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Abbreviation | Meaning

ADHD Attention deficit hyperactivity disorder
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BAS British Ability Scales
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Abbreviation | Meaning

LAD Local authority district
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NHMRC National Health and Medical Research Council (Australia)
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OHID Office for Health Improvement and Disparities (within Department
of Health and Social Care)

OHS Oral health survey

ONS Office for National Statistics
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PYAR Person-years at risk

SCHER Scientific Committee on Health and Environmental Risks (European
Union)

SD Standard deviation

TSH Thyroid stimulating hormone

UKHSA United Kingdom Health Security Agency

ULTA Upper tier local authority

WHO World Health Organization

WSZ Water supply zone
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Executive summary

In England, about one in 10 people receive public drinking water served by a fluoridation
scheme. This Health Monitoring Report aimed to monitor the health effects of water
fluoridation schemes, and to assess the associations between concentrations of fluoride in
public water supplies and selected dental and non-dental health outcomes. This report
found that water fluoridation is a beneficial public health intervention for reducing dental
caries in children and reducing inequalities in dental health. It observed no evidence of an
association with cognitive ability in children and no convincing evidence of an association
with hip fractures.

Background

The Water Fluoridation Health Monitoring Working Group, on behalf of the Secretary of
State for Health and Social Care, is required by the Water Industry Act (1991) to monitor the
effects of water fluoridation schemes on health, and to produce reports at least once every 4
years. This report, the fourth in the series, fulfils this requirement.

Fluoride occurs naturally in the environment and can be present in water and some foods in
varying concentrations. In some areas with low natural fluoride levels, fluoride is added to
public drinking water to improve dental health. In England, around one in 10 people receive
public drinking water served by a fluoridation scheme, which aims to achieve a level of 1.0
mg of fluoride per litre of water (1.0 mg/L). The World Health Organization (WHO) guidance
recommends a maximum concentration of fluoride in public water supplies of 1.5 mg/L, with
risks of dental and skeletal fluorosis increasing above this level.

The protective effect of community water fluoridation on dental caries is well established.
Dental caries, also known as dental or tooth decay, is a disease that affects people at all life
stages and affects both primary (baby) and permanent (adult) teeth. Inequalities in the
prevalence of dental caries exist between affluent and deprived communities, and itis a
common cause of hospital admissions in children for the removal of decayed teeth. The
available evidence indicates that community water fluoridation at concentrations within
WHO guidelines does not harm non-dental health, but for some non-dental health outcomes
high-quality evidence is limited. The international evidence for effects on the following non-
dental health outcomes was synthesised: birth outcomes, bladder cancer, blood pressure
effects, bone cancers, hip fractures, kidney effects, neurodevelopment and cognitive effects,
osteoarthritis, skeletal fluorosis, and thyroid effects.

The aim of the report was to assess the association between the concentration of fluoride in
public water supplies in England and selected dental and non-dental health outcomes in
order to monitor the potential health effects of water fluoridation schemes.
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Methods

The report used an ecological study design, where fluoride exposure and most health
outcomes were measured for small geographical areas (lower-layer super output areas
(LSOASs) containing between 1000 and 3000 people), except for cognitive ability which was
measured at the individual level. The study population included only people living in
England.

Fluoride exposure was measured in 2 ways: the average fluoride concentration in mains
drinking water for each LSOA, and whether a water fluoridation scheme was operating in
the LSOA. Individuals with health outcomes were then mapped to LSOAs based on their
recorded address and so assigned a fluoride exposure value.

Dental health outcomes (prevalence and severity of caries experience in 5 and 10 or 11
year olds, and hospital admissions for caries-related tooth extractions in those aged 0 to 19
years) were included to continue monitoring the impact of fluoride on dental health and were
chosen according to the availability of new data since the 2022 health monitoring report.

The non-dental health outcomes investigated were emergency hospital admissions for hip
fractures, which had also been investigated in the previous 2014, 2018 and 2022 health
monitoring reports and, for the first time in the series, a measure of cognitive ability in
children. There is increasing international evidence for an association between higher
exposures to fluoride and an effect on child neurodevelopment and cognitive outcomes, but
very little evidence has assessed an association at lower fluoride concentrations similar to
those found in England (<1.5 mg/L).

Drinking water fluoride data was obtained from the Drinking Water Inspectorate. Data on the
prevalence and severity of dental caries experience came from the National Dental
Epidemiology Programme’s nationally representative oral health surveys in 2022 and 2024
(5 year olds) and 2023 (10 or 11 year olds). Data on tooth extractions and hip fracture came
from hospital admissions records (Hospital Episode Statistics data) in England between
April 2021 and March 2024. Data on cognitive ability came from scores on 6 tests on
language, reasoning and maths skills administered to children in the Millenium Cohort Study
at ages 5 and 7 years old.

The frequency of health outcomes for people living in areas with different fluoride
concentrations and with or without fluoridation schemes was compared using statistical
models (multivariable regression models), adjusting where possible for age group, sex,
ethnicity and deprivation. These models were then further stratified by deprivation (dental
health outcomes) or age and sex (hip fractures). The models were also used to generate
predicted prevalence for dental caries experience and predicted incidence rates for caries-
related tooth extractions and hip fractures.
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Results

Distribution of fluoride in drinking water supplies in England

In the 2017 to 2024 period, this report found that the concentrations of fluoride in LSOAs
ranged between 0.01 mg/L and 1.3 mg/L. All LSOAs were within the 1.5 mg/L regulatory
limit for drinking water, and 0.6% of LSOAs had concentrations above 1.0 mg/L which is the
target concentration for fluoridation schemes.

Approximately 85% of the population in England lived in areas with an average drinking
water fluoride concentration below 0.40 mg/L, and 9% lived in areas with a concentration at
or above 0.70 mg/L.

Dental caries experience and severity scores

Oral health survey data were collected from 62,649 5 year olds in 2022 and 81,905 5 year
olds in 2024 and were approximately representative of the general population of that age in
England. The prevalence of dental caries experience in primary teeth (number of children
with any teeth with caries) was 23% in both 2022 and 2024. The mean severity score (mean
number of teeth with caries per child) was 0.82 in 2022 and 0.80 in 2024.

Five year olds living in areas with a fluoridation scheme were found to have 25% lower odds
of caries experience in 2022 and 34% lower odds in 2024 compared to those in areas
without a fluoridation scheme and with low levels (<0.20 mg/L) of natural fluoride. 5 year
olds living in areas with the highest category of drinking water fluoride concentrations (=0.70
mg/L) were found to have 27% lower odds of dental caries experience in 2022 and 44%
lower odds in 2024 compared to those in areas with the lowest fluoride category (<0.10
mg/L).

There was no clear trend in the odds of caries experience across different levels of
deprivation. However, because more children in the most deprived areas were affected by
dental caries, they benefitted the most in terms of absolute reductions in model-predicted
prevalence of dental caries experience.

Five year olds living in areas with fluoridation schemes or with higher fluoride concentrations
were found to have a lower probability of being in the highest dental caries severity score
category in both the 2022 and 2024 surveys, compared to those living in areas without
schemes or with the lowest fluoride concentrations.

There was no clear trend in the relative reductions in the probability of being in the highest
dental caries severity score category across levels of deprivation in 2022. However, in 2024,
there was an indication that those in the more deprived areas experienced the strongest
protective effect of the highest fluoride concentrations.
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Oral health survey data in 2023 were collected for 53,073 Year 6 children (10 or 11 year
olds). The prevalence of dental caries experience in permanent teeth was 16% and the
mean severity score was 0.30. Issues with assessing caries in permanent teeth in this age
group mean these are expected to be underestimates. Due to methodological concerns with
the data for dental caries experience and severity scores in 10 or 11 year olds, these data
were not assessed statistically for associations with fluoride.

Tooth extractions

Among children aged 0 to 19 years old, there were 87,235 hospital admissions for caries-
related tooth extractions between April 2021 and March 2024. The incidence rate for these
tooth extractions was 213 per 100,000 person-years at risk.

Children living in areas with a fluoridation scheme were found to have a 20% lower
incidence rate of tooth extractions compared to those in areas without a fluoridation scheme
and with low levels (<0.20 mg/L) of natural fluoride. Children living in areas with the highest
category of drinking water fluoride concentrations (=0.70 mg/L) were found to have a 28%
lower incidence rate of tooth extractions compared to those in areas with the lowest fluoride
category (<0.10 mg/L).

The most deprived areas benefited most from higher fluoride concentrations and
experienced a 34% lower incidence rate of admissions for caries-related tooth extractions
for children living in the highest (=0.70 mg/L) compared to the lowest fluoride category
(<0.10 mg/L). Because more children in the most deprived areas are admitted to hospital for
caries-related tooth extractions, they also benefitted the most in terms of absolute
reductions in model-predicted incidence of tooth extractions.

Hip fractures

There were 199,879 emergency hospital admissions for hip fractures among people of all
ages between April 2021 and March 2024. The incidence rate for hip fractures was 112 per
100,000 person-years at risk.

The findings in this report, considered alongside the wider international evidence and the
limitations of this study, did not provide convincing evidence of a relationship between water
fluoridation and hip fracture risk. These findings were consistent with those of the 2018 and
2022 health monitoring reports. The observed associations between fluoride exposure and
hip fracture risk varied by age and sex. For people 65 years and over, there was a
suggestion of a slightly higher risk of emergency hospital admission for hip fracture if living
in areas with fluoridation schemes, or living in areas with fluoride concentrations at or above
0.40 mg/L. For those under 65 years old, there was a suggestion of a lower risk of hip
fracture if living in areas with fluoride concentrations between 0.10 and 0.39 mg/L, but there
was no evidence of a relationship with fluoride concentrations at or above 0.40 mg/L or with
living in areas with a fluoridation scheme. Most confidence intervals for effect estimates
included the possibility of no effect. The overall small effect sizes and the lack of statistical
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confidence of estimates, the methodological limitations of the study including the uncertainty
in exposure assignment for this health outcome, and the conclusions of international
reviews which provide no evidence of an association between fluoride levels below 1.5 mg/L
and bone fractures, contribute to this report’s conclusion that there is no convincing
evidence of an association between water fluoridation and hip fracture risk.

Cognitive ability

MCS data on cognitive ability outcomes were collected from 9,722 children at age 5 and
8,883 children at age 7 in England.

This report does not find an association between fluoride exposure and cognitive ability test
scores in 5 and 7 year olds. Estimates for the difference in test scores were close to zero
and were inconsistent in direction of effect across increasing categories of drinking water
fluoride concentration exposure for all 6 cognitive ability sub-tests.

Analysis for the water fluoridation scheme exposure measure was not conducted because
no association was detected between cognitive ability and the water fluoride concentration
exposure measure.

Strengths and limitations

The 2026 HMR uses the same overall approach as previous reports, providing a consistent
way to monitor the health effects of fluoride over time. This report draws on nationally
representative health data from different types of data sources, assessing associations
between a range of health outcomes and 3 different measures of fluoride exposure. This
rich combination of data and analyses allows rigorous and robust epidemiological evidence
to be generated to inform national level public health policy. The report assesses a cognitive
ability outcome for the first time in the series and continues to assess whether fluoride has
an effect on dental inequalities, helping to address gaps in the evidence at low fluoride
exposure levels (<1.5 mg/L).

Improvements in this HMR compared with previous reports strengthen the robustness of the
2026 HMR findings. These improvements include the assessment of associations with
hospital admissions data at smaller geographical units, improved assignment of fluoride
based on the potential biological window of effect on health outcomes, and statistical
modelling refinements. As some methods have changed, statistical model results should not
be directly compared with earlier reports.

The ecological design means that exposure and other risk factors observed at the LSOA
level may not correctly represent individual-level experiences, and fluoride exposure was
inferred from the drinking water fluoride concentration of the current residential LSOA rather
than individual exposure histories. This represents a limitation of the exposure assignment
in this report.

10
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Non-participation and selection bias are also potential concerns, as participation rates in the
oral health surveys were approximately 60% and in the Millenium Cohort Study across the
different data collection waves was about 68%.

Finally, the potential effect of residual or unmeasured confounding and the challenges of
multiple comparisons should be accounted for when interpreting results. Multiple
comparisons were made across fluoride exposure measures and population subgroups,
meaning that some associations may arise by chance, and results should therefore be
interpreted with emphasis on consistency and the overall pattern of findings rather than
effect estimates of observed associations and statistical inference tests.

Conclusion

In line with previous HMRs, the findings of the 2026 HMR are consistent with the view that
water fluoridation at levels within the regulatory limit for England (<1.5 mg/L) is a beneficial
public health intervention for reducing dental caries in children, with no convincing evidence
of harm to non-dental health. This report continues to find that the dental health benefits are
largest in the more deprived areas, where baseline dental health and uptake of dental care
tend to be poorer, and so water fluoridation makes an important contribution to reducing
dental health inequalities. This report observed no evidence of an association with cognitive
ability in children and no convincing evidence of an association with hip fractures.

Our findings are consistent with those from wider systematic reviews of international
evidence for the effects of fluoride at concentrations below the regulatory limit of 1.5 mg/L.
In practice, fluoride concentrations in fluoridated areas in England are well below this
regulatory limit, averaging below 0.8 mg/L in all years since 2016.

