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Abstract
Dental caries (DC) is the most prevalent chronic disease. Previous studies have revealed negative associations between 
DC prevalence and both drinking water fluoride concentration (F) and socioeconomic status but further predictors, nota-
bly drinking water calcium, have been little explored, particularly in the UK. Therefore, this study employed multiple 
linear regression (MLR) to model the dependency of children’s DC on all three of these predictors, namely (i) F, (ii) 
IMD: index of multiple deprivation, and (iii) WH: water hardness—as a proxy for calcium concentration; in England. 
The results showed that all three predictors are statistically significantly (p < 0.05) associated with DC, with, separately, 
increased fluoride, increased water hardness, and decreased deprivation being associated with lower DC. A key novel 
finding is that the DC ~ F relationship is quantitatively less pronounced (by about 24%) when WH is included as a predic-
tor—thus the oral health and financial benefits of water fluoridation based on models not considering water calcium may 
overestimate or underestimate those benefits depending upon water calcium (or WH as a proxy). Moreover, segmented 
analyses showed that, potentially and partially due to WH’s influence, the DC ~ F relationship is dependent upon F con-
centration, with the dependence much stronger for drinking water F < 0.10 mg/L than for F > 0.37 mg/L, a concentration 
considerably lower than the widely reported optimal F, i.e., (0.7–1.0) mg/L. Any modelling of expected costs and benefits 
for fluoridation should explicitly include consideration of water calcium (or WH as proxy) and the non-first-order linear 
DC ~ F relationship.
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Abbreviations
DC	� Dental caries
MLR	� Multiple linear regression
LSOA	� Lower-layer super output area
LAD	� Local authority district
DMF-S	� Decayed, missing and filled tooth surfaces
WH	� Water hardness in supplied drinking water
F	� Fluoride concentration in supplied drinking 

water 
IMD	� Index of multiple deprivation
NHS	� National Health Service
UA	� Unitary authorities
SVM	� Support vector machine
BGS	� British Geological Survey
ANN	� Artificial neural network
ANOVA	� Analysis of variance
RSE	� Residual standard error
ρ	� Pearson correlation coefficient
R2	� Coefficient of determination
AIC	� Akaike information criterion
BIC	� Bayesian information criterion

Introduction

Dental caries (DC) is not only the most common oral con-
dition in children (Bernabe et al. 2025), affecting 60–90% 
of schoolchildren worldwide (Mehta and Bhalla 2014), but 
also the most prevalent non-communicable disease (NCD) 
globally (World Health Organization 2025). Apart from 
the obvious direct detrimental impacts of DC on the indi-
viduals presenting with DC, severe DC in children can also 
have further detrimental impacts on families (e.g. feeling 
stressed and disruption of normal activities) (Abed et al. 
2020). In England, notwithstanding its descending preva-
lence in the last decades, DC still impacts a large part of 
the  population, notably around a quarter of 5-year-olds 
(Roberts et al. 2023).

Whilst highly prevalent, dental caries is also known to 
be among the most preventable of diseases, notably through 
limiting the consumption of free-sugars, and good dental 
hygiene incorporating fluoride toothpaste (World Health 
Organization 2025) both of which practices can be pro-
moted through public health programmes. In the 1940s, 
drinking water fluoridation was suggested as a cost-effective 
method of reducing tooth decay (Bruvo et al. 2008; Moore 
et al. 2021; Whelton et al. 2019). It is often stated that the 
effect of water fluoridation is particularly beneficial in popu-
lations of lower socio-economic status (Krisdapong et al. 
2014; Pattussi et al. 2001; Tinanoff et al. 2019). McGrady 
et al. (2012) concluded that water fluoridation was an effec-
tive measure in reducing the social class gradient between 

deprivation and caries experience. However, a recent sys-
tematic review failed to find evidence of water fluoridation 
reducing socioeconomic status dependent disparities in car-
ies (Iheozor-Ejiofor et al. 2024). In the UK, Nyakutsikwa et 
al. (2021) investigated the variation of fluoride for lower-
layer super output areas (LSOAs) in England and created a 
dataset covering the period 2009 to 2020. According to their 
findings, the coverage of ‘optimal fluoridation’ (≥ 0.7 mg/L) 
in the country ranged from 6.3% of LSOAs (in 2016) to 
10.9% of LSOAs (in 2014). Following this, Nyakutsikwa et 
al. (2022) compared the census characteristics of these opti-
mally fluoridated populations with non-fluoridated ones. 
They found that optimally fluoridated communities tend to 
be more economically deprived, more urban, and slightly 
younger on average.

