pling period more than 81 % of WSZs showed no significant
linear change over time using linear regression. Of the remain-
ing 19 %, 16 WSZs showed a decrease and 12 an increase in ni-
trate levels over time. A mean of the monthly mean nitrate le-
vel was taken to estimate an average level of nitrate load to ac-
count for short-term seasonal variation.

Linkage of WSZ to cases of IDDM. The geographical bound-
aries defining the WSZs and EDs (The 1991 Census, Crown
Copyright. Education and Science Research Council pur-
chase) were obtained in digital form. The 1991 census was the
first census in which ED boundaries were digitised allowing
geographical analyses at such a fine scale. EDs were assigned
to the 148 WSZs using a Geographical Information System
(GIS-ARC/INFO v 7.0). The two sets of boundary data were
not entirely co-terminous and where an ED lay in more than
one WSZ it was assigned to the WSZ which contained the larg-
est proportion of its area. Systematic visual checking of the
overlay confirmed that this method compensated for minor
digitising errors in the original boundary data. In total, 1797
observed cases were assigned to 148 WSZs.

Population census data. Data from the 1991 Census (The 1991
Census, Crown Copyright. ESRC purchase Census Dissemina-
tion Unit, Manchester Computing Centre, University of Man-
chester, UK) were aggregated to provide a population struc-
ture for each WSZ. Population totals by age and sex, ethnicity
(white or non-white), levels of car ownership, unemployment,
owner-occupation and overcrowding were available for each
WSZ. The 1991 Census is the first decennial census to provide
information on ethnicity [17]. The latter four parameters were
used to calculate the Townsend score, a measure of socioeco-
nomic status with high indices indicating lower socioeconomic
status [18]. Area-based population densities were calculated
for children (0–16 years old) by dividing the respective popula-
tions in each ED by the area in hectares. The population-
weighted average of the area-based population density for
each of the EDs was aggregated to WSZs to provide population
weighted population densities. This measure more accurately
reflects the density at which the average person lives [19].

Statistical analysis

Statistical analyses were carried out using STATA [20]. Ex-
pected numbers of cases were derived using the age-sex stra-
tum specific rates and census population totals. Standardised
incidence ratios (SIRs) were calculated for IDDM in each
WSZ as the ratio of observed to expected cases multiplied by
100. Univariate analyses examined the effect of mean nitrate
levels, ethnicity, person-based population density and Town-
send Score and its four components on SIR using the Poisson
trend statistic [21].

The incidence of IDDM was assumed to be Poisson distrib-
uted and the data were fitted to a Poisson regression model to-
gether with significant risk factors from the univariate analysis
– person-based childhood population density, childhood eth-
nicity and the Townsend Score. The number of cases in each
WSZ was used as the dependent variable and the log of the ex-
pected number of cases used as the offset. The Townsend score
and ethnicity were divided into two categories and population
density and mean nitrate levels divided into three categories,
all with approximately equal populations. A base model was
created which included childhood person-based population
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density, childhood ethnicity and Townsend score. The effect of
adding mean nitrate levels to the model was calculated using
the likelihood ratio test.

Results

Water Supply Zone nitrate levels and population char-
acteristics. The distribution of the 148 WSZs by ni-
trate levels averaged for each WSZ is shown in Figure
2. The majority (85%) of WSZs receive water with an
average nitrate level below 25 mg ⋅ l–1. This is based
on 9330 individual water samples taken from 1990 to
1995 across the entire area, with an average of 63
samples per WSZ. From the total number of samples
2775 (30%) exceeded 25 mg ⋅ l–1 nitrate of which 31
(0.11%) exceeded 50 mg ⋅ l–1. Sixty-seven WSZs had
at least one nitrate sample value greater than
25 mg ⋅ l–1 and 12 WSZs had at least one sample value
exceeding 50 mg ⋅ l–1. Table 1 details the underlying
characteristics of the WSZs indicating the extent of
variation in the data set in terms of population, geo-
graphical area and incidence of childhood IDDM.

Univariate analysis. Results of the univariate analysis
are given in Table 2 for the effect of mean nitrate

level, Townsend score, ethnicity and person-based
population density on SIR. Mean nitrate levels
showed a significant increase in SIR from 85 to 115
(c2 test for trend = 26.81, 1 df, p < 0.001), with a sig-
nificant decrease in risk at the lowest level and signif-
icantly raised risk at the highest level. A significant
decrease in SIR from 114 to 86 was observed with an
increase in the proportion of non-whites in the popu-
lation (c2 test for trend = 33.57, 1 df, p < 0.001). Areas
of high person-based childhood population density
were negatively associated with SIR which fell from
116 to 83 (c2 test for trend = 34.43, 1 df, p < 0.001) as
were the most deprived WSZs c

2 test for
trend = 33.89, 1 df, p < 0.001).