This series monitors the potential population health effects of fluoride over time using data
that is representative of the wider English population, such that the evidence provided is
informative at the national level. This report contributes to an important gap in the wider
public health and epidemiological literature assessing associations with selected non-dental
health outcomes and inequalities in dental health at levels well below the WHO guideline
value of 1.5 mg/L. Due to some of the limitations of this study, all findings should be
interpreted with caution and in the context of the wider scientific evidence. This report
provides epidemiological evidence that can inform an understanding of associations
between drinking water fluoride exposure and our selected health outcomes. However, it
cannot by itself determine whether these associations are causative, and a lack of observed
associations does not definitively confirm the absence of a relationship.

The methods used in this report are not exactly the same as in previous reports in the HMR
series, and as such findings from the 2022 and 2018 reports cannot be directly compared.

The Water Fluoridation Health Monitoring Working Group continues to keep the wider
evidence under review and will publish a further report within the next 4 years.

11
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Background

The Secretary of State for Health and Social Care, is required by legislation to monitor the
effects of water fluoridation schemes on health and to produce reports at least once every 4
years.! The Water Fluoridation Health Monitoring Work Group has produced this report, the
fourth in the series, to fulfil this requirement.

Monitoring the health effects of fluoridation
schemes

Section 90A of the Water Industry Act 1991, as amended, requires a “relevant authority”,
that has entered into fluoridation arrangements to monitor the effects of the arrangements
on the health of persons living in the area specified in the arrangements (1). It also requires
that such an authority publishes reports containing an analysis of those effects, making
available any information, or summaries of information, collected by it for these purposes.

As of 1 April 2013, the Secretary of State for Health and Social Care is the "relevant
authority" in England for the purposes of the fluoridation provisions. The Secretary of State's
functions in relation to fluoridation health monitoring and reporting are exercised by the
Water Fluoridation Health Monitoring Working Group (the working group), whose
membership includes epidemiologists, consultants in public health and dental public health,
and scientists from the Department of Health and Social Care (DHSC) and UK Health
Security Agency (UKHSA). The first 3 reports monitoring the health effects of fluoride in
drinking water were published in March 2014, March 2018 and March 2022 (2, 3, 4). Further
reports are required at intervals of no greater than 4 years, beginning with the date on which
the last report was published, unless the schemes in question are terminated.

The protective effect of community water fluoridation (CWF) on dental caries (tooth decay)
is well established. The 2014, 2018 and 2022 health monitoring reports (HMRs) found
evidence for water fluoridation reducing the prevalence and severity of dental caries
experience, reducing the incidence rate of hospital admission for removal of caries-related
teeth, and for narrowing dental health inequalities (2, 3, 4).The 2018 report also provided an
updated understanding of the relationship between water fluoridation and dental fluorosis in
England and added to the evidence base on possible associations with non-dental health
outcomes. Due to capacity constraints during the COVID-19 pandemic, the 2022 report had
a reduced scope and assessed dental caries and hip fracture outcomes only. The UK Chief
Medical Officer recently commissioned a report on the optimal concentration for water
fluoridation in the UK from the Academy of Medical Sciences, which considered evidence
from previous HMRs and the wider international scientific literature. Its conclusions
confirmed the relevance of current UK target fluoride concentrations for water fluoridation
schemes (5).
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Changes over time in diet and oral hygiene, including exposure to fluoride from sources
other than drinking water, can affect dental caries risk. Re-assessment of the association
between fluoride in drinking water and dental health is therefore important, as well as
continuing to monitor possible associations between fluoride and non-dental health
outcomes. The present report for the first time includes an updated evidence synthesis for
the benefits and potential risks associated with fluoridation, and for the first time includes an
assessment of the potential effects of fluoridation on cognitive ability in children in England.
The report contributes to the assessment of whether the addition of fluoride to public water
supplies in England is a safe, beneficial and equitable public health intervention.

Fluoride

Fluoride occurs naturally in the environment and can be present in water and some foods in
varying concentrations (6). Fluoride is also added to many toothpastes and other
preventative dental interventions. Fluoride in drinking water likely makes up about half of
people’s daily total fluoride intake in Europe, with diet and oral hygiene products also
contributing (7).

In some areas, fluoride is added to public drinking water to improve dental health. The first
water fluoridation scheme was introduced in the USA in 1945 (8). Following pilot schemes,
the first substantive water fluoridation scheme in the UK was introduced in Birmingham in
1964, with subsequent schemes established since. In England, about one in 10 people
receive public drinking water served by a fluoridation scheme.

Water fluoridation schemes in England aim to achieve a level of 1.0 mg of fluoride per litre
of water (mg/L), equivalent to one part fluoride per million parts of water (9). This was
chosen to reduce dental caries without increasing the frequency of dental fluorosis of
aesthetic concern (10). The World Health Organization (WHO) guidance recommends a
maximum concentration of fluoride in public water supplies of 1.5 mg/L, with risks of dental
and skeletal fluorosis increasing above this level (11). Recent evidence from the European
Union’s Food Safety Authority (EFSA) has similarly derived a reference point of 1.5 mg/L as
protective against potential adverse outcomes, including impacts on the central nervous
system (7).

The WHOQ'’s guideline value of 1.5 mg/L is mirrored in UK drinking water standards covering
both public and private supplies (12). Due to underlying geology in the area people live,
about a quarter of a million people in non-fluoridated areas in England receive drinking
water with levels of fluoride that are close to those achieved by the majority of fluoridated
areas (20.70 mg/L). Water companies that operate fluoridation schemes must comply with
the requirements of the Code of Practice published by the Drinking Water Inspectorate
(DWI), the water quality regulator for England and Wales (9).
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Existing evidence for the health impacts of
fluoride

Evidence from previous health monitoring reports in England

Previous HMRs published in 2018 (3) and 2022 (4) assessed associations between drinking
water fluoride concentrations and a range of dental and selected non-dental health
outcomes. The findings of these reports are presented in Table 1. The 2014 HMR results
were not included here as the report only analysed associations with the presence of a
water fluoridation scheme as its measure of fluoride exposure, however the findings from
2014 were consistent with the later HMRs in this series.

These reports found that higher fluoride exposure (up to concentrations between 0.7 mg/L
and approximately 1.0 mg/L) was associated with lower prevalence of dental caries
experience and lower severity of dental caries in 5 year olds, and lower incidence rates of
hospital admissions for caries-related tooth extractions for 0 to 19 year olds compared to
fluoride exposure of less than 0.1 mg/L (3, 4). Reports also found that reductions in dental
caries experience, severity and extractions were larger in the most deprived areas.
Evidence was less clear for an association with dental caries experience in 3 year olds.

Dental fluorosis of at least mild aesthetic concern was more common in areas with water
fluoridation schemes compared to those without, but this did not lead to significant
differences in ratings of satisfaction with the appearance of children’s teeth in these areas.
Reports found no convincing evidence of a causal association between water fluoridation
and hip fracture, kidney stones, bladder cancer, Down syndrome or osteosarcoma.
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Table 1. Findings from previous health monitoring reports in England for the association between drinking water fluoride
exposure and dental and non-dental health outcomes

Outcome

Health
monitoring
report 2018 (3)

Health
monitoring
report 2022 (4)

Findings

Prevalence and
severity of dental
caries experience
in 5 year olds

The 2018 and 2022 HMRs found that higher drinking water fluoride
exposure was associated with lower odds of experiencing caries and
lower odds of experiencing higher severity of caries in 5 year olds.

The 2018 HMR found that for 5 year olds living in areas with fluoride
concentrations 20.7 mg/L compared to in areas with the lowest
concentrations of <0.1 mg/L, the odds of experiencing caries were 23%
(95% CI: 9%, 39%) lower in the least deprived areas and 52% (47 %, 56%)
lower in the most deprived areas. Increasing fluoride concentration was
associated with lower odds of having the highest severity caries score,
and children in the most deprived areas saw larger reductions in the odds
of having more severe caries compared to children in the least deprived
areas.

The 2022 HMR found similar results but the reduction in odds were more
moderate for those living in the most deprived areas. For 5 year olds living
in areas with water fluoride concentrations =0.7 mg/L compared to in
areas with the lowest concentration of <0.1 mg/L, the odds of experiencing
caries were 26% (95% CI: 12%, 37%) lower in the least deprived areas
and 39% (30%, 46%) lower in the most deprived areas. Risk of having the
highest caries severity score also reduced with increasing water fluoride
concentration.
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Outcome

Health
monitoring
report 2018 (3)

Health
monitoring
report 2022 (4)

Findings

Prevalence and
severity of dental
caries experience
in 3 year olds

The 2022 HMR found that the association between fluoride
concentration and dental caries experience varied by deprivation
level. There was no evidence of an association between fluoride
concentration and dental caries severity.

In the 2 most deprived quintiles, there was a general trend that the odds of
experiencing dental caries lowered as fluoride concentration increased,
but confidence intervals were generally quite wide. Associations in other
quintiles varied. Similarly mixed evidence was seen for the severity score
of dental caries within deprivation quintiles and the association was not
considered statistically significant.

Caries-related
tooth extractions
in 0 to 19 year
olds

The 2018 HMR found that hospital admissions for caries-related
tooth extractions were 59% lower (95% CI: 33%, 76%) in areas with a
drinking water fluoride concentration 20.7 mg/L, compared to areas
where it was <0.1 mg/L.

A greater protective effect was seen with increasing water fluoride
concentration. The greatest absolute reduction in admissions was
observed for the most deprived children, thus contributing to narrowing
dental health inequalities.

The 2022 HMR reported similar findings. Hospital admission for
caries-related tooth extractions were 60% lower (95% CI: 31%, 77%)
in areas with a drinking water fluoride concentration 20.7 mg/L,
compared to areas where it was <0.1 mg/L.

Dental fluorosis in
11 to 14 year olds

The 2018 HMR found that the presence of fluorosis does not appear
to cause aesthetic concern or, where it does cause concern there is
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Outcome

Health
monitoring
report 2018 (3)

Health
monitoring
report 2022 (4)

Findings

an equal level of dissatisfaction due to other factors for example
trauma, orthodontic malalignment or caries.

The prevalence of fluorosis of at least mild aesthetic concern was 10% in
areas with a water fluoridation scheme and 2% in areas without. However,
there was no significant difference in the mean self-reported aesthetic
score between respondents in the 2 areas.

Hip fracture

The 2018 HMR found no convincing evidence for a causal
association between drinking water fluoride exposure and hip
fractures.

There was some evidence that fluoride concentrations =0.10 mg/L were
associated with a lower risk of hip fractures in the 0 to 49 year old age
group, and a higher risk in the over 80 year old age group. However, there
was no consistent change in hip fracture risk within age groups as the
concentration of fluoride increased. The report considered that given
these inconsistencies and the existing evidence from epidemiological and
toxicological studies at levels of water fluoridation observed in England,
the findings did not support a causal association.

The 2022 HMR reported similar conclusions of no convincing
evidence of an association.

Kidney stones

The 2018 HMR found no convincing evidence for a causal
association between drinking water fluoride exposure and kidney
stones.

While rates of hospital admissions for kidney stones were 10% lower
(95% CI: 2%, 18%) in areas with a fluoridation scheme than in areas
without, there was no trend in kidney stone incidence rates as water
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Outcome

Health
monitoring
report 2018 (3)

Health
monitoring
report 2022 (4)

Findings

fluoride concentration increased. There were also concerns with data
quality and there was a lack of evidence in the literature supporting a
causal association.

Bladder cancer

The 2018 HMR found no convincing evidence for an association
between drinking water fluoride exposure and bladder cancer.

While incidence rates of bladder cancer were 6% lower (95% CI: 2%,
10%) in areas with a fluoridation scheme than in areas without, there was
no consistent trend in incidence rates as water fluoride concentration
increased and there was very little evidence in the literature to support a
protective effect.

Down syndrome

The 2018 HMR found no convincing evidence for a causal
association between drinking water fluoride exposure and Down
syndrome incidence.

There was very limited statistical evidence for an association between
incidence rates of Down syndrome and presence of a fluoridation scheme.
There was no consistent change in risk of Down syndrome as the
concentration of fluoride increased and there was very little evidence in
the literature to support an association.

Osteosarcoma in
under 50 year olds

The 2018 HMR found no evidence of an association between fluoride
exposure and osteosarcoma in 0 to 49 year olds.

No association was observed with either fluoride concentrations or
presence of a fluoridation scheme.

Abbreviations

CI = confidence interval; HMR = health monitoring report; mg/L = milligrams per litre.
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Evidence synthesis

This synthesis aimed to inform the selection of health outcomes to be analysed in this HMR.

We synthesised evidence on the health impacts of fluoride exposure from existing systematic
reviews and evidence evaluations conducted by expert authoritative organisations. Fluoride
exposure was specified to include a range of valid measures such as total fluoride intake,
residence in areas with fluoridation schemes, and drinking water and urinary fluoride
concentrations.

The evidence synthesis included 11 reports published between 2010 and 2025. These reports
were identified as some of the most recent and comprehensive evidence reviews conducted for
countries and regions with fluoridation contexts that are relevant to England — where water
fluoridation schemes are in place and where drinking water fluoride concentrations are
managed in line with the WHO’s maximum guideline value of 1.5 mg/L. These reports were:

e Canadian Agency for Drugs and Technologies in Health (CADTH) — health
technology review 2019 (13) review of neurological and cognitive effects, 2019 (14))
and 2020 update (15)

e Cochrane Oral Health Group (international) — review of water fluoridation for the
prevention of dental caries 2024 (16)

e European Food Standards Authority (EFSA) — consumer risk assessment 2025 (7)

¢ Ireland’s Health Review Board (HRB) — evidence review on systemic health
excluding oral health 2022 (17) evidence review on dental health 2025 (18)

e New Zealand’s Ministry of Health (MoH) — evidence review on community water
fluoridation 2024 (19)

e Australia’s National Health and Medical Research Council (NHMRC) — information
paper on water fluoridation 2017 (20)

e USA'’s National Toxicology Program (NTP) — monograph on the state of the science
concerning fluoride exposure and neurodevelopment and cognition 2024 (21)

e European Commission’s Scientific Committee on Health and Environmental Risks
(SCHER) — critical review of evidence 2010 (22)

Where relevant, this synthesis review also references the seminal Dean studies (23, 25) from
the mid-20th century which are still considered some of the most authoritative on the topic and
provide evidence for the association between water fluoride and dental caries and dental
fluorosis outcomes from before the widespread use of fluoridated oral hygiene products.