Calcium in drinking water is another factor that, accord-
ing to many studies, plays an important role in improving 
tooth and oral health (Bruvo et al. 2008; Huang et al. 2018). 
Lin et al. (2014), for example, demonstrated that high cal-
cium and high calcium/phosphorus ratio in drinking water 
were associated with lower primary DCs in schoolchildren, 
whilst Tanaka et al. (2012) found a similar relationship 
between the mothers’ calcium intake during pregnancy and 
children’s DC. Bruvo et al. (2008) reported the significant 
combined effect of calcium and fluoride on the number of 
decayed, filled, and missing tooth surfaces (DMF-S). These 
two components explained 45% of the DMF-S variations 
among 52,057 15-year-old schoolchildren in  Denmark. 
Arvin et al. (2018) successfully constructed a linear model 
to explore the dependency of DMF-S on the concentration 
of drinking water calcium and fluoride, as well as family 
income in Denmark. They found that all three factors are 
adversely proportional to ln(DMF-S). Similar conclusions 
have been derived from studies in other parts of the world 
(Akuno et al. 2019; Costa et al. 2012; Iheozor‐Ejiofor et al., 
2015; Pizzo et al. 2007).

Although there are several studies of the relationship 
between DC and various predictive factors in England 
(Balmer et al. 2012; Jones and Worthington 1999, 2000; 
McGrady et al. 2012; Moore et al. 2024a), to the best of 
our knowledge, there is no study which has systematically 
explored and quantified the relationship between DC and 
drinking water calcium across England. This might be, in 
part, because calcium per se, is not a drinking water constit-
uent that is required to be routinely analysed by water sup-
pliers and so drinking water calcium data for public water 
supplies in England is relatively sparse. However, there is 
widespread data for water hardness (WH, in mg/L), which 
being the sum of calcium (Ca2+, in mg/L) and magnesium 
(Mg2+, in mg/L) concentrations—as per Eq. (1)—might be 
used as a proxy for calcium (Elphick et al. 2011; Ghosh 
2024).
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WH = 2.5 [Ca2+] + 4.1 [Mg2+]� (1)

Accordingly, this study investigates the association between 
DC prevalence in five-year-olds and three factors, namely 
water hardness (WH) as a proxy for calcium, fluoride (F) 
concentration, and index of multiple deprivation (IMD) 
through multiple linear regression (MLR) modelling. We 
test the hypothesis that WH is a significant predictor of DC 
in England and that incorporation of WH into DC predictive 
models significantly alters the relationship of DC and other 
known factors, notably fluoride concentration and socio-
economic status.

Materials and Methods

Methodology

A schematic of the study methodology is shown in Fig. 1. In 
the first phase, a dataset was created from different resources 
(see Sect. “Study Area and Spatial Units”) where DC is the 
target parameter hypothesised to be influenced by WH, F, 
and IMD. In the next phase, the dependency of the DC on 
these three predictors was explored by (i) simple trend and 
statistical analysis and (ii) applying an MLR model within 
the R environment (R Core Team 2011).

Study Area and Spatial Units

This study focuses on quantifying the combined effect of key 
drinking water parameters, notably fluoride concentration 
and water hardness (as a proxy for calcium), and socioeco-
nomic deprivation on DC in England. The main geographi-
cal division system used in this study was the LSOA. LSOAs 
are areas with similar population sizes (approximately 1500 
residents/650 households). This study used the 2011 LSOAs 
(n = 32,844) downloaded from the UK Data Service web-
site (UKdataservice). To create the numerical dataset, the 
points that geographically represent the center of LSOAs 
were used for data extraction. For some variables and areas, 
data were not available by LSOA and were instead imputed 
from data available for other administrative levels, notably 
districts and/or unitary authorities (UAs). Figure  2 shows 
the LSOAs and their representative points in England.

Dataset

The dataset analyzed during this research was composed of 
DC as the target variable and WH, IMD, and F as predic-
tors. The spatial distribution, mapped using ArcGIS Pro (v 
3.3.0), of these variables across England is shown in Fig. 3. 
The sources of these data are outlined in more detail below.

Dental Caries Data

DC data, specifically the indicator ‘the percentage of 5-year-
olds with experience of visually obvious dental decay 

Fig. 1  Schematic of study methodology
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in 2016/2017’ were obtained from the Office for Health 
Improvement and Disparities (Office for Health Improve-
ment and Disparities 2023). These data were collected 
(Office for Health Improvement and Disparities 2023) via 
a population-based stratified 2-stage random sample of 
schools, then schoolchildren, according to a single national 
protocol with trained and calibrated examiners. The numeric 
data was downloaded for the whole of England at the Dis-
tricts and UAs scale (See Fig. 3a).