Poisson regression modelling. There was an increase
in relative incidence rate ratio to 1.27 from a baseline
level of 1 for mean nitrate levels in the highest third
( > 14.85 mg ⋅ l–1 nitrate) and the likelihood-ratio test
shows a highly significant effect of adding mean ni-
trate to the fitted model (c2 = 9.53, 2 df, p = 0.009).
The goodness of fit chi-square for the ‘with nitrate
model’ suggests the data is Poisson distributed. Using
the over-dispersion parameter a, derived from a neg-
ative binomial regression model of the data, con-
firmed there was no evidence of over-dispersion
(a = 0.005, c2 = 0.395, 1 df, p = 0.53) [20]. An inspec-
tion of the residual deviance after model prediction
displays no obvious spatial pattern. The standardised
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Fig. 1. Location of the study area and detail of the water sup-
ply zone boundaries



residuals were normally distributed and no single ob-
servation significantly altered the fit of the model.

A restricted analysis was performed using the 120
WSZs for which constant mean nitrate levels were re-
corded. The results were entirely consistent with the
initial regression model, demonstrating that potential
misclassification of nitrate exposure does not appear
to affect the magnitude of the results.

Discussion

Our analysis of nitrate levels in Yorkshire drinking
water and childhood diabetes shows a positive associ-
ation between increased incidence of the disease and
the nitrate content of domestic water.

Nitrate levels in drinking water vary according to
the supply source which is in turn affected by climate
and local geology. In addition, seasonal fluctuation
in nitrate levels is observed. However, this variation
affects the whole population of a WSZ equally al-
though different WSZs may have different levels

and frequencies of fluctuation. Individuals ingest ni-
trate via drinking water and food and nitrate is hy-
pothesised as being potentially toxic due to the for-
mation of nitrosamines in the body. An estimated
5% of dietary nitrate is reduced to nitrite, the chemi-
cal precursor of nitrosamines [22]. However, high in-
take of nitrate from drinking water may be more
harmful than high intake from food as water does
not contain nitrosation inhibitors such as vitamin C
[10]. A Spanish ecological study of nitrate and cancer
mortality suggested high consumption of local citrus
fruits was protective for cancer mortality, even in ar-
eas with high levels of nitrate in drinking water [23].
No study has been conducted in the United Kingdom
of variation in the consumption of bottled water at
the level of water supply zones. However, a recent re-
port has demonstrated that tap water consumption as
a proportion of total liquid consumption has re-
mained constant since 1978. For 0–5-year-olds, 67%
of total liquid consumption is tap water [24].

Nitrosamines such as STZ, or nitrosamine-rich
foods are recognised as specifically toxic to pancre-
atic beta cells in animal models [6, 25], conferring a
degree of biological plausibility to the hypothesised
deleterious effects in humans. Studies investigating
this issue in human populations are extremely lim-
ited. Two case-control studies on children with
IDDM in Scandinavia present conflicting results for
intakes of nitrate and nitrite in food and drinking wa-
ter [8, 9]. In Finland, where the levels of nitrate in do-
mestic water are particularly low ( < 5 mg ⋅ l–1), there
was no association between drinking water nitrate or
nitrite levels and IDDM, although a relationship was
found for dietary nitrite but not nitrate [10]. In Swe-
den, Dahlquist and colleagues in a case-control study
of dietary factors demonstrated a dose response for
intake of foods with a high nitrosamine content in re-
lation to increased risk of developing diabetes [9].
Data from this study on intake of nitrate and nitrite
was less clear-cut and more difficult to interpret.