Twelve health outcomes were considered for inclusion in this HMR, and this synthesis review
summarised the state of the evidence for each: dental caries, dental fluorosis, birth outcomes,
bladder cancer, blood pressure effects, bone cancers, hip fractures, kidney effects,
neurodevelopment and cognitive effects, osteoarthritis, skeletal fluorosis, and thyroid effects.
These health outcomes were identified based on the availability of existing evidence, the
biological plausibility of an association, and those assessed in previous HMRs.
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The state of the evidence for these health outcomes is presented below and summarised in
Table 2. This is presented alongside a brief note on the potential biological mechanism for an
effect. As water fluoride concentrations vary globally and can reach levels many times higher
than those found in England, the evidence is presented for associations found for
concentrations below and above the WHO guideline value (1.5 mg/L) (11) in Table 2.

Dental caries and related dental outcomes

Dental caries result from the breakdown of dietary sugars on the tooth surface, producing acids
that demineralise the tooth enamel. Over time this can lead to lesions in the tooth tissue (26).
Regular fluoride exposure maintains a level of fluoride in the plaque biofilm, promoting
remineralisation and slowing or reversing caries progression (26) Fluoride exposure during
tooth development also makes teeth more resistant to caries in the long-term (27).

The synthesis review found that Canada’s CADTH, Cochrane, Ireland’s HRB and Australia’s
NHMRC concluded there was consistent evidence that fluoride exposure below the WHO
guideline value (1.5 mg/L) was associated with reductions in a range of outcomes measuring
the prevalence and/or severity of caries (13, 16, 18 to 20). These outcomes included decayed,
missing or filled teeth or surfaces in the primary (dmft/s) or permanent (DMFT/S) dentition for
children and the proportion of children without caries. Meta-analysis to assess a dose-response
relationship was only performed by HRB, which found no evidence of a dose-response
relationship between dental caries outcomes and CWF exposure levels between 0.5 and 1.2
mg/L. However, it should be noted that HRB’s methods excluded literature published before
1948. The seminal Dean studies do show a dose-response relationship between water fluoride
concentration and dental caries prevalence at concentrations ranging between 0.0 and 2.6 mg/L
(24, 25).

The 2 reports which focused specifically on exposure to CWF schemes (HRB and Cochrane)
determined that the certainty of evidence for associations with caries in primary and permanent
teeth was low or very low (16, 18). This was due to imprecision in effect estimates, lack of
applicability of the findings to contemporary settings, the inherent risk of bias of included study
designs and, for some outcomes, high statistical heterogeneity between study results.

CADTH and NHMRC identified a small number of studies assessing related dental outcomes,
including tooth loss, tooth wear, tooth extractions, and dental clinic visits, and concluded the
evidence to either be limited (<3 relevant studies) or insufficient to support an association (13,
20).

Dental fluorosis

Dental fluorosis is one of a number of different conditions that can affect the appearance of
teeth. In England, it is usually seen as paper-white flecks or lines on the tooth, but it can vary in
appearance from barely visible fine white lines to patches which may be of aesthetic concern.
The risk period for the development of dental fluorosis in permanent teeth is when the teeth are
growing in the jaws; dental fluorosis cannot develop after teeth are formed. The first 2 to 3 years
of life are generally accepted to be the period of highest susceptibility to fluorosis affecting the
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front teeth (the incisors). There is also an established association between increasing severity
of dental fluorosis and increased fluoride exposure from all sources. The mechanism of effect is
well established, with fluoride causing changes in the appearance of the tooth’s enamel through
hypomineralisation (28).

The synthesis review found that 7 reports (European Union’s EFSA, CADTH, Cochrane, HRB,
NHMRC, New Zealand’s MoH, European Union’s SCHER) identified a positive association
between fluoride exposure and dental fluorosis risk and/or severity. However, most evidence
considered in the reports came from areas with fluoride concentrations above the WHO
guideline level (>1.5 mg/L), and evidence for associations at lower exposures was
correspondingly weaker.

Cochrane identified a dose-response relationship between water fluoridation at concentrations
between 0.1 and 4.0 mg/L and both any dental fluorosis and dental fluorosis of aesthetic
concern (18, 31). By contrast, HRB identified no evidence of a dose-response relationship
between dental fluorosis and CWF levels between 0.5 and 1.2 mg/L. Data from the seminal
Dean studies from earlier in the mid-20th Century show a dose-response relationship between
severe dental fluorosis and water fluoride concentrations above 2.0 mg/L (23, 24, 30).

The most recent EFSA report for the European Union (7) did not include dental fluorosis as the
association with fluoride was well established in their previous review (31). However, it noted
that fluorosis prevalence was low or nil where drinking water concentrations were <1.0 mg/L,
but that more severe fluorosis was consistently seen at concentrations around 2.0 mg/L. Based
on both comprehensive older evidence and recent studies, the EFSA Scientific Committee
determined that an appropriate updated reference point for protecting against dental fluorosis
which might be of aesthetic concern was a drinking water concentration of 1.4 mg/L. NHMRC
noted that the mild fluorosis found at similar, low exposure concentrations (<1.5 mg/L) was of no
health concern and rarely reported to be a concern to those experiencing it.

Birth outcomes

Birth outcomes were considered for inclusion in the report as fluoride can cross the placenta
and a possible cytogenetic effect on the developing foetus at sufficiently high exposures has
been suggested (32).

The synthesis review found that reviews identified studies assessing birth weight and height and
Down syndrome outcomes. EFSA noted that the evidence for endpoints such as adverse birth
outcome is sparse, limited and inconsistent to date, and, as such, evidence was not considered
to be suitable for further consideration in its assessment of health risks (7).

CADTH, HRB and NHMRC each identified no more than 2 studies assessing associations with
birth weight and height. Reports noted the available evidence was hence insufficient to support
an association (13, 17, 20).
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Reports also identified few studies for Down syndrome. The most recent review, conducted by
CADTH and updating the evidence presented in the earlier NHMRC report (22), identified 9
studies and concluded that this limited evidence suggested there was no association with water
fluoridation at lower water fluoride concentrations (<1.5mg/L) (15). HRB similarly found very low
certainty evidence suggesting there was no association (17).

Bladder cancer
Bladder cancer was considered for inclusion in the report as fluoride is excreted in the urine and
therefore the bladder lining is exposed to relatively high concentrations.

The synthesis review found that none of the evidence reviews specifically reported on bladder
cancer as an outcome, but NHMRC, CADTH and HRB included a small number of studies on
bladder cancers in their findings for all-cancer outcomes. CADTH concluded that there was
consistent evidence of no association with all-cancer incidence or mortality but did not provide a
conclusion for bladder cancer specifically.

CADTH identified 2 previous water fluoridation HMRs for England (2014 (2) and 2018 (3)). HRB
and NHMRC also identified the analyses presented in the 2014 HMR (2, 33). No other studies
on bladder cancer were identified in the reports included in the evidence synthesis. Findings
from the previous HMRs for England are presented in Table 1.

Blood pressure effects

Blood pressure effects were considered for inclusion in the report, with various mechanisms for
an association with fluoride exposure suggested in the literature, although none have been
established. These have included fluoride-induced oxidative stress (34) indirect impacts of
improved periodontal health (35, 36) decreased magnesium absorption (35, 36) and effects on
inflammation and immune response regulation (34).

The synthesis review found that only the CADTH report (13), and the earlier NHRMC report (20)
which it updated, assessed associations with blood pressure, measured as prevalence of
hypertension. Both reports found insufficient evidence for an association between water
fluoridation at lower concentrations (<1.5 mg/L) and hypertension. Each report identified 5 or
fewer studies. All studies either had insufficient or no controlling for confounders, or they
identified significant associations only at fluoride concentrations substantially higher than the
WHO guideline value (1.5 mg/L). EFSA determined there were too few studies available for an
association with blood pressure to merit inclusion in its systematic review (7).

Bone cancer
Bone cancer was considered for inclusion in the report because fluoride deposits in the bone
have been suggested to have a potentially mitogenic effect on osteoblasts (32).

The synthesis review found that CADTH, EFSA and NHMRC concluded there was sufficient
evidence of no association between fluoridated water and bone cancers (7, 13, 20). HRB also
found evidence suggesting no association, but was more tentative in its conclusion given the
very low quality of the evidence base for exposure to CWF schemes, which was mostly based
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on ecological studies (17). Most studies identified were conducted in areas where all fluoride
exposures were below the WHO guideline value (1.5 mg/L). Reporting on the European Union,
SCHER found no clear link between drinking water fluoride and osteosarcoma, and noted that
animal studies supported this conclusion (22).

Hip fractures

Approximately half of the fluoride ingested by adults is taken up by bone, and its accumulation
over time may affect the bone’s mechanical properties (37). Fluoride can increase bone density,
but excessive long-term intake may reduce bone strength (31) and could affect the risk of
fractures. Both protective and adverse effects are theoretically possible. Hip fractures have
been specified for use as an outcome related to these potential effects on bone, as they are a
common and serious condition for which data suitable for analysis is available.

The synthesis review found that reports differed in their conclusions on the strength of evidence
for an association between fluoride exposure and hip fractures. The most recent detailed report
from EFSA integrated available human, animal and in vitro evidence. EFSA judged that the
overall evidence was too limited to conclude on the presence of an association with fractures at
low exposures (<1.5 mg/L), identifying only one study of high reliability. It found that some
effects of fluoride intake on bone mineral density may occur at fluoride exposure levels around 3
mg per day. However, it is not clear whether or not these effects on bone mineral density are
adverse, and the fluoride exposure threshold at which changes in bone mineral density may
result in decreased mechanical strength with an effect on fracture risk is unknown (7). The
NHMRC (20) review, and the later CADTH (13) review which updated it, both concluded there
was sufficient evidence of no association between hip fractures and fluoride exposure at lower
fluoride concentrations (<1.5 mg/L). HRB more tentatively concluded that the evidence
suggested no association between hip fractures and water fluoridation, but highlighted that the
quality of the body of evidence was very low as most studies were ecological and failed to
control for osteoporosis (17).

Kidney effects
Effects on the kidney were considered for inclusion in the report because the kidney is exposed
to relatively high fluoride concentrations as most ingested fluoride is excreted through it (32).

The synthesis review found that reviews identified some studies assessing kidney stones and
chronic kidney disease outcomes. CADTH, HRB and NHMRC each identified no more than 3
studies assessing associations with either outcome.

CADTH concluded there was limited evidence that kidney stone incidence was lower in areas
with water fluoridation compared to areas without, based mostly on evidence from 2 previous
HMRs in England (2014 (2) and 2018 (3)). HRB did not present a conclusion based on the
single study it identified, and NHMRC found there was insufficient evidence for an association
with kidney stones.
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CADTH and NHMRC concluded there was a lack of evidence to assess an association with
chronic kidney disease (13, 20).

Neurodevelopment and cognition

Neurodevelopment and effects on cognition were considered for inclusion in the report. While
no mechanism for an effect on neurodevelopment and cognition has been established, changes
in thyroid hormones have been proposed as one potential mediator (21, 22).

The synthesis review found that, at concentrations below the WHO guideline value (1.5 mg/L),
CADTH, EFSA and USA’s NTP reported there was uncertain or insufficient evidence to
conclude that fluoride concentrations were associated with adverse neurodevelopment
outcomes (7, 13, 15, 21). NHMRC found that evidence from a single study suggested there was
no association between water fluoridation and cognitive function or Intelligence Quotient (IQ) in
children and adults (20). HRB reported inconsistent findings for associations with IQ and
neuropsychological development and noted that most studies had important methodological or
data quality limitations. New Zealand’s MoH instead concluded that at their current drinking
water fluoride concentrations (<1.5 mg/L), neurodevelopment and cognitive impacts were not a
concern (19).

At concentrations exceeding the WHO guideline value (1.5 mg/L), NTP concluded there was
moderate confidence of an association between higher fluoride concentrations and lower 1Q
scores in children (21), and EFSA concluded there was reasonable confidence that adverse
effects on neurodevelopment occurred (7). The review by New Zealand’s MoH did not provide a
formal conclusion but echoed an earlier government review’s finding (38) that chronic exposure
to very high fluoride levels could negatively affect neurodevelopment and cognition, although
precise concentrations were not given (21). Across reports, evidence of effects at higher
concentrations (=1.5 mg/L) commonly came from studies in China or India and ranged from
values close to the guideline value (1.5 mg/L) to many times higher.

The majority of studies included in reports assessed 1Q in children as the outcome. Other
outcomes included attention deficit hyperactivity disorder (ADHD) in children and different
measures of cognitive impairment in adults. However, evidence for these outcomes was
considered to be insufficient in all reports due to the small number of studies and heterogeneity
in study design and outcome measurements.