Water Hardness Data

In this study, the much more widely reported WH for the 
year 2013 was used as a proxy for calcium, for which data 
for public drinking water supplies in England [See Fig. 3b 
] is substantially incomplete. The data of WH was acquired 
using a machine learning model that digitized a map that 
illustrates the public water supply hardness in mg/L as Cal-
cium in England (scaleguard.co.uk 2024). Data acquisition 
process included.

(i)	 Downloading and importing a high-quality image into 
ArcGIS Pro,

(ii)	 Georeferencing the image to geographically fit the 
study area,

(iii)	 Performing image classification using a support vector 
machine (SMV) model in ArcGIS Pro,

(iv)	 Performing manual quality checks in some parts with a 
high density of LSOA data extraction points.

The output was a raster layer with categorical WH values. 
Apart from areas with no information and no public supply, 
six WH classes were Soft (0–50) mg/L, Moderately Soft 
(51–100) mg/L, Slightly Hard (101–150) mg/L, Moderately 
Hard (151–200) mg/L, Hard (201–300) mg/L, and Very 
Hard (> 300) mg/L (See Fig. 3c). In the numerical dataset, 
these classes are represented by the values of 1, 2, 3, 4, 5, 
and 6, respectively.

Fluoride Data

Fluoride concentration data for public water supplies for 
the year 2015 were acquired by downloading water quality 
compliance reports from water supplier websites by a sys-
tematic postcode search as described previously by Bowyer 
et al. (2025). Missing values were imputed using machine 
learning and geographical interpolation models as follows:

(i)	 The 2014 Fluoride map of England was obtained from 
a previous study (Nyakutsikwa et al. 2021),

(ii)	 A machine learning model—artificial neural network 
(ANN)—was trained to predict 2015 Fluoride data 
(using 2014 Fluoride data as a predictor). The ANN 
was then applied to impute the missing values of the 
2015 Fluoride data (details in the Supplementary 
Materials Table S1),

(iii)	 While the ANN model could impute most missing 
data, there were still gaps in the data, due to the miss-
ing values in the predictor (i.e., 2014 Fluoride map),

(iv)	 To fill the remaining gaps, Natural Neighbors interpo-
lation technique was employed to create the final 2015 
Fluoride dataset.

(v)	 Eventually, the dataset was validated based on the 
prediction results (R2 = 0.87—see Eq.  (5), and mean 
square error = 0.0077 mg/L), and also visual checks 
with the 2015 map of fluoride data from a previous 
study (Roberts et al. 2020).

Socioeconomic Inequality Data

In this study, deprivation is considered a social factor that 
can influence public dental health, similar to family income 
in earlier work (Arvin et al. 2018). The deprivation sta-
tus of the LSOAs was represented by IMD data in 2015 
(See Fig. 3e), which takes into account seven deprivation 

Fig.  2  LSOA (2011) system in England and representative points, 
produced by ArcGIS Pro [Source: UK Data Service (UKdataservice, 
2011)]. Each red point represents (the geometric centre of) an LSOA
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Fig. 3  Distribution of a DC (Dental Caries; 
expressed as the percentage of 5-year-olds 
with experience of visually obvious dental 
decay in 2016/2017—source: [Office for 
Health Improvement and Disparities 2023)], b 
Calcium [Calcium concentration of Drinking 
Water—source: after Ascott et al (2018)], c 
WH [Water Hardness of Drinking Water—
source: (scaleguard.co.uk 2024)] in 2013, d 
Fluoride [Fluoride concentration of Drinking 
Water—source:after Ascott et al (2018)], and e 
IMD [Index of Multiple Deprivation—source: 
(www.gov.uk2015)] for England in 2015 (with 
1 and 10 indicating the most and least deprived 
LSOAs respectively), produced by ArcGIS Pro
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measures concerning income, employment, education, 
skills and training, health and disability, crime, housing and 
services, and living environment. IMD decile values range 
between 1 and 10, addressing the most and least deprived 
LSOAs, respectively. The IMD data for LSOAs was down-
loaded from the UK government services and information 
website (www.gov.uk 2015).