An ecological study from Colorado, USA found a
positive link between raised incidence of IDDM and
levels of nitrate in drinking water [12], lending sup-
port to the findings of the present study. The two
studies are not directly comparable since despite sim-
ilar methodology and equivalent numbers of cases,
the areal units of analysis were of a different order
of magnitude. In Colorado the public supply system
was infrequently tested and the level of public water
supply within counties varied between 16 and 100%.
The 3.4 million population of Colorado was subdi-
vided into 63 counties compared to the 148 WSZ in
Yorkshire with a population of 2.8 million. The sam-
pling rate in the counties of Colorado was annual
whereas the frequency for the WSZ was minimally
12 samples per year. The Yorkshire study provides a
more comprehensive base for investigation than any
previous research.
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Fig. 2. Average nitrate levels in water supply zones 1990–1995

Table 1. Characteristics of water supply zones in Yorkshire

Water Supply Zone
(n = 148)

Mean Minimum Maximum Total

Area hectares 6780 91 61252 1003400

Population
(aged 0–16 years) 4703 12 12641 696032

Area-based population
density (0–16 years
per hectare) 2.72 0.01 13.5 –

Person-based popula-
tion densitya 9.16 0.01 38.49 –

Observed number
of cases 12.14 0 43 1797

Incidence rateb ⋅
100,000–1 ⋅ year–1 15.92 0 99.42 –
aParameter taken for analyses [19]; bincidence rates adjusted
for age and sex



The rates of IDDM in Yorkshire were 15% above
that expected for the entire area in the WSZ where
mean nitrate levels exceeded 14.85 mg ⋅ l–1. These
levels were well within the acceptable maximum
50 mg ⋅ l–1 recommended by the European Commu-
nity [14], although it is also recommended that levels
do not exceed 25 mg ⋅ l–1. The study results are based
on an analysis of a large geographical area and a sub-
stantial number of cases but the heterogeneous distri-
bution of the high level WSZ across the study area
make individual identification of specific high-risk ar-
eas inappropriate. The observations of our Yorkshire
study find some support in the limited literature
available but should be considered as hypothesis-gen-
erating.

An ideal assessment of nitrate exposure would re-
cord measurements of an individual’s intake. How-
ever, the underlying assumption that exposure of a
population represents that of the individual is consid-
ered to apply in these circumstances for the following
reasons. Firstly, domestic water is distributed to

relatively small populations of approximately equal
size (50000 persons) and the chemical composition
of the water supplied within each WSZ is homoge-
neous. Thus, individual households within a WSZ
will receive water of equivalent quality.

Secondly, the assumption that nitrate levels from
measurements made between 1990 and 1995 repre-
sent likely exposure over the longer period of case
collection (1978–1994) is based on the following evi-
dence. Significant temporal trends in nitrate levels
are absent in 81% of WSZs for the recent time pe-
riod, 1990–1995. However, over the preceding two
decades, the water supply companies report decreas-
ing levels suggesting that recent measurements are
conservative. For the remaining WSZs displaying ei-
ther increasing (n = 12) or decreasing (n = 16) levels,
misclassification of exposure does not influence our
findings, as their removal from the Poisson regression
model had no effect on the overall results. The cli-
mate and geology of the study area has not altered
over the last 30 years and changing patterns of land
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Table 2. SIRs for IDDM by nitrate levels, ethnicity, population density and Townsend Score

Range O E SIR 95% CI Population
(aged 0–16 years)

Nitrate level (mg ⋅ l–1),
c
2 = 26.81, 1 df, p < 0.001a

1.48
3.22

14.85

< 3.22
< 14.85

40.01

498
591
708

584
598
615

85
99

115

78
91

107

93
107
124

225708
232373
237951

Ethnicity
(proportion non-white)
c

2 = 33.57, 1 df, p < 0.001a
0.00
0.02

< 0.02
0.81

1026
771

903
894

114
86

107
80

121
93

347966
348066

Population density
(0–16 years per hectare)
c

2 = 34.43, 1 df, p < 0.001a

0.1
8.27

13.25

< 8.27
< 13.25

38.49

703
595
499

605
587
605

116
101
83

108
93
75

125
110
90

231269
227776
236987

Townsend Score
c

2 = 33.89, 1 df, p < 0.001a
–5.09
0.33

< 0.33
13.66

1021
776

898
899

114
86

107
80

121
93

343607
352425

aAll c2 for trend
O, Observed number of cases; E, expected number of cases; SIR, standardised incidence ratio; CI, confidence interval

Table 3. Comparison of incidence rate ratios (95% CI) for different mean nitrate levels in drinking water, Townsend Score, ethnic-
ity, and person-based population density in a Poisson regression model

Model incidence rate ratios (95% CI)

Range Without
nitrate

With
nitrate

Ethnicity (proportion non-white) 0.00
0.02

< 0.02
0.81

1
0.84 (0.76, 0.94)

1
0.98 (0.85, 1.13)