Osteoarthritis

Osteoarthritis was considered for inclusion in the report as it has been suggested that high
levels of fluoride exposure could exacerbate the growth of osteophytes in the bone and joints
(17).

The synthesis review found that only EFSA (7) assessed evidence on the impacts on

osteoarthritis. It identified 2 studies for osteoarthritis in the knee and elbow and concluded that,
overall, the available evidence was too limited to draw firm conclusions.
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Skeletal fluorosis

Skeletal fluorosis is a bone disease caused by prolonged exposure to high concentrations of
fluoride, which accumulates in the bones. This can result in joint stiffness and chronic pain in
the bones and joints, and in its most severe forms can lead to calcification of tendons and
ligament and bone deformities (39). WHO reports that the condition has been observed at
drinking water fluoride concentrations between 3 and 6 mg/L, with these concentrations most
commonly found in areas of India, China, Central Africa and South America (11). This is far
higher than the concentrations identified in fluoridated drinking water in the UK which is
adjusted to a target level of 1.0 mg/L.

The synthesis review found that agencies’ conclusions on associations with skeletal fluorosis
focused on the meaning for their country contexts where drinking water concentrations were
below 1.5 mg/L. The most recent report by EFSA (7) stated that evidence on causality between
exposure and skeletal fluorosis was already well established and skeletal fluorosis likely only
occurred at concentrations above the agency’s previous tolerable upper intake level for adults
(7.0 mg per day) (31). Skeletal fluorosis was therefore not prioritised in their systematic review.
The NHMRC and CADTH reports both concluded there was insufficient evidence for an
association at the lower concentrations found in their respective countries (<1.5 mg/L) (13, 20).

Thyroid effects

Thyroid effects were considered for inclusion in the report as there has been some evidence
suggesting an association between high levels of fluoride exposure and thyroid effects,
including reduced thyroid hormone levels and altered thyroid function. While various
mechanisms including reduced production and impaired transport of thyroid hormones have
been suggested, no clear mechanism has been demonstrated (7, 31).

The synthesis review found that CADTH, EFSA, HRB and NHMRC concluded there was limited
and inconsistent evidence for an association with effects on the thyroid and determined that
current evidence was insufficient to draw reliable conclusions (7, 13, 17, 20). However, EFSA
noted that limited human evidence suggested fluoride exposure at concentrations similar to or
above the guideline value (1.5 mg/L) was associated with higher mean thyroid stimulating
hormones (TSH) levels (7). The New Zealand MoH report (19) discussed a recent meta-
analysis (40) which found that the effects on TSH were only present at water fluoride
concentrations of at least 2.0 to 2.5 mg/L. NTP identified some evidence of changes in TSH
levels in children, but the studies were too heterogeneous and limited in number to determine
an association (21).

Most studies assessed TSH levels as the outcome, with a limited number also examining other
thyroid hormones and outcomes such as self-reported thyroid disorders. EFSA noted that the
few studies which did assess other thyroid hormones (T3 and T4) reported associations
inconsistent with reported increased TSH levels, reducing the confidence in the interpretation of
the TSH findings (7). Only the EFSA report included animal and in vitro evidence. Most animal
studies were judged to be of low validity, and the evidence provided by in vitro studies was
judged to be insufficient to support a mode of action for fluoride’s effects on the thyroid due to
high heterogeneity and concerns with study designs.
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Table 2. Evidence for associations between fluoride exposure and selected health outcomes based on major reports by international
expert authoritative organisations

Outcome

State of the evidence: fluoride exposure
below WHO guideline value (<1.5 mg/L)

State of the evidence: fluoride exposure
at or above WHO guideline value (21.5
mg/L)

Review sources

Dental caries and
related dental outcomes

CADTH, Cochrane, HRB and NHMRC found
evidence that water fluoridation was
associated with decreased occurrence and
severity of dental caries in children and adults.
NZ MoH report did not provide a formal
conclusion but similarly suggested a beneficial
effect.

Evidence for other dental outcomes such as
tooth wear, tooth loss and dental visits was
very limited or insufficient to draw conclusions.

No reviews presented conclusions for
associations at higher exposure levels.

CADTH (13),
Cochrane (16), HRB
(18), NHMRC (20),
NZ MoH (19)

Dental fluorosis

Seven reviews (EFSA, CADTH, Cochrane,
HRB, NHMRC, NZ MoH, SCHER) noted
evidence of a positive association with dental
fluorosis risk and/or severity. Some of this
evidence was from areas with fluoride
concentrations <1.5mg/L.

NHMRC also noted that the mild fluorosis
commonly found in areas with drinking water
concentrations <1.5 mg/L was rarely reported
to be of concern by those who

had it.

Seven reports (EFSA, CADTH, Cochrane,
HRB, NHMRC, NZ MoH, SCHER) noted
evidence of a positive association with
dental fluorosis risk and/or severity.

Most evidence considered in the reviews
came from areas with fluoride
concentrations >1.5 mg/L.

EFSA concluded that severe fluorosis was
consistently found at fluoride
concentrations around 2 mg/L.

EFSA (70< CADTH,
Cochrane, HRB,
NHMRC, NZ MoH,
SCHER (21)
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Outcome

State of the evidence: fluoride exposure
below WHO guideline value (<1.5 mg/L)

State of the evidence: fluoride exposure
at or above WHO guideline value (21.5
mg/L)

Review sources

Cochrane found evidence of a dose-response
relationship at concentrations of water
fluoridation between 0.1 and 4.0 mg/L. HRB
found no evidence of a dose-response
relationship at concentrations of water
fluoridation between 0. mg/L and 1.2 mg/L.
EFSA found that fluorosis prevalence was
very low or absent at exposure to water
concentrations <1.0 mg/L and that a reference
point of 1.4 mg/L may be protective.

Birth outcomes

HRB, CADTH and NHMRC found insufficient
evidence for an association with birth weight
and height.

HRB, CADTH and NHMRC identified limited
evidence suggesting no association with Down
Syndrome, with most studies being of low
quality and conducted in areas where all
fluoride exposures were below guideline
values.

No reviews presented conclusions for
associations at higher exposure levels.

CADTH, HRB (17),
NHMRC

Bladder cancer

CADTH, HRB and NHMRC identified only the
previous HMRs for England 2014 (2) and 2018
(3), of which the more recent report found no
convincing evidence for a protective effect on
bladder cancer incidence.

No studies identified.

CADTH, HRB
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Outcome

State of the evidence: fluoride exposure
below WHO guideline value (<1.5 mg/L)

State of the evidence: fluoride exposure
at or above WHO guideline value (21.5
mg/L)

Review sources

Blood pressure

NHMRC and CADTH identified 2 studies that
reported correlations at concentrations which
ranged from below to above the guideline
value. CADTH and NHMRC found insufficient
evidence of an association at concentrations
found in their countries (all below the guideline
value).

A small number of low quality studies which
were likely to be confounded. No reviews
presented conclusions for associations at
higher exposure levels.

CADTH, NHMRC

kidney stones or chronic kidney disease.

Bone cancers Four reviews (EFSA, CADTH, HRB, NHMRC) | Few studies identified. No reviews EFSA, CADTH,
concluded there was no evidence of an presented conclusions for associations at HRB, NHMRC
association. Most studies identified were higher exposure levels.
conducted in areas where all fluoride
exposures were below guideline values.

Hip fractures CADTH and NHMRC concluded there was No reviews presented conclusions for EFSA, CADTH,
evidence of no association with hip fracture associations at higher exposure levels. HRB, NHMRC
below 1.5 mg/L. HRB noted that included
studies tended to show no association,
although the evidence was limited.

EFSA judged that the overall evidence was
too limited to conclude on the presence of an
association with fractures at low exposures.

Kidney effects HRB, CADTH and NHMRC found limited or No reviews presented conclusions for HRB, CADTH,
insufficient evidence for an association with associations at higher exposure levels. NHMRC
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Outcome

State of the evidence: fluoride exposure
below WHO guideline value (<1.5 mg/L)

State of the evidence: fluoride exposure
at or above WHO guideline value (21.5
mg/L)

Review sources

Two of the 3 studies identified across all
reports for kidney stones came from 2
previous HMRs for England (2018 and 2014
(3, 2), where all fluoride exposures were below
guideline values.

Neuro-development and
cognition

Five reviews (EFSA, CADTH, NHMRC, NTP,
SCHER) identified insufficient or unclear
evidence for an association. HRB found mixed
results from a limited number of studies for
associations between CWF and non-CWF
areas.

NZ MoH did not present a formal conclusion
but indicated evidence suggested
neurodevelopment and cognitive impacts were
not a concern at current low exposure levels.

EFSA and NTP concluded with ‘moderate’
or ‘reasonable’ confidence that there was
an association with adverse
neurodevelopment outcomes. NZ MoH’s
review made more tentative statements to
support the plausibility of negative impacts
from chronic exposure to very high
concentrations, although did not state a
threshold.

EFSA, CADTH (13,
15), HRB, NHMRC,
NTP (21), NZ MoH,
SCHER

Osteoarthritis

Evidence is too limited to draw conclusions.

Evidence is too limited to draw conclusions.

EFSA

Skeletal fluorosis

The EFSA and SCHER stated that skeletal
fluorosis was unlikely to occur at
concentrations found in the EU. CADTH and
NHMRC concluded there was a lack of
evidence to draw a conclusion.

EFSA stated that evidence on causality
between fluoride exposure and skeletal
fluorosis is well established and skeletal
fluorosis likely only occurs at drinking water
concentrations >1.5 mg/L.

EFSA, CADTH,
NHMRC, SCHER

Thyroid effects

NZ MoH identified a meta-analysis that found
there was no effect on thyroid function at

EFSA and NZ MoH identified that
associations with effects on TSH levels

EFSA, CADTH,
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Outcome State of the evidence: fluoride exposure State of the evidence: fluoride exposure | Review sources
below WHO guideline value (<1.5 mg/L) at or above WHO guideline value (21.5
mg/L)
concentrations comparable to those used in tended to be seen at concentrations at or HRB, NHMRC. NZ
CWEF. above 1.5 or 2 mg/L, respectively. MoH, NTP
CADTH and NHMRC reported that there was | EFSA included 2 studies showing effects in
insufficient evidence for an association at the same direction which it determined

concentrations below the guideline value. HRB | insufficient on which to base conclusions.
found mixed results from a limited number of | NTP did not disaggregate by exposure
studies for associations between CWF and level but found some evidence of an

non-CWF areas. association between exposure to fluoride
and higher TSH levels in children.

Abbreviations

CADTH = Canadian Agency for Drugs and Technologies in Health; CWF = Community Water Fluoridation; EFSA = European Food Safety
Authority; EU = European Union; HMR = Health monitoring report; HRB = Health Research Board; IQ = Intelligence Quotient; mg/L =
milligrams per litre; NZ MoH = New Zealand Ministry of Health; NHMRC = National Health and Medical Research Council; NTP = National
Toxicology Program; SCHER = Scientific Committee on Health and Environmental Risks; TSH = Thyroid Stimulating Hormone; UL = Upper
Intake Levels.

Notes

Note 1: Guideline values are derived from the WHO Quality of Drinking-water Guidelines, 2022, which suggest fluoride concentrations below
1.5 mg/L in drinking water would not result in any significant risk to health over a lifetime of consumption (11). Most countries with fluoridation
schemes aim to keep all concentrations below this level.
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Overall, this synthesis finds that evidence reviews from key international authoritative
organisations report consistent evidence that fluoride exposure below 1.5 mg/L is associated
with reductions in dental caries outcomes. The relationship with dental fluorosis is well
established but is of no health concern and is not likely to be of aesthetic concern at
concentrations below 1.4 mg/L. The relationship with skeletal fluorosis is also well established
but is only found at substantially higher concentrations than 1.5 mg/L, and there are no known
clinical cases from consuming drinking water in England. While there was moderate or
reasonable confidence of an adverse effect on neurodevelopment for fluoride concentrations
above 1.5 mg/L, evidence from areas with concentrations below 1.5 mg/L was uncertain or
insufficient. Some reviews found sufficient evidence of no association between hip fractures and
concentrations below 1.5 mg/L, but the most recent and comprehensive review concluded there
was insufficient evidence at these exposure levels to determine an association. Reviews found
limited evidence of no association with Down syndrome and sufficient evidence of no
association with bone cancers. There was very limited or insufficient evidence to conclude on
the presence of an association with birth weight or height, bladder cancer, blood pressure,
kidney effects, osteoarthritis or thyroid effects at fluoride concentrations below 1.5 mg/L.

These findings are in line with those of the Academy of Medical Science’s evidence synthesis
report on the optimal concentration of water fluoridation in the UK (5). It found that the effects of
water fluoridation in England are, overall, beneficial to dental health in children and adults at the
current target concentration of 1.0 mg/L, and that there is no evidence of a harmful effect of
water fluoridation on non-dental health outcomes.

The international scientific evidence summarised in the present evidence synthesis was
considered alongside the availability of appropriate data and the analyses of health outcomes in
previous HMRs to inform the selection of health outcomes included in analysis in this report.

Reducing dental inequalities

Part of the public health rationale for water fluoridation schemes in England is based on the
consistent evidence of reductions in dental health inequalities in areas with higher drinking
water fluoride concentrations. In both the 2018 and 2022 HMRs, children in the most deprived
areas experienced greater benefits to their dental health from higher fluoride concentrations
than other children. In 2018, for 5 year old children living in areas with the highest water fluoride
concentrations (0.7 mg/L) compared to the lowest (<0.1 mg/L), the odds of experiencing caries
was 23% lower (95% CI: 9% to 39%) in the least deprived areas and 52% lower (95% CI: 47%
to 56%) in the most deprived areas. A similar pattern was observed in 2022, although the
reduction in odds among those in the most deprived areas was more (Table 1).