Descriptive Statistics

After the collection and spatial pre-processing of the DC 
records and predictors (i.e., WH, IMD, and F), the final 
dataset is composed of 26,971 records. Histograms of the 
frequency distribution of WH, IMD, F and DC are shown 
in Fig. 4. As shown in Fig. 4-(a–d), unlike DC which has 

a nearly normal distribution, the predictor variables, WH, 
IMD, and F, are not normally distributed, albeit that normal-
ity is not a requirement of MLR (Bradley 1960). A summary 
of distribution descriptive statistics is presented in Table 1. 
The mean DC is 23%, with values in (LAD-scale) indi-
vidual LSOAs ranging from 4 to 50%. For the predictors, 
WH, IMD, and F, have means of 4.09, 5.47, and 0.24 mg/L, 

Table 1  Descriptive statistics of the dataset
Index DC (%) WH (–) IMD (–) F (mg/L)
Mean 23.45 4.09 5.47 0.24
Standard Deviation 8.73 1.60 2.89 0.27
Sample Variance 76.29 2.55 8.33 0.07
Minimum 4.41 1.00 1.00 0.01
Maximum 49.45 6.00 10.00 1.57

Fig. 4  Histogram of distribution of LSOA-level data for a WH, b IMD, 
c F, d DC across England, produced by R. See text for detailed sources. 
Red curves show the best-fit normal distributions with the same mean 

and standard deviation of the data. The distribution of the target vari-
able (DC) is close to normal, whereas as those of the predictor vari-
ables, WH, IMD and F are not
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respectively with ranges of [1, 6], [1, 10], and [0.01, 1.57] 
mg/L, respectively.

The dataset correlation matrix is given in Table  2. DC 
is negatively correlated with all of WH, IMD, and F with 
Pearson correlation coefficients (ρ, see Eq.  (4)) of − 0.41, 
− 0.37, and − 0.18, respectively, corresponding to moderate, 
low, and poor inverse correlations, respectively (Mukaka 
2012; Schober et al. 2018) indicating the utility of a multiple 
regression modelling approach.

Model

This study employed MLR (Faraway 2016; Montgomery et 
al. 2021) to establish objectively the association between 
the response variable, DC, and multiple predictors, viz. 
WH, IMD and F, including, for various models, interaction 
terms between WH, IMD, and F as shown in Eq. (2).

DC =β0 + β1WH + β2IMD + β3F + β4WH × F
+ β5WH × IMD + β6IMD × F + β7WH × F × IMD + ε� (2)

where β0 is the intercept, βi (i = 1–7) represent distinct 
regression coefficients, and ε represents the model’s residual 
standard error (RSE). A total of 16 models were investigated 
by fitting various combinations of regression coefficients, 
βi, as shown in Table 3.

Further, we implemented the above MLR model in an 
F-segmented format to further investigate DC ~ F relation-
ship (Wagner et al. 2002). In this process, based on F con-
centrations considered as breaking points (BPs), different 
models were fit to the left and right sides of each BP, yield-
ing a more flexible model that showed F concentrations at 
which DC associations exhibit significant changes.

Quality Indicators

Five quality indicators, namely RSE, ρ, coefficient of 
determination (R2), Akaike information criterion (AIC), 
and Bayesian information criterion (BIC) were used for 
model quality assessment. These indicators were calculated 
according to Eqs. (3, 4, 5, 6, 7):

RSE =

√∑n
i=1 (yi − ŷi)

2

n − p
� (3)

ρ =
∑n

i=1(yi − y)(ŷi − yi)√∑n
i=1 (yi − y)2

√∑n
i=1 (ŷi − yi)

2 � (4)

R2 = 1 −
∑n

i=1 (yi − ŷi)
2

∑n
i=1 (yi − y)2 � (5)

AIC = −2logL + 2k� (6)

BIC = −2logL + kln(n)� (7)

where, yi = observed value and ŷi = predicted value, y = 
mean of the observed values, yi = mean of the predicted 
values, n = number of observations, p = number of estimated 
parameters (including intercept), k = number of estimated 
parameters plus one (error term), and logL = log-likelihood 
of the model [details in Ref. (Kuha 2004)].

BIC is used to determine the most parsimonious of mod-
els being tested, with a reduction of greater than 2 units 
typically indicative of a materially improved model. In this 
study, we further applied the F-test (James et al. 2013; Neter 
et al. 1983) using analysis of variance (ANOVA) to com-
pare the MLR models with different predictors, to deter-
mine whether or not the addition of new predictor(s) made 
a significant improvement to the model’s fit, with a p < 0.05 
taken to indicate a significant difference between the two 
compared models.