Population density
(aged 0–16 years, per hectare)

0.1
8.27

13.25

< 8.27
< 13.25

38.49

1
0.97 (0.86, 1.09)
0.88 (0.75, 1.04)

1
0.93 (0.82, 1.05)
0.85 (0.71, 1.01)

Townsend score –5.09
0.33

< 0.33
13.66

1
0.87 (0.77, 0.99)

1
0.86 (0.75, 0.98)

Mean nitrate level
(mg ⋅ l–1)

1.48
3.22

14.85

< 3.22
< 14.85

40.01

–
–
–

1
1.11 (0.98, 1.26)
1.27 (1.09, 1.48)

Model goodness of fit c2 175.02, 143 df 165.49, 141df

Likelihood ratio test c
2, = 9.53, 2df, p = 0.009



use are more likely to have resulted in reductions of
nitrate levels in recent years. Our measures of expo-
sure are therefore considered to be conservative. An
investigation of drinking water nitrate and cancer in
urbanised areas of the United Kingdom, found mini-
mal variation in nitrate levels over time [26]. Close
examination of the Yorkshire data, sample by sample
for each WSZ, clearly showed that the mean level of
nitrate adequately expressed the exposure level for
the area and was an appropriate parameter for analy-
sis. A German study of primary brain tumours, com-
paring an area-based survey of water nitrate levels
and semi-quantitative measurement of nitrate in sub-
jects’ drinking water, showed correlations [27] which
add further support to the use of mean levels for an
area reflecting the exposure to individuals.

The high quality of the register used, in conjunc-
tion with the systematically collected water nitrate
data has presented a unique opportunity to investi-
gate the relationship between the occurrence of
IDDM in children and levels of nitrate across a large
area comprising varied geology and land use. Chil-
dren are located by their residence at the time of di-
agnosis and their previous length of stay in the area
is unknown. However, it is established from a study
of childhood leukaemia that migration of children in
Yorkshire is generally restricted to small localities
and few children will have left the area to be diag-
nosed elsewhere [28]. The inclusion of subjects who
spent their lives outside the study area but moved in
prior to diagnosis will counterbalance this effect. No
large-scale systematic migration pattern is apparent
to suggest that the majority of cases were not exposed
to the measured nitrate levels.

The present study has compensated for known
confounding factors as certain area-based features of
populations are known to be linked to IDDM inci-
dence; however co-varying factors, such as underlying
geology, for nitrate levels are impossible to assess in
the context of the current study. The following three
specific risk factors for IDDM were selected a priori
to investigate as potential explanatory variables for
variation in incidence – population density, ethnicity
and deprivation. The proportion of non-white chil-
dren was included as a variable as McKinney et al.
[29] have found reduced incidence of childhood onset
IDDM in some local government districts in York-
shire with high proportions of non-white children.
Similarly, the effect of population density has been
associated with incidence of IDDM [21]. A higher
risk of IDDM in rural compared to urban areas has
been shown in Yorkshire [29] and elsewhere [30];
however, the small geographical areas and similar
population base comprising the WSZs prevented any
meaningful analysis of the effect of urban/rural status.
Low rates of IDDM are present in the Asian subcon-
tinent and certain districts in the county of West
Yorkshire have up to 28.2% non-white children in

the population. Recent geographical analyses have
shown low rates in these areas [29] and the signifi-
cance of this has been confirmed by the clear associa-
tion using the WSZ as the unit of analysis. Residence
in affluent areas has been demonstrated as increasing
risk on a small geographical scale [30, 31] and again
this was shown to be the case in our study. Both eth-
nicity and deprivation are correlated in small census
areas with population density and a person-based
measure of population density [19] was selected for
analysis. All variables, significant at the univariate le-
vel, were potentially explanatory in the Poisson re-
gression analysis. However, the results of the multi-
variate approach clearly showed that mean nitrate
levels had an independent effect on the variation in
incidence which was not explained by the associa-
tions with ethnicity, deprivation or population den-
sity.

In conclusion, this ecological analysis makes a
strong case for further investigation of the diabetoge-
nic effect of nitrate in the diet and the contribution of
nitrate levels in drinking water. Questions that still
need to be answered are the relative effect of con-
sumption of nitrate in food and drinking water, age
when exposure is most important, whether short-
term exposure to high nitrate levels are more impor-
tant than mean exposure over time. More detailed
analyses of nitrate in diet including drinking water
are required in order to make more robust conclu-
sions.
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