The international authoritative agencies included in the evidence synthesis above varied to the
extent to which they found evidence that water fluoridation schemes in reduce inequalities in
dental health. This may reflect differences in study designs or differences between England and
other areas in how deprivation relates to other factors linked to dental caries risk, such as diet,
tooth-brushing habits, and access to dental care.The most recent review, by Cochrane
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collaborators, concluded there was currently a lack of consistent, robust evidence for
fluoridation schemes leading to reductions in disparities globally but emphasised that a lack of
evidence of an effect was not evidence of no effect (16). The NHMRC and CADTH reports
assessed the effects of any exposure to fluoride in water and found that there was some limited
global evidence suggesting a greater reduction in dental caries experience among those from
lower socio-economic groups. However, they found that there either remained large uncertainty
around this effect or the effect was sensitive to the measure of socioeconomic disparity used
(15, 22). In contrast, the New Zealand Ministry of Health’s evaluation repeated its previous 2021
report’s conclusion that water fluoridation schemes were important in reducing socioeconomic
inequities in health in New Zealand based on a small group of studies from the country (19, 39).

This fourth report in the health monitoring series, like the previous reports, assessed exposure
to fluoride from drinking water sources only. This approach likely produces cautious estimates
of changes in dental health inequalities. This is due to 2 potential mechanisms: 1) as disparities
exist in the use of oral hygiene products (containing fluoride) and diet, there may be larger
exposure differences in total fluoride intake between groups than observed for drinking water
fluoride intake alone, with more affluent groups potentially having a greater total fluoride intake;
2) more deprived groups are more likely to have poorer baseline dental health and uptake of
dental health care (43). Both these mechanisms potentially contribute to larger reductions in
dental inequalities between deprivation groups which are not fully captured in this HMR.

Feasibility

Selection of health indicators

There is strong evidence that fluoride in water at levels permitted by England’s water quality
regulations has an effect on 2 dental health outcomes: dental caries and dental fluorosis. This
report includes analysis of the relationship between fluoride and dental caries, using 3 outcome
measures: prevalence of dental caries experience in children at age 5 and children in Year 6
(10 or 11 year olds), severity of dental caries in children at age 5 and in Year 6 (10 or 11 year
olds), and hospital admissions for caries-related tooth extractions in those aged 0 to 19 years
old. Dental fluorosis was assessed in the 2018 HMR (3). The 2023 oral health survey among
Year 6 children reported on symmetrical diffuse white patches, but did not assess dental
fluorosis as in the Pretty and colleagues (42) study used in the 2018 HMR. Dental fluorosis was
not included in this report for this reason.

Table 3 summarises the dental and non-dental health outcomes included in this report. Table 4
summarises those which were considered for inclusion in this report, and the rationale for their
exclusion. All had previously been considered for analysis in the 2018 and 2022 reports (3, 4)
with the exceptions of blood pressure and osteoarthritis which were newly considered for
inclusion based on a review of endpoints analysed in recent literature. Further examination
based on the synthesis review subsequently found insufficient evidence of an association to
justify moving forwards with investigation for these 2 outcomes. The decisions to not include
other outcomes in this report were largely based on no evidence of an association identified
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either in the 2018 HMR or in the wider literature, or a lack of new outcome data made available
since previous HMR analyses.

Two non-dental health outcomes are analysed in this report: emergency hospital admissions for
hip fractures, and cognitive ability in children. There is international evidence of the adverse
health effects of long-term exposure to high levels of fluoride on bone, including skeletal
fluorosis and fracture, but the most serious impacts may only occur at exposure above 6 to 14
mg per day (11). Evidence at low exposures (<1.5 mg/L) as found in England is very limited,
with an insufficient number and quality of studies to inform an understanding of the relationship
between water fluoridation and risk of effects on the bone and hip fractures (13, 17, 20). The
2018 and 2022 HMRs found no convincing evidence of a causal association, with no consistent
change in hip fracture admission rates within age groups. Due to this gap in international
evidence, the findings of past HMRs and the common and serious nature of hip fractures as a
health outcome in England, emergency hospital admissions for hip fracture have been included
again for analysis in this edition of the HMR series, using subsequent years’ hospital
admissions data.

While not assessed in previous HMRs, this report includes an analysis of the association
between fluoride exposure and cognitive ability in children. Recent reviews find evidence for an
association between higher fluoride exposures (>1.5 mg/L) and children’s neurodevelopment
and cognition (7, 21). However, evidence for an association at lower exposures as found in
England remains limited and unclear. No mechanism for neurotoxicity or adverse cognitive
effects has been identified, though indirect mechanisms via thyroid effects have been
suggested (21). A battery of measures of cognitive ability in children was identified in the
Millenium Cohort Study (MCS) and was considered appropriate for analysis in this report.
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Table 3. Selected health outcome indicators for fluoride monitoring

Outcome Proposed indicator Rationale for inclusion
Dental Prevalence of dental caries experience | There is strong evidence of a protective association between fluoride and
caries (dsmft or DsMFT >0) in 5and 10 or 11 | dental caries. The 2018 and 2022 reports found that the greatest benefit was
experience |year olds seen in children in the most deprived quintile of geographical areas
Dental Mean dental caries severity scores surveyed. Additional oral health survey data is available from 2022 and 2024
caries (mean damft or DsMFT) in 5 and 10 or for 5 year old children and from 2023 for Year 6 children (10 and 11 year
severity 11 year olds olds). Additional data on hospital admissions for caries-related tooth
scores extractions is available for the 3 financial years from April 2021 to March
2024.

Caries- Hospital admission for caries-related , . , , ,

, Analysing the association between fluoride and caries prevalence, caries
related tooth |tooth extraction 0 to 19 year olds , , o , i N
extractions severity and hospital admissions for tooth extractions using additional years

of data enables ongoing monitoring of a known benefit and of the effect on
health inequalities.

Hip fractures

Emergency hospital admissions for hip
fractures at all ages

The 2018 and 2022 reports found no consistent trend in incidence rates of
hip fractures with increasing drinking water fluoride concentrations within age
groups. Overall, they concluded there was no convincing evidence for a
causal association.

However, hip fractures are a very common and serious health outcome in
older age groups and an adverse effect on bone is plausible. Wider scientific
evidence at low fluoride exposures is limited. It was considered worth
repeating analysis with subsequent years’ hospital data.

Cognitive
ability

BAS scores at

age 5

NFER PiM and selected BAS test
scores at age 7

Recent evidence suggests that higher fluoride concentrations (=1.5 mg/L) are
associated with a poorer neurodevelopment and cognition outcomes in
children. However, there is currently limited evidence suggesting an
association with neurodevelopment and cognition at lower drinking water
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Outcome Proposed indicator Rationale for inclusion

fluoride concentrations as found in England. Where data on certain
measures of cognitive ability was available in the UK, associations with
fluoride exposure were investigated.

Abbreviations
BAS = British Ability Scales, mg/L = Milligrams per litre, NFER = National Foundation for Education Research, PiM = Progress in Maths.

Table 4. Health outcomes considered for analysis but not included

Outcome Rationale for exclusion

Dental fluorosis Dental fluorosis was assessed in the 2018 HMR, which found that although 11 to 14 year olds in fluoridated
areas had a higher prevalence of the condition, there was no important difference in self-reported aesthetic
dissatisfaction compared to peers in non-fluoridated areas. The report used 2015 data from Pretty and
colleagues (42) which used photographic methods for determining dental fluorosis in 11 to 14 year olds and also
recorded participants’ views on the appearance of their teeth. The 2023 oral health survey of Year 6 children (10
or 11 year olds) includes the prevalence of symmetrical diffuse white patches on any of the erupted permanent
anterior tooth surfaces as a proxy for the prevalence of dental fluorosis. They did not record different levels of
severity or self-reported perceptions of dental appearance. Due to this, further investigation was considered
unlikely to change the conclusions drawn previously. Furthermore, the link between fluoride exposure and dental
fluorosis is well established, but the condition typically causes limited aesthetic concern at the levels of fluoride
exposure found in England.

Skeletal fluorosis | There is no feasible measure to use for analysis. Evidence suggests that skeletal fluorosis only occurs at far
higher concentrations of fluoride than permissible under UK drinking water standards (11).

Thyroid effects Evidence reviews have found limited and inconsistent evidence for an association at higher fluoride
concentrations, and little or no evidence for exposures below 1.5 mg/L. Exploration of data sources for studying
the incidence of thyroid effects has identified potentially suitable datasets. Work is ongoing to assess their quality
and the sufficiency of information available for inclusion in future HMR analyses.
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Outcome Rationale for exclusion

Bladder cancer Previous HMRs have not found evidence for an association between fluoride exposure and bladder cancer. No
other evidence from outside the English context was identified by reviews in the evidence synthesis. Identified
datasets for potential use in this edition of the report either had data quality limitations and were not
recommended for use in epidemiological studies or were outdated.

Blood pressure Evidence for an association with blood pressure is considered very limited and does not support an association
at water fluoride concentrations found in England.

Bone cancer While a mechanism for an effect on bone cancer may be plausible, the 2018 HMR found no evidence of an
association between fluoride and new diagnoses of osteosarcoma in England. Identified datasets for use in this
edition of the report either were outdated or had data quality limitations and were not recommended for use in
epidemiological studies.

Birth outcomes The 2018 HMR found no convincing evidence of an association between fluoride and Down syndrome. Wider
international evidence on an association is limited but suggests no association.

Evidence for an association with birth weight and height is weak, with an unclear mechanism for effect.

Kidney effects Existing evidence on an association between fluoride exposure and kidney stones is very limited and largely
draws on previous health monitoring reports for England. The 2018 HMR found inconsistent results for kidney
stones. Rates of kidney stones admissions were higher in the low to mid-range fluoride concentration categories
compared to the lowest concentration, but no dose-response relationship was observed. Overall, this was judged
to provide no convincing evidence for a causal association, and the analysis will not be repeated in this edition of
the report.

Wider international evidence is considered too limited to make a judgement on an association with chronic kidney
disease.

Osteoarthritis Epidemiological evidence for an association with osteoarthritis is considered very limited and does not currently
convincingly support an association.
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Aims and objectives

Aims

To monitor the health effects of water fluoridation schemes, and to assess the associations of
fluoride concentrations in public water supplies with selected dental and non-dental health
outcomes.

Objectives

The objectives were:

e to describe the distribution of fluoride concentrations in public water supplies across
England

e to describe the frequency of selected dental and non-dental health outcomes across
fluoride concentrations and, where possible, across age, sex, and ethnicity groups
and levels of deprivation

e to determine and assess the association between water fluoride concentration and
selected dental and non-dental health outcomes, where possible adjusting for age
group, sex, ethnicity and deprivation

e to determine and assess the association between exposure to a water fluoridation
scheme and selected dental and non-dental health outcomes, where possible
adjusting for age group, sex, ethnicity and deprivation
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Methods

Overview

This report assessed the association between average fluoride exposure and 5 health
outcomes in England: dental caries prevalence, dental caries severity, hospital admissions for
tooth extractions, hospital admissions for hip fractures, and cognitive ability. Fluoride exposure
was measured at the lower-layer super output area (LSOA) level. LSOAs are small
geographical units containing between 1,000 and 3,000 people (45). Exposure was
characterised in 3 ways: 1) categories of drinking water fluoride concentration, 2) a continuous
measure of drinking water fluoride concentration, and 3) presence of a water fluoridation
scheme.

For each health outcome, descriptive statistics and adjusted regression estimates were
presented.

The data sources, age groups, timing of outcome ascertainment, fluoride exposure periods, and
statistical techniques varied across each health outcome.

Study population

The populations used in the studies presented in this report are from England: children
participating in oral health surveys, hospital admissions as proportions of the general
population, and children who were followed up as part of a birth cohort. The specific samples,
age groups and time periods included in analyses varied for each health outcome assessed and
are presented later (Table 8).

Study design

As fluoride exposure was measured at the LSOA level, all analyses used an ecological study
design.

Research approval

This report conducted a data protection impact assessment (DPIA) for all health outcomes to
assess potential risks associated with the processing of personal data and the appropriate
ethical and privacy safeguards were put in place. Drinking water fluoride data was provided
through a data sharing agreement (DSA) between UKHSA and DWI. For the cognitive ability
outcome analyses, the UKHSA Research Ethics and Governance Group (Reference: NR0343)
granted ethics approval, and the analysis used secondary data where individuals were not
identifiable.
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Health outcomes and data sources

Dental caries experience and severity score

Data on dental caries was obtained from the most recent oral health surveys of 5 year old
children (2022 (44) and 2024 (45)) and Year 6 children (10 or 11 year olds, 2023 (46)) for the
National Dental Epidemiology Programme (NDEP) for England. The surveys are conducted in
state schools by trained and calibrated examiners. Data was available at the LSOA level.
Details on the survey methods are described in detail in the national survey protocols (47 to 49).

Dental caries is defined as visually obvious dentinal decay, or teeth that are missing or have
been filled due to decay. This is denoted as dsmft in primary teeth and DsMFT in permanent
teeth. The ‘ds’ or ‘D3’ indicates decay into the dentine, which is the layer of tooth beneath the
enamel. The surveys of 5 year olds measured caries in primary teeth only (dsmft). The surveys
of Year 6 children (10 or 11 year olds) measured dental caries in permanent teeth only
(DsMFT).