Results

Models and Trends

Results of MLR modelling of DC with different linear com-
binations of single predictors (Models 1–7) and with fur-
ther interaction terms (Models 8–16) are shown in Table 3. 
The ANOVA results of F-tests of all nested models are 
presented in Figures S1 and S2. Regarding the models’ 
residuals, although formal tests did not indicate normality 
of residual DCs (possibly due to the large number of sam-
ples, i.e., 26,971), residuals exhibited near-zero kurtosis and 
skewness, reflecting practically no relevant departure from 
normality (See Figure S3). Whilst preferred, many studies 
have shown that a normal distribution of the target vari-
able residuals is not a strict requirement for linear regres-
sion models, especially in large sample size settings (Knief 
and Forstmeier 2021; Schmidt and Finan 2018). In Mod-
els 1–15, the significantly (as indicated by 95% confidence 

Table 2  Correlation matrix of the dataset
Parameters DC WH IMD F
DC 1.00
WH − 0.41 *** 1.00
IMD − 0.37 ** 0.18 ** 1.00
F − 0.18 ** 0.13 ** − 0.04 * 1.00
*** Moderate correlation, ** Poor correlation, * Negligible correlation 
(Mukaka 2012; Schober et al. 2018)
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limits) negative coefficients for the predictive variables 
WH, F, and IMD show that higher drinking water WH and F 
and improved socioeconomic status are all associated with 
an improvement in dental health as indicated by lower DC 
prevalence.

Of the simple linear models (Models 1–7), Model 7 has 
the largest ρ (0.53) and R2 (0.28), as well as the lowest RSE 
(7.41), AIC (184607), and BIC (184648) and hence Eq. (8) 
below represents the best predictive MLR model of DC 
involving just WH, F and IMD as simple first-order linear 
predictive variables:

DC = (37.33 ± 0.28) + (−1.86 ± 0.06) WH
+ (−0.94 ± 0.03) IMD + (−4.81 ± 0.33) F

� (8)

The relative importance of the predictive variables in 
predicting DC can be assessed by observing the ratios 
of the relevant β coefficients in Eq.  (8). That β1/β3 = 0.39 
indicates that, on average, a 1 category increase (e.g. 3—
Slightly Hard to 4—Moderately Hard) increase in WH or 
a 0.39  mg/L increase in F would be expected to achieve 
the same improvement in DC outcome. Similarly, that 
β2/β3 = 0.19 and β2/β1 = 0.50 indicates that, on average, an 
increase in IMD category of 2 (i.e. 2 decile reduction in rela-
tive area deprivation) would have the same impact on DC 
outcome as a 2 × 0.19 mg/L increase in F or a 1 category 
increment in WH.

However, the magnitude of the association between DC 
and F (Fig. 5a) and, to a much lesser extent, between DC 
and WH (Fig.  5b) varies with IMD category. This is par-
ticularly pronounced for F, where it is clear that the posi-
tive association of higher drinking water fluoride with lower 
DC is much higher for low IMD groups than it is for high 
IMD groups—in other words, fluoridation might be argued 
to have a greater positive impact on the dental health of 

populations of lower socioeconomic status than of popula-
tions with higher socioeconomic status. It is evident, there-
fore, that consideration of WH-IMD-F interaction terms is 
required for a more accurate DC ~ WH + IMD + F model.

Interactive Effects of Predictors

Models 8–15 in Table 3 represent Model 7 variably incor-
porating one of the interaction terms (WH.F, WH.IMD, and 
IMD.F). The coefficient of WH.IMD (+ 0.04) indicates that 
the impact of WH on reducing DC is lower for less deprived 
LSOAs. The positive sign of the WH.F coefficient (+ 2.45) 
implies that WH and F can considerably reduce each other’s 
independent influence on reducing DC. It, therefore, calls 
for establishing a balance between WH and F levels in pub-
lic health strategies that aim at minimizing DC. Similarly, 
for IMD.F, the coefficient (+ 0.83) suggests that the protec-
tive influence of fluoride is not uniform across LSOAs with 
different socio-economic conditions.

Fluoride Concentration-Dependence of DC-F 
Association

Model 16 corresponds to a segmented version of Model 
15 with F-based BPs determined different segments for the 
MLR. Different models (with 1, 2 or 3 BPs with different 
initial estimates of BPs) were tested, and it was observed 
that the inclusion of 3 BPs at 0.10, 0.15, 0.37 mg/L F created 
the most accurate segmented model.

Model 16, as rendered by Eq. (9) was found to be signifi-
cantly better than the other models in Table 3, according to 
all the fit indicators of RSE (7.07), ρ (0.59), R2 (0.34), AIC 
(182,078), and BIC (182,201).
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Ca) where values of 1, 2, 3, 4, 5, and 6 represent WH levels of Soft 
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For F ≤ 0.10 mg/L :
DC = (41.90 ± 0.55) + (−130.59 ± 5.92) F

+ (−0.94 ± 0.17) WH + (−1.13 ± 0.09) IMD
+ (0.57 ± 0.42) F.WH + (0.91 ± 0.30) F.IMD
+ (0.04 ± 0.02) WH.IMD + (−0.13 ± 0.07) F.WH.IMD

For 0.10 mg/L < F ≤ 0.15 mg/L :
DC = (41.90 ± 0.55) + (−130.59 ± 5.92) F

+ (188.42 ± 12.67) (F − 0.1) + (−0.94 ± 0.17) WH
+ (−1.13 ± 0.09) IMD + (0.57 ± 0.42) F.WH
+ (0.91 ± 0.30) F.IMD + (0.04 ± 0.02) WH.IMD
+ (−0.13 ± 0.07) F.WH.IMD

For 0.15 mg/L < F ≤ 0.37 mg/L :
DC = (41.90 ± 0.55) + (−130.59 ± 5.92) F

+ (188.42 ± 12.67) (F − 0.1) + (−73.81 ± 11.54) (F − 0.15)
+ (−0.94 ± 0.17) WH + (−1.13 ± 0.09) IMD
+ (0.57 ± 0.42) F.WH + (0.91 ± 0.30) F.IMD
+ (0.04 ± 0.02) WH.IMD + (−0.13 ± 0.07) F.WH.IMD

For F > 0.37 mg/L :
DC = (41.90 ± 0.55) + (−130.59 ± 5.92) F

+ (188.42 ± 12.67) (F − 0.1) + (−73.81 ± 11.54) (F − 0.15)
+ (13.04 ± 2.99) (F − 0.37) + (−0.94 ± 0.17) WH
+ (−1.13 ± 0.09) IMD + (0.57 ± 0.42) F.WH
+ (0.91 ± 0.30) F.IMD + (0.04 ± 0.02) WH.IMD
+ (−0.13 ± 0.07) F.WH.IM

� (9)

The relationship between DC* (DC corrected by subtract-
ing the fitted WH and IMD contributions (including inter-
actions) to visualize the marginal effect of fluoride) and F, 
according to the optimal Model 16, is illustrated in Fig. 6. 
This clearly shows that the relationship between DC* 
and F is not a simple first order linear relartionship—the 
dependence of DC* on F is, instead, strongly dependent 

on F concentration—with a strong negative dependence 
of DC* on F for F concentrations less than 0.10 mg/L, but 
a much weaker negative dependence for F concentrations 
higher than 0.37 mg/L whilst for F concentrations between 
0.10 mg/L and 0.15 mg/L the dependence of DC* on F is 
actually significantly positive.

Discussion

Effects of Calcium Inclusion in Models

The effect of inclusion of WH in models of DC ~ F relation-
ships should be highlighted. Firstly, the significant coef-
ficient of WH (-1.86 ± 0.06) in Model 7 demonstrates the 
independent contribution of WH to explaining DC. Sec-
ondly, inclusion of WH as a predictive variable improves the 
accuracy of the model (Model 7 cf. Model 4, F-test results 
(p < 2e − 16) along with the quality indicators in Table  3). 
Thirdly, incorporation of WH as a predictive variable dimin-
ishes the strength of F’s correlation with DC by around 24% 
(β3: − 4.81 ± 0.33 cf. − 6.32 ± 0.35) and of IMD’s correlation 
with DC by around 17% (β2: − 0.94 ± 0.03 cf. − 1.13 ± 0.03).

From an economic perspective, earlier studies have con-
vincingly demonstrated that water fluoridation in England 
has the potential to marginally reduce individuals’ dental 
treatment costs. Moore et al. (2024b), analyzing 2010–2020 
records of patients aged ≥ 12  years, showed that annual 

Fig. 6  Segmented MLR fit (Model 16). Note that, while all predictive 
factors (WH, IMD, F, and all interaction terms) were included in Model 
16, DC in this graph was corrected for the impact of WH and IMD (by 
subtracting the fitted WH and IMD contributions, including interac-

tions) for better visualization. This graph illustrates that the DC* ~ F 
relationship varies across F concentrations, having the strongest nega-
tive dependence of DC* on F for F concentrations below 0.10 mg/L
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National Health Service (NHS) dental treatment costs for 
optimally fluoridated patients in England were 5.5% lower 
(by £22.26 per person, 95% CI £21.43, £23.09) than for 
non-optimally fluoridated patients. These were average 
effects across England and have included a range of WH 
levels. However, the present study illustrates that WH (as 
a proxy for calcium) is an important effect modifier of the 
relationship between F exposure and DC prevalence. WH 
should therefore be reported and considered as an impor-
tant contextual factor in studies on the dental health effects 
of water fluoridation. For decision-makers considering new 
fluoridation programmes, the findings of this study suggest 
that the impact of a new programme would be expected to 
vary according to WH, such that reductions in caries preva-
lence would likely be greater in a soft water area, than in a 
comparably deprived hard water area.