From this data, we define 2 dental caries outcomes that are relevant to public health. First,
dental caries experience captured children surveyed in each LSOA with at least one tooth with
dental caries (dsmft>0 or DsMFT >0). Second, dental caries severity score captured the mean
number of teeth with dental caries in each LSOA (mean damft or DsMFT). Mean severity score
was divided into 4 categories, ‘Zero’, ‘Low’, ‘Medium’ and ‘High’. The ‘Zero’ category indicates
that none of the children examined in the LSOA had any teeth with caries. The remaining 3
categories are formed by dividing LSOAs’ mean severity scores into tertiles.

Data on DsMFT among Year 6 (10 or 11 year olds) children from the oral health survey 2023
had known methodological challenges that may impact data quality and validity. Dental caries in
permanent teeth in children tends to take time to become visible, so the prevalence at age 10 or
11 may be substantially lower than in children a few years older. In addition, dental caries tends
to be found more often in molar and premolar teeth rather than in incisors. Premolars erupt
between ages 9 and 12 years, and second molars around ages 11 to 13 years. Dental caries
experience in Year 6 children is consequently mainly concentrated in the occlusal surfaces of
first permanent molars, which erupt at age 6 to 7 years. These surfaces are the most vulnerable
to dental caries and they may also have had sealants or sealant restorations placed on those
surfaces which can mimic or mask dental caries experience. These teeth can also be affected
by molar-incisor hypomineralisation, which can mimic dental caries or make the tooth more
susceptible to dental caries. This can lead to challenges in identifying dental caries in this age
group, and these limitations informed the approach to analysis, and ultimately only descriptive
statistics were produced using the data.

Hospital admissions for caries-related tooth extractions

Data on hospital admissions for caries-related tooth extractions among individuals aged 0 to 19
years old was obtained from the Hospital Episode Statistics (HES) Admitted Patient Care (APC)
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dataset for the 3 financial years from April 2021 to March 2024. Cases were defined as Finished
Consultant Episodes (FCE) showing surgical removal or simple extraction of teeth (HES codes:
FO09 and F10) with diagnosed dental caries (ICD10 codes: K021, K025, K028, K029, K040,
K045, K046, or KO47). The incidence rate of tooth extractions due to dental caries in each
LSOA was determined by dividing the number of admissions by total person-years at risk
(PYAR). PYAR was calculated by summing the Office for National Statistics (ONS) mid-year
estimates (MYE) corresponding to the year of outcome measurement for each LSOA by age
group (Oto 4,510 9, 10 to 14, 15 to 19 years old) and sex for each year.

It should be noted that there are tooth extractions conducted by community dental services in
hospital settings, and this activity is not always included in the HES data. Older children are also
more likely to have tooth extractions performed in primary care facilities, and these events
would not be recorded in hospital admissions data. Further data considerations are noted in the
annual statistical release for tooth extractions (50).

Emergency hospital admissions for hip fractures

Data on emergency hospital admissions for hip fracture among individuals of all ages was
obtained from HES APC datasets for the 3 financial years from April 2021 to March 2024.
Cases were defined as emergency consultant episodes for admissions for hip fracture (ICD10
codes: S72.0, S72.1, or S72.2 as the first or second diagnosis code; admission method filtered
for emergency admissions (code: 2)). Records were deduplicated using the unique HES
identification number to ensure only one record per new admission episode was selected. The
incidence rate of hip fractures in each LSOA was determined by dividing the number of
admissions by total PYAR. PYAR was calculated by summing the ONS MYE corresponding to
the year of outcome measurement for each LSOA by age group (0 to 49, 50 to 64, 65 to 79, =280
years old) and sex for each year.

Cognitive ability test scores

Data on cognitive ability outcomes in children was obtained from selected survey waves
(‘sweeps’) conducted in the UK Millennium Cohort Study. MCS is a nationally representative
birth cohort study that follows the health and development of 18,818 children born in the UK
between 1 September 2000 and 31 August 2001 (51). Sweeps collected data from the cohort as
children aged. For this report, one child from multiple births was randomly selected for inclusion.

For each child, different measures of cognitive ability were assessed in different MCS sweeps.
This report used data from sweep 3 (when children were 5 years old) and sweep 4 (when
children were 7 years old). In these sweeps, children were administered selected British Ability
Scales (BAS) tests and the National Foundation for Education Research (NFER) Progress in
Maths (PiM) exam (Table 5).

BAS is a battery of core sub-tests measuring cognitive ability and educational achievement (54).
Four BAS tests were available: Picture Similarities (BAS-PS), Naming Vocabulary (BAS-NV),
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Pattern Construction (BAS-PC), and Word Reading (BAS-WR). NFER-PiM is a mathematics
test requiring the child to complete a series of calculations on paper after being read questions
aloud. For all cognitive ability measures, a higher score indicates higher ability (52). For the
BAS tests, raw scores tabulated using the Rasch model (53, 54) were converted to
standardised T-scores using age-specific population norms (see Table 5).

Table 5. Overview of cognitive ability measures used, including standardised score
scales

Cognitive assessment Acronym | Age surveyed Mean standardised
score (SD)

BAS test: Naming Vocabulary | BAS-NV 5 years old 50 (10)

BAS test: Picture Similarities: BAS-PN 5 years old 50 (10)

Pictorial Non-verbal reasoning

BAS test: Pattern Construction | BAS-PC 5 years old and 7 50 (10)

years old
BAS test: Word Reading BAS-WR 7 years old 100 (15)
NFER: Progress in Maths NFER-PIM |7 years old 100 (15)

Abbreviations

BAS = British Ability Scales, MCS = Millenium Cohort Study, NFER = The National Foundation
for Educational Research, SD = standard deviation.

Notes
Children aged 5 and aged 7 were captured in MCS sweeps 3 and 4, respectively.

Exposure measurement and definition

In this report, fluoride exposure is measured in mains drinking water.

Mains drinking water is likely the major source of total fluoride intake for people receiving water
with a fluoride concentration of about 0.3 mg/L and above (22). For those exposed to lower
drinking water concentrations, other sources including diet and fluoride-containing toothpastes
may contribute a larger share. However, there is limited data on exposure to these other
sources and there is also limited biomonitoring data (such as urinary fluoride levels) which may
reflect intake from all sources for English sub-populations. Consumption of non-mains water (for
example, private boreholes, bottled water), may also affect fluoride exposure, but data on
exposure from these other water sources is not available.

Drinking water fluoride data

Fluoride concentration in drinking water is routinely monitored in all water supply zones (WSZs)
in England by the DWI. Water fluoride data (monitored fluoride concentration in drinking water,
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operation status of fluoridation schemes and WSZ boundaries) is provided by calendar year
(January to December) by the DWI for use in the HMR.

This report included both the most recent exposure data (2016 to 2024) and exposure data
used in the previous HMRs.

An annual mean fluoride concentration was assigned to each LSOA in England following a
similar process to that used in the 2022 HMR (4). This involved overlaying the population-
weighted centroid of the LSOA onto WSZ boundaries. WSZ geographical boundaries change
over time, and the number and size of these vary each year (2016 to 2024 average: n=1,707,
area=80 km?).

The cognitive ability outcomes analysis involved data from before 2005 (exposure window 2000
to 2008), the year for which WSZ boundary maps were first available. Pre-2005 data points
were assigned fluoride exposures by overlaying fluoride measurement point data onto the 2005
WSZ boundaries (55). As for the other outcomes, LSOAs were then overlain on these
boundaries and assigned the appropriate fluoride exposure values.

All spatial data processes were conducted using ArcMap in ArcGIS 10.5.1 (56).

Exposure definitions

Exposure to fluoride via drinking water for each LSOA was defined in 3 ways: by 1) categories
of fluoride concentration in drinking water; 2) a continuous measure of fluoride concentration in
drinking water; and 3) presence of a fluoridation scheme. For each outcome, separate models
for each exposure measure were fitted. This approach is the same as used in previous reports
(3, 4) with analysis of the first 2 measures based on fluoride concentration aiming to understand
the relationship between exposure to drinking water fluoride and health outcomes of interest,
and analysis of the third measure aiming to fulfil the monitoring requirements in the Water
Industry Act 1991 (1) to monitor and analyse the effects of water fluoridation schemes.

The 3 exposure measures are detailed in Table 6.

The categorical exposure variable may support detecting a potential threshold effect or non-
linear dose-response relationship with the health outcome of interest. Using fluoride
concentration as a continuous variable allows for tests of linear or non-linear dose-response
relationship with the outcomes of interest.

The presence of a fluoridation scheme as an exposure definition has been included to directly
address the requirements of the Water Industry Act 1991 (1). As in previous HMRs, analysis
using this exposure measure was performed if an association between the health outcome and
the mean fluoride concentration measure (categorical and continuous) was observed, making it
epidemiologically reasonable to further investigate the association.
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Table 6. Characteristics of the 3 fluoride exposure measures used for analysis

Exposure Variable type | Exposure definition

measure

Drinking Ordered The grand mean (mean of annual means) drinking water

water fluoride | categorical fluoride concentration for each LSOA, over the exposure

concentration | (<0.10, period of interest defined for each health outcome.

(categorised) | 10t0 0.19, |The exposure is split into 5 ordered categories. Category

0.20 to 0.39, |boundaries were defined in previous HMRs based on

0.40 to 0.69, |international evidence suggesting that dental caries

>0.70; mg/L) | reduction may plateau at 0.70 mg/L (57) and based on the
distribution of fluoride concentrations in England’s water
supply, with low concentrations found in most LSOAs (all
<1.5 mg/L; median: 0.12 mg/L; interquartile range (IQR):
0.07 to 0.21 mg/L (4)).

Drinking Continuous The grand mean (mean of annual means) drinking water

water fluoride | (mg/L) fluoride concentration for each LSOA, over the exposure

concentration period defined for each health outcome.

(continuous) The exposure is scaled by dividing each value by the IQR
(the difference between the value at the 25th percentile
and the value at the 75th percentile) of all fluoride
concentration values for LSOAs between 2011 and 2024.
A one-unit increase in the outcome corresponds to an IQR
increase in fluoride concentration (mg/L). The cognitive
ability outcome is scaled by the IQR of the fluoride
concentration values measured at 9 months old.

Presence of | Binary (with LSOAs were classified as having a fluoridation scheme if

fluoridation fluoridation one operated during any year of the exposure period,

scheme scheme, regardless of grand mean fluoride concentration.
without LSOAs were classified as without a fluoridation scheme if
fluoridation no scheme operated during any year and the grand mean
scheme) fluoride concentration was <0.20 mgl/L.

LSOAs without a scheme but with a grand mean =0.20
mg/L were classified as areas with ‘natural fluoridation’
and excluded in multivariable analyses to remove areas
with naturally higher fluoride levels.

Abbreviations

IQR = Interquartile range, LSOA = Lower-layer super output area, mg/L = milligrams per litre.

The years of exposure data used varied according to the plausible exposure window for each
health outcome being considered. These are presented and discussed in Table 7.
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Table 7. Water fluoridation exposure periods of interest

at 9 months
old, 5 years old
and 7 years
old.

Outcome | Exposure Rationale
window

Prevalence |5 year olds: 6 | Incorporation of fluoride into developing tooth tissue and into

and years teeth after eruption are both likely to play a role in modifying

severity of dental caries risk (58 to 60).

dental Year 6 (10 or The development of dental caries detected in a dental survey

caries 11 year olds): | or hospital records of tooth extractions is hence likely

experience | 10 years affected by exposure to fluoride during both the pre-eruptive
and post-eruptive periods of tooth development.
As the pre-eruptive period begins during fetal development,
and it is thought that fluoride can cross the placenta (61, 62)
(though the relationship between maternal and fetal
exposure is less clear, and the placenta may act as a partial
barrier) (63), the induction period for effects in primary teeth
should include fluoride exposure in utero. The development
of permanent teeth instead begins around birth.
Hence, exposures for data from 5 year olds extended back
over a 6-year window, and from 10/11 year olds extended
over a 10-year window.

Caries- 5 years As the data covered a mixed age group from ages 0 to 19

related years, the relevant exposure period was less clearly

tooth definable than for dental caries prevalence and severity

extractions above. A 5-year window before the calendar year of tooth
extraction occurrence was chosen.

Hip 10 years As the data covered all ages, the relevant exposure period

fractures was not clearly definable. Fluoride accumulates in the bone
over time, and a suitable period was thought to be at least 10
years preceding the event. Hence, a 10-year window from
the calendar year of the hip fracture occurrence was chosen.
However, it is recognised that in adults, and particularly in
the older adults, this window is unlikely to reflect lifetime
fluoride exposure.

Cognitive | Annual mean Central nervous system development starts as early as the

ability concentration | prenatal period and continues into childhood (66). Exposure

data for individuals at age 9 months old was used, with data
on exposure at 5 and 7 years old also tested in sensitivity
analyses. Exposure at 9 months is thought to represent well
exposure in the first year of life and potentially also before
birth.
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Other risk factors

Different parts of England have different characteristics, such as their age and sex distribution,
levels of deprivation, and the proportion of people from different ethnic groups. These
characteristics may be linked to differences in the distribution of health outcomes and can
potentially affect the relationship with the main exposure of interest, fluoride exposure in
drinking water.

Inclusion of a risk factor was considered when:

¢ an effect on the size of the association between fluoride and the health outcome was
considered likely

e data was available for the same unit of analysis (LSOAs or individuals) as the
outcome

Where data was available, the models were adjusted for level of deprivation, ethnicity, sex and
age group (see Table 8). For cognitive ability outcomes, a wide variety of potentially relevant
risk factors were available in the MCS, and a different approach to inclusion in the models was
adopted. This approach is described in the ‘Statistical methods’ section.

In addition, some risk factors were treated as effect modifiers. Previous reports have found
deprivation to be an important effect modifier of dental outcomes (3, 4). Area-level deprivation,
as measured by the 2019 Index of Multiple Deprivation (IMD), is one ecological indicator among
several socioeconomic status measures that have demonstrated associations with risk factors
such as smoking (65), diet (66), tooth brushing (67) consumption of alcohol (68) and bone
mineral density and bone health (69, 70). Sex and age group were also treated as effect
modifiers for hip fractures, given well-documented higher incidence in women and older adults
(7).

Risk factor variable definitions for dental caries, tooth extractions and
hip fractures

Risk factor definitions varied across outcomes. The data sources and risk factors considered for
inclusion in models for each outcome are presented in Appendix Table A1. These consisted of
deprivation, ethnicity, age and sex.

Deprivation was measured using IMD 2019 quintiles for LSOAs and was coded as an ordered
categorical variable. Depending on the year of the health outcome and exposure window, either
the 2011 or 2021 LSOA boundary dataset was used.

Ethnicity was classified as ‘White’ or ‘All other ethnic groups combined’. For dental caries
analyses, the ethnicity of surveyed children was available and was coded as a binary variable.
For tooth extractions and hip fractures, the percentage of the LSOA from white backgrounds
was taken from ONS census estimates and was coded as a continuous variable. For tooth
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extractions, census ethnicity data was provided for the 0 to 15 years old age group and is used
to proxy the percentage of the population for the 0 to 19 age group used in the tooth extractions
analysis. For hip fractures, the census ethnicity data was provided for the 0 to 49, 50 to 64 and
the 65 to 79 years old age groups. The 65 to 79 years old age group data was used to proxy the
percentage of the population for the 280 years old age group.

Age was available at the individual case level and categorised into age groups (tooth extraction:
Oto4,51t09, 10 to 14, 15 to 19; hip fractures: 0 to 49, 50 to 64, 65 to 79, 280). The width of age
groups was defined a priori in line with those used in past HMRs.

Sex was available at the individual case level for tooth extractions and hip fractures. It was
coded as a binary variable.

Risk factor variable definitions for cognitive ability

The definitions of risk factors used in the cognitive ability analysis is presented in the Appendix
Table A2. Variables included 15 risk factors grouped as individual-level child and maternal
characteristics, household- and neighbourhood-level measures of socioeconomic status, and
individual-level child education factors. All variables were coded as binary, categorical or
ordered categorical, with the exceptions of 2 continuous variables (maternal age at birth and
child age).

For more detailed information on risk factors, including those used for the cognitive ability
outcome, see Table A1 and Table A2 in the Appendix.

Table 8 summarises the health outcomes analysed in this report, alongside the exposure period
as assigned to specific health outcomes, and other risk factors included in the analyses.
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Table 8. Summary of the characteristics of the health outcomes, exposure periods and other risk factors included in analysis

Health Outcome indicator Outcome |Outcome |Outcome Fluoride Other major
outcome data unit of measurement exposure risk factors
source analysis |year period
Dental Prevalence of dental caries experience OHS LSOA 2022 (age 5) 2016 to 2022 Deprivation
caries (dsmft >0 or DsMFT >0) at age 5 or age 10 2023 (age 10 or 11) | 2013 to 2023 Ethnicity
experience |or 11 years old (Year 6) 2024 (age 5) 2018 to 2024
Dental Mean severity score (mean dsmft) atage 5 | OHS LSOA 2022 (age 5) 2016 to 2022 Deprivation
caries or age 10 or 11 years old (Year 6)). 2023 (age 10 or 11) | 2013 to 2023 Ethnicity
severity 2024 (age 5) 2018 to 2024
score
Caries- Incidence of hospital admissions for HES — LSOA FY 2021/2022 2016 to 2021 Deprivation
related extraction of 21 primary or permanent teeth | APC FY 2022/2023 2017 to 2022 Ethnicity
tooth due to dental caries at ages 0 to 19 years FY 2023/2024 2018 to 2023 Age
extractions |old). 2019 to 2024 Sex
Calendar year

Hip Incidence of emergency hospital admissions | HES — LSOA FY 2021/2022 2011 to 2021 Deprivation
fractures for hip fractures at all ages. APC FY 2022/2023 2012 to 2022 Ethnicity

FY 2023/2024 2013 to 2023 Age

2014 to 2024 Sex

Calendar year
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National Foundation for Educational
Research: Number skills (PiM) at age 7
years old.

Health Outcome indicator Outcome |Outcome |Outcome Fluoride Other major
outcome data unit of measurement exposure risk factors
source analysis |year period
Cognitive British Ability Scales: Naming Vocabulary, MCS Individual |2006 and 2008 2000 to 2001, See Table A2
ability Picture Similarities, Pattern Construction, 2006, 2008 in the
Word Reading at age 5 and/or 7 years old. Appendix.

Abbreviations

APC = Admitted Patient Care, FY = financial year, HES = Health Episode Statistics, LSOA = Lower-layer super output area, MCS = Millenium
Cohort Study, OHS = Oral health survey, PiM = Progress in Maths.
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Statistical analysis

Different descriptive analysis and regression techniques were used to assess each health
outcome, as appropriate to the different data types. These specific models are outlined first,
followed by the common approaches to model construction which were used across all
health outcomes.

Data management, cleaning and analysis was performed in R 4.4.0 (72) SAS 9.4 (73) and
Stata 18.5 (74).

Distribution of drinking water fluoride concentration

Boxplots were constructed for mean fluoride concentration (2011 to 2024) at the LSOA
level and were presented overall and for LSOAs with an operating fluoridation scheme. The
use of data extending back 14 years was done using 2011 LSOA boundaries and allows
comparison across years.

Other descriptive results on the exposure used only data from recent years (2017 to 2024)
and applied the 2021 LSOA boundaries. Counts and percentages across categories of
mean fluoride concentration for LSOAs and for the English general population were
presented. Maps were presented showing the distribution of fluoride concentrations and the
areas receiving water served by fluoridation schemes across England. The mean and
median fluoride concentrations, along with their corresponding standard deviation and
interquartile range, were presented for each IMD quintile.

Dental caries experience and severity scores

Data for 5 year olds from the 2022 and 2024 oral health surveys were analysed separately
to allow identification of changes over time. For our descriptive analysis, counts for the
number of children examined, the number of children with dental caries, the prevalence of
dental caries experience, and the mean severity score of dental caries were computed for
categories of mean drinking water fluoride concentration and the presence of a fluoridation
scheme.

The distribution of children surveyed in the oral health survey across IMD deciles and
ethnicity categories was compared to the distribution of children in the general population
using ONS MYE population estimates from 2022, 2023 and 2024. These are presented in
the Appendix. LSOA-level ONS MYE population statistics for 2023 and 2024 were not yet
available when this report was being prepared, so estimates for these years were
approximated from 2022 MYE populations statistics that were available at the local
authority district (LAD) level using proportional allocation. To do this, the proportion of the
LAD population falling into each LSOA in 2022 was multiplied by the total population of the
LAD in 2023 and 2024.
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The mean severity score outcome measures the total number of teeth with dental caries per
child on a continuous scale. The variable exhibited severe skewness and contained a large

number of zeros. To capture dental caries severity, the mean severity scores were grouped

into 4 ordered categories: zero, low, medium, and high. LSOAs with a mean dsmft of 0 were
assigned to the ‘zero’ category, and the remaining LSOAs were grouped into tertiles.

For dental caries experience, univariate and multivariable regression analyses were
conducted using a logistic model. Odds ratios (ORs) were calculated to estimate the effect
at each category of fluoride concentration relative to the lowest category. Other potential
confounders such as ethnicity and deprivation (IMD quintile) were adjusted for in the main
multivariable regression model. A likelihood ratio test (LRT) was conducted to assess
potential interaction by deprivation, and the results of the test were considered alongside
findings from previous HMRs to inform the decision to then stratify the main model.

To aid interpretation, the same fully adjusted and stratified models were used to generate
predicted prevalence of dental caries experience across quintiles of IMD, expressed as a
percentage. Predicted prevalences were calculated for each level of mean fluoride
concentration while holding the ethnicity covariate at its reference category (children from
white background). These model-predicted estimates refer to the proportion of individuals
who are expected to experience dental caries, based on the predicted probabilities
generated by the models at different fluoride concentrations.

For dental caries severity scores, univariate and multivariable regression analyses were
conducted using a partial proportional odds threshold model, allowing the model
parameters to vary across mean severity score categories, with the latent variable assumed
to follow a logistic distribution. This was chosen as initial results after fitting a proportional
odds model indicated a violation of the proportional odds assumption. The outputs
compared the cumulative probability of being in a given severity score category or higher
versus all lower severity score categories. Effect estimates are reported as regression
coefficients (beta) on the log-odds scale. To clarify interpretation, only the regression
coefficients for being in the highest severity score category versus all lower categories are
presented in the main report. Full tables are provided in the Appendix. Other potential
confounders such as ethnicity and deprivation (IMD quintile) were adjusted for in the main
multivariable regression model. An LRT was conducted to assess potential interaction by
deprivation, and the results of the test were considered alongside findings from previous
HMRs to inform the decision to then stratify the main model.

Admissions for caries-related tooth extractions

Counts and percentages for hospital admissions, and the PYAR and the incidence per
100,000 PYAR, were computed across categories of mean drinking water fluoride
concentration. These descriptive statistics were also computed for age groups, sex, IMD
quintiles and calendar year and are presented in the Appendix.
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Univariate and multivariable regression analyses were conducted using a negative binomial
model, as inspection of the distribution of the data detected overdispersion (defined as a
ratio of residual deviance to degrees of freedom =2). Regression coefficients were reported
as incidence rate ratios (IRRs). Other potential confounders such as deprivation (IMD
quintile), age group, sex, the proportion of the LSOA from white backgrounds (ethnicity) and
calendar year were adjusted for in the main multivariable regression model. An LRT was
conducted to assess potential interaction by deprivation and the results of the test were
considered alongside findings from previous HMRs to inform the decision to then stratify the
main model.

To aid interpretation, the same fully adjusted and stratified models were used to generate
predicted incidence of hospital admissions for caries-related tooth extractions across
quintiles of IMD, expressed as events per 100,000 PYAR. Predicted rates were calculated
for each level of mean fluoride concentration while holding all other covariates at their
reference categories (age group 5 to 9, male, admitted in 2023, and the mean proportion of
proportion of children from white backgrounds). These model-predicted estimates show the
expected absolute incidence of caries-related tooth extractions at different fluoride
concentrations.

Emergency admissions for hip fractures

Counts and percentages for emergency hospital admissions, and the PYAR and the
incidence per 100,000 PYAR, were computed across categories of mean drinking water
fluoride concentration. These descriptive statistics were also computed for age groups, sex,
IMD quintiles, and calendar year and are presented in the Appendix. These descriptive
statistics were also further computed for fluoride concentration categories and stratified by
fluoridation scheme status and are presented in the Appendix.

Univariate and multivariable regression analyses were conducted using a negative binomial
model, as inspection of the distribution of the data detected overdispersion (defined as a
ratio of residual deviance to degrees of freedom =2). Regression coefficients were reported
as IRRs. Other potential confounders such as deprivation (IMD quintile), age group, sex,
the proportion of the LSOA from white backgrounds (ethnicity) and calendar year were
adjusted for in the main multivariable regression model. An LRT was conducted to assess
potential interaction by age and sex, and the results of the test were considered alongside
findings from previous HMRs to inform the decision to then stratify the main model.

To aid interpretation, the same fully adjusted and stratified models were used to generate
predicted incidence of emergency hospital admissions for hip fractures in males and
females across age groups, expressed as events per 100,000 PYAR. Predicted rates were
calculated for each level of mean fluoride concentration while holding all other covariates at
their reference categories (IMD quintile 5, admitted in 2023, and the mean proportion of
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people from white backgrounds). These model-predicted estimates show the expected
absolute incidence of hip fracture at different fluoride concentrations.

Cognitive ability test scores

Counts and percentages were computed for the distribution of the study population at ages
5 and 7 (data from MCS sweep 3 and sweep 4, respectively) across categories of mean
drinking water fluoride concentration at age 9 months. These descriptive statistics were also
computed for sex, birthweight, breastfeeding status, exposure to passive cigarette smoke in
the home at age 5 or 7 years, child interview age and mother’s age at childbirth, and are
presented in the Appendix.

Univariate and multivariable regression analyses were conducted using a linear mixed-
effects model that accounted for the complex survey design of the MCS. Regression
coefficients were presented for the difference in children’s test scores between each
fluoride concentration category and the reference category (<0.10 mg/L) or per IQR
increase in fluoride concentration. Other potential confounders as shown in Appendix Table
A2 were adjusted for in the multivariable regression models. Both the mean structure and
the residual variance were modelled for each cognitive ability outcome, allowing for
stratum-specific (MCS strata: advantaged, disadvantaged, ethnic) heterogeneity (75).

Model construction for dental caries, tooth extractions, and hip
fracture outcomes

Univariate regression was used to estimate crude regression coefficients and 95%
confidence intervals (Cl) for each category of fluoride exposure for each health outcome, as
well as for each of the potential risk factors (sex, age group, ethnicity, calendar year and
IMD quintile, where available).

Multivariable models were constructed to estimate the adjusted regression coefficients and
95% Cls. Confidence intervals were used to interpret the strength of evidence against the
null hypothesis that the regression coefficient did not vary by level of fluoride exposure. A
backwards selection approach was used to determine inclusion of other risk factors in the
model. All analyses used a complete case approach where missing data was quantified but
removed before regression analyses.

For all outcomes, a random effect for clustering by LAD was applied to the model as the
final step. As LSOAs are grouped within LAD areas, the random effect allows each LAD
area to have its own underlying level of the outcome. Therefore, our model estimates aimed
to capture additional contextual variation and geographic heterogeneity at the LAD level
that was not explained by the included covariates. The improvement of applying a random
effect model was assessed by checking whether the Akaike Information Criterion (AIC) was
lower than for the non-random effects model. These models were presented as the final
fully adjusted models.
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Model construction for the cognitive ability outcomes

Separate models were fitted for each cognitive ability outcome, but all models applied the
same stratum-specific random effects and the same specification for the residual variance.
The models differed only in their fixed effects components.

To examine the shape of the association between continuous covariates and cognitive
ability scores, bivariate scatter plots were first used to identify potential non-linear
relationships. For variables showing non-linearity, polynomial regression models were then
tested sequentially (cubic, quadratic, then linear if needed) using a Wald test to assess
significance (p=0.05). Multicollinearity was assessed for each variable, and any variable
with a Variance Inflation Factor (VIF) greater than 4 was excluded from the model.

The construction of the final model was informed by an initial stepwise model building
process (see Appendix Table A2), followed by specific adjustments, first with stratum-
specific (MCS strata: advantaged, disadvantaged, ethnic) random effects, then an
extension of modelling the residual variance structure to allow for heteroscedasticity across
each stratum. LSOAs were included in the linear predictor as a random effect to capture
additional contextual variation and geographic heterogeneity that was not accounted for by
fluoride exposure or risk factors (for example, neighbourhood socioeconomic status). All
analyses used a complete case approach where missing data was quantified but removed
before regression analyses.

Main and sensitivity analyses

Different types of analysis were conducted in order to implement the statistical plan outlined
in this Methods section and to fulfil the monitoring requirements of the Water Industry Act
1991 (1).

The main analyses for each outcome assessed the association between the health
outcomes and water fluoride exposure (categorical and continuous concentration, and
fluoridation scheme), with and without stratification by risk factors such as age, sex and
deprivation level where evidence of an interaction was identified. This aimed to support a
better understanding of the relationship between fluoride exposure and the selected health
outcomes.

Where an association was identified in the models with drinking water fluoride concentration
categories, the association between the health outcome and the presence or absence of a
water fluoridation scheme in the area was then also assessed.

Sensitivity analyses were conducted for the hip fractures and cognitive ability outcomes. A
sensitivity analysis for the hip fracture outcome assessed the association with the
continuous measure of drinking water fluoride concentration stratified by areas with
fluoridation schemes versus those without schemes (including those with natural fluoridation
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where fluoride concentrations were 20.20 mg/L). Sensitivity analyses for the cognitive ability
outcome assessed the association with fluoride concentrations measured at 5 and 7 years
old (that is at the same time as the tests were administered, as opposed to at 9 months old
in the main analysis) to examine the potential role of later exposures. Another sensitivity
analysis restricted the sample to children without special education needs to examine the
possibility of mediating the impacts of water fluoridation exposure on cognitive ability for
those with special education needs at age 7 (approximately 7% of the study population at
age 7; special needs status was not assessed at age 5). These results are shown in the

Appendix.
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Results

Exposure to fluoride in water supplies in England

There are 33,755 LSOAs in England. Between 2017 and 2024, all LSOAs had annual mean
drinking water fluoride concentrations below the regulatory limit of 1.5 mg/L (12). This report
found that concentrations in LSOAs ranged between 0.01 mg/L and 1.3 mg/L over the
period. Only 0.6% of LSOAs had concentrations above 1.0 mg/L (data not shown), which is
the target concentration for fluoridation schemes. About 13% of LSOAs were in areas
served by fluoridation schemes. 149 LSOAs (<0.01%) were in areas not served by
fluoridation schemes but had fluoride concentrations above 0.70 mg/L due to the underlying
geology of the area (Table 9 and Figure 1).

In terms of the English population, this report found that approximately 85% of people lived
in areas with an average fluoride concentration below 0.40 mg/L and 9% lived in areas with
a concentration at or above 0.70 mg/L between 2017 and 2024 (Table 9). The distribution
of fluoride concentrations across England and the areas served by fluoridation schemes are
mapped in Figure 1. This figure also shows the locations of the 38 LSOAs with missing
fluoride concentration information in all years between 2017 and 2024 and the areas that
are not served by a fluoridation scheme but have higher naturally occurring fluoride (=0.70
mg/L).

When assessing the distribution of fluoride concentrations by deprivation levels, this report
found that the median fluoride concentration in LSOAs did not vary by deprivation category
but the mean fluoride concentration was slightly higher in the most deprived LSOAs
compared to less deprived LSOAs (Table 10).

Fluoride concentrations across LSOAs in England remained relatively stable between 2011
and 2024, with a median concentration across the period of 0.13 mg/L (IQR: 0.15) (Figure
2). Fluoride concentrations in LSOAs with water fluoridation schemes varied slightly year to
year between 2011 and 2024, with an annual median drinking water concentration ranging
between 0.67 mg/L (2016, IQR: 0.36) and 0.92 mg/L (2012, IQR: 0.22) across England
(Figure 3). The LSOAs with concentrations above 1.1 mg/L (Figure 2) were in areas with
naturally occurring fluoride from geological sources rather than in areas with fluoridation
schemes.
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Table 9. Population exposure to fluoride in drinking water, 2017 to 2024, England

Fluoride Total LSOAs, | Total population,| LSOAs with | Population with
concentration N (%) N (%) | fluoridation fluoridation
category, mg/L scheme, scheme,
N (%) N (%)
<0.10 12,084 (36) 19,871,000 (35) 0 (0) 0 (0)
0.10t0 0.19 12,288 (36) 20,874,900 (37) 39 (1) 63,700 (1)
0.20 to 0.39 4,725 (14) 7,967,300 (14) 299 (7) 473,700 (7)
0.40 to 0.69 1,679 (5) 2,769,900 (5) 1,055 (25) 1,747,800 (25)
>0.70 2,941 (9) 4,940,600 (9) 2,792 (65) 4,693,500 (67)
Missing 38 (<0.1) 66,400 (<0.1) - -
concentration data
Total 33,755 (100) | 56,490,100 (100) 4,287 (100) | 6,978,800 (100)

Abbreviations

LSOA = Lower-layer super output area; mg/L — milligrams per litre.

Notes

Note 1: Revisions to LSOA boundaries in 2021 restricted the ability to link fluoride exposure
data to population census estimates for the 2012 to 2016 period, hence only data for the
2017 to 2024 period is presented.
Note 2: Not shown in the table are the 102 (<0.1%) LSOAs with missing data on the
presence of an operating fluoridation scheme. These LSOAs contain 169,452 people
(<0.1% of the English general population).
Note 3: Population estimates are based on the 2021 census and rounded to the nearest
hundred. The population across categories may not sum to the total due to rounding.

Note 4: Percentages may not sum to the total due to rounding.
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Figure 1. a) Average of annual mean drinking water fluoride concentration and
b) fluoridation scheme status, 2017 to 2024, England

a) A

Fluoride concentration, mg/L

<0.10
’ : 0.10t00.19
**'g"" - 0.20 10 0.39
¥,
**ﬁ?a* o I 04010 0.69
{5 A1
@:ﬁf’?” B B =070

P g
"‘* 25 ¥

|:| LAD boundaries, May 2024

Fluoridation scheme

- B ves
ﬁ No
! A fi,
@Q - No scheme, fluoride 20.70 mg/L
# il ‘A Missing dat
%’%%‘%! & - issing data

Sy T A
&xﬁ#f%\’ 4 || LAD boundaries, May 2024

RN

Source: Drinking Water Inspectorate data 2017-2024
Contains Ordnance Survey data © Crown copyright and database rights 2025.
Contains Office for National Statistics data licensed under the

Open Government License v3.0

Abbreviations
LAD = Local authority district; mg/L = milligrams per litre.
Notes

Note 1: LSOAs are classified as having an operating fluoridation scheme in this figure if a
scheme was operating in at least one year over the 2017 to 2024 period.
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Table 10. Mean and median drinking water fluoride concentrations in LSOAs by IMD
quintile, 2017 to 2024, England

IMD quintile Total LSOAs, | Total population, Mean fluoride | Median fluoride

N (%) N (%) | concentration, concentration,

mg/L (SD) mg/L (IQR)

Quintile 5 6,751 (20.0)| 11,043,600 (19.6) 0.20 (0.21)| 0.13(0.09, 0.23)
(least deprived)

Quintile 4 6,752 (20.0)| 11,153,000 (19.8) 0.21 (0.22)| 0.13(0.09, 0.24)

Quintile 3 6,750 (20.0)| 11,358,400 (20.1) 0.21 (0.22)| 0.13(0.09, 0.23)

Quintile 2 6,751 (20.0)| 11,505,200 (20.4) 0.21(0.22) | 0.13 (0.09, 0.23)

Quintile 1 6,751 (20.0)| 11,430,000 (20.2) 0.24 (0.27)| 0.13(0.07, 0.28)
(most deprived)

Total 33,755 (100.0) | 56,490,100 (100.0) 0.21 (0.23)| 0.13(0.08, 0.24)

Abbreviations

IMD = Index of Multiple Deprivation; IQR = interquartile range; LSOA = Lower-layer super
output area; mg/L = milligrams per litre.

Notes

Note 1: The interquartile range is the difference between the fluoride concentration value at
the 25th percentile and at the 75th percentile of the data. This range captures the middle

50% of values.

Note 2: Mean and median fluoride concentration was calculated as the mean or median of
annual means for 2017 to 2024.

Note 3: Population estimates are based on the 2021 census and rounded to the nearest
hundred. Population across categories may not sum to the total due to rounding.

Note 4: Percentages may not sum to the total due to rounding.
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Figure 2. Annual drinking water fluoride concentration across LSOAs (n =32,705 to
32,830) by year, 2011 to 2024, England
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Abbreviations
LSOA = Lower-layer super output area; mg/L = milligrams per litre.

Notes

Note 1: The dashed purple line marks a 1.0 mg/L concentration (target concentration for
fluoride in drinking water). The solid purple line marks a 1.5 mg/L concentration (regulatory
limit for drinking water).

Note 2: Boxes represent values from the 25th to 75th percentiles of fluoride concentrations
(that is, half of values lie within the box). The solid horizontal line in each box represents the
median value. The dots represent outlying values, determined as values more than 1.5
times the interquartile range above the 75th percentile or below the 25th percentile.
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Figure 3. Annual drinking water fluoride concentration across LSOAs with operating
fluoridation schemes (n=3,749 to 4,035) by year, 2012 to 2024, England
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Abbreviations
LSOA = Lower-layer super output area; mg/L = milligrams per litre.

Notes

Note 1: The dashed purple line marks a 1.0 mg/L concentration (target concentration for fluoride
in drinking water). The solid purple line marks a 1.5 mg/L concentration (regulatory limit for
drinking water).

Note 2: Boxes represent values from the 25th to 75th percentiles (that is, half of values lie within
the box) of fluoride concentrations. The solid horizontal line in each box represents the median
value. The dots represent outlying values, determined as values more than 1.5 times the
interquartile range above the 75th percentile or below the 25th percentile.

Dental caries in 5 year olds

Descriptive summary of dental caries experience and severity scores in
2022 and 2024

Oral health survey data was collected from 62,649 5 year olds (9% of English population of this
age group) in 2022 and 81,905 5 year olds (13% of English population) in 2024 (Table 11 and
Table 12). The survey covered approximately half of LSOAs in England in 2022 (n=16,764) and
2024 (n=18,742) (44, 45). Both the 2022 and 2024 survey samples were approximately
representative of the general population of 5 year olds in England in terms of deprivation and
ethnicity distributions (Appendix Table A3 to Table AB).
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For 2022, approximately 99% of children were linked to drinking water fluoride concentration
data and 93% were linked to fluoridation scheme data and were included in the respective
analyses. For 2024, over 99% of children were linked to both drinking water fluoride
concentration data and fluoridation scheme data and were included in the respective analyses.

Table 11 and Table 12 show that in both the 2022 and 2024 oral health survey data, 23% (2022
95% CI: 23%, 24%; 2024: 22%, 23%) of children in the study had at least one decayed, missing
or filled primary tooth (dsmft >0, dental caries experience). The mean severity score (number of
decayed, missing or filled teeth per child) was 0.82 (0.81, 0.83) in 2022 and 0.80 (0.79, 0.81) in
2024.

In both the 2022 and 2024 survey rounds, the crude prevalence and severity of dental caries
experience were lower in areas with higher fluoride concentrations, and were slightly higher in
areas without fluoridation schemes compared to areas with schemes or with natural fluoridation
(no scheme, 20.20 mg/L) (Table 11, Table 12).

Crude dental caries prevalence and severity scores varied by deprivation and ethnicity
(Appendix Table A9 and Table A10). The percentage of children with dental caries experience
was approximately