Further, based on the demonstrated significant associa-
tion of DC with lower WH, it can be suggested that the 
higher rate of DC in some regions (most notably, the North 
West) is not only due to insufficient drinking water fluoride, 
and deprivation, (Weston-Price et al. 2018) but can also be 
significantly partly attributed to the softness of water (i.e., 
low WH and insufficient calcium in community water, see 
Fig. 3).

Some studies have shown severe consequences for 
simultaneous imbalanced exposures to fluoride and calcium 
(e.g., high fluoride and low calcium for animals Simon et al. 
2014, 2016)). This, and the potential adverse effects on DC 
resulting from low WH demonstrated in this and other stud-
ies (Tang et al. 2021) suggests that cost–benefit analyses of 
water softening programmes (e.g. (Van der Bruggen et al. 
2009)) also need to be re-evaluated in the light of these find-
ings and consideration of other health outcomes associated 
with WH (e.g. eczema (Lopez et al. 2022)).

Additional Considerations on Fluoridation

The present study found that the impact of water F on dental 
caries prevalence was greater in more deprived areas, that 
is LSOAs with lower IMD. This is in line with other recent 
ecological studies using area-based, aggregate outcome data 
(Disparities, 2022; Hobbs et al. 2020). This is also consis-
tent with the findings of Henein and Landes (2022) who 
demonstrated a significant association between socioeco-
nomic status, water fluoridation, and dental interventions for 
children in England, and observed that in the most deprived 
populations (IMD = 1), there is a considerable difference 
between the proportions of active interventional treatments 
in fluoridated and non-fluoridated local authorities (0.188 
and 0.243, respectively). Likewise, in New Zealand, Hobbs 
et al. (2020) observed at an area-level that the rate of hos-
pitalisations in children due to dental caries was reduced to 

a greater extent in census area units with higher socioeco-
nomic disadvantage.

In contrast, studies which have collected individual-level 
outcome data have failed to find that water fluoridation has 
a greater preventive effect in more deprived individuals 
(Goodwin et al. 2022; Iheozor-Ejiofor et al. 2024; Moore et 
al. 2024b). These different findings may be a classic exam-
ple of an epidemiological ‘ecological fallacy’, whereby 
inferences based on group-level data cannot be directly 
transferred to individuals. As so eloquently explained by 
Rose (2001), the major determinants of differences in health 
between populations are environmental conditions (e.g. 
water fluoride levels). In contrast, the major determinants of 
differences in the health of individuals within a given popu-
lation are those factors which vary at the individual level, 
such as access to personal resources and resulting behav-
iours (e.g. ability to afford toothpaste, healthy food).

F concentrations between 0.7 mg/L and 1 mg/L have been 
repeatedly reported as optimal F concentrations for com-
munity water fluoridation (Disparities, 2022). This target 
is intended to provide the best balance between caries pre-
vention and avoidance of dental fluorosis (Spencer and Do 
2016). Many studies have cautioned the current approaches 
of determining optimal F (Spencer and Do 2016) and have 
accordingly recommended the selection of the optimal F 
concentration to be more flexible with respect to the loca-
tion (Brouwer et al. 1988) and time (Iheozor-Ejiofor et al. 
2024) of interest. Indeed, this research (see Figs. 5 and 6) 
shows that the fluoridation level that yields the most dra-
matic reduction in dental caries prevalence is much lower 
than F = 0.7 mg/L with a substantially weakened protective 
effect of increasing F above 0.37  mg/L. This may reflect 
the availability of fluoride in the form of toothpaste, tablets, 
and rinses today, resulting in the protective role of commu-
nity water fluoridation becoming less pronounced recently. 
Indeed, updating the optimal fluoridation from (0.7, 1.2) 
ppm to 0.7 ppm in 2015 by the USA was done in light of 
people receiving fluoride from other sources (besides drink-
ing water) now (Health and Fluoridation, 2015). In line with 
this, Davies et al. (2017) revealed that fluoride availability 
in the form of children’s toothpaste (with a minimum of 
1000 ppm fluoride) was one of the most significant reasons 
behind the decline in caries levels in 5-year-olds in England.

Notwithstanding all this, target fluoridation concentra-
tion is generally not the major driver of the operational costs 
of fluoridation schemes and nor of the often larger capital 
expenditure costs. However, we believe that more detailed 
dose–response and cost–benefit analyses that take account 
of WH are required towards science-informed decision-
making as to whether or not investment in new fluoridation 
schemes represents a best value for improving public health.
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Uncertainties and Limitations

Uncertainties and limitations of the findings of this study 
include those related to the input data and to the model:

(i)	 DC was represented by ‘the percentage of 5-year-olds 
with experience of visually obvious dental decay’. As 
with any measurement, there is potential for errors of 
misclassification in the clinical assessment of decay, 
although the survey examiners are calibrated to a stan-
dard threshold.

(ii)	 Spatial heterogeneity can be another source of uncer-
tainty. When using geographical data with specific 
divisions, the factors are calculated as an average for 
the whole geographical unit; hence variabilities may 
be considered in this regard. Referring to Fig.  3, the 
map of IMD was depicted at the LSOA-level covering 
the whole country, whereas there were missing records 
for DC whose map was created based on the district 
division system. Further regarding data, such studies 
could also benefit from auxiliary spatial data (e.g., 
spatial accessibility to healthcare services influenced 
by population distribution, healthcare resourcing, and 
transportation infrastructure), which may also play a 
role in oral health outcomes and dental care utilization, 
as highlighted in studies on healthcare accessibility 
(Chen et al, 2023).

(iii)	 Although WH is a well-known proxy for calcium 
concentration and in this study are highly correlated 
(R2 = 0.78; see Fig. 7, a statistically significant corre-
lation with p-value ≈ 0) utilizing WH as a proxy for 
calcium might result in a conservative (i.e. under-esti-
mation) estimation of the correlation of calcium with 
DC in this study.

(iv)	 The distribution of LSOA level F concentrations was 
imputed using machine learning and whilst that for 
WH was digitized from an image (see Sect.  “Study 
area and spatial units”). Regarding digitization, while 
the accuracy of the model implies the general quality 
of digitization, the model can encounter some difficul-
ties in small and dense areas with abrupt changes of the 
digitizable values. In such cases, manual checks in crit-
ical spots can be adopted (as was done in this study) to 
ensure the precision of the digitized map. Future stud-
ies could address these limitations toward an improved 
MLR model.

(v)	 Drinking water quality data were obtained from spe-
cific time-points, whereas such quality may vary over 
time. Although, in particular, Moore et al. (2020) found 
that fluoride in artificially fluoridated supplies in Eng-
land had a higher temporal variation than water sup-
plies with naturally elevated fluoride, Roberts et al. 
(2020) showed that public water supply data for the 
period 2005–2014 could be used as an effective proxy 
for 1995–2004 public water supply fluoride concentra-
tions. Bowyer et al. (2025) provide a further discussion 
of the relative time-averaged constancy of drinking 
water quality in England.

(vi)	 While the results of the employed MLR were sig-
nificant for association analysis, the best-fitted model 
achieved ρ = 0.59. This modest fit suggest that there 
may be other significant predictors of DC that have 
not been considered here; and/or that the nature of 
the mathematical relationship between DC and the 
WH, IMD and F predictive variables is more compli-
cated than indicated by the relatively simple models 
used—for example, irrespective of other confound-
ing factors, the relationship between DC and drinking 
water quality might reasonably be expected to be in 
the form of a skewed upside down U as there is widely 
thought to be an optimal value for drinking water F, 
below which the protective effect is sub-optimal and 
above which, ultimately F becomes damaging to teeth, 
through fluorosis, rather than protective. Future stud-
ies could usefully explore, therefore, dose–response 
models that conform more closely to this theoretically 
mechanistically expected behavior. Further, sophis-
ticated artificial intelligence models with appropriate 
expert oversight (e.g. using stacking machine learning 
combined with appropriate feature selection models 
(Mehrabi et al. 2025)) might also be of utility for the 
more robust prediction of DC
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Conclusions

The prevalence of children’s dental caries (DC) in England 
is a function not only of drinking water fluoride concentra-
tion and social deprivation but also of water hardness (WH) 
(used as a proxy for calcium concentration). Further, the 
association between DC and F is dependent upon F con-
centration, with the dependence much stronger for drinking 
water F < 0.10 mg/L than for F > 0.37 mg/L. Both of these 
results should be explicitly taken into account in cost–ben-
efit modelling for new drinking water fluoridation proposals 
and suggest that the relatively poor dental health in children 
noted in northern regions, notably the North West, may not 
be uniquely attributable to sub-optimal drinking water fluo-
ride but also to the softness of the drinking water supplied.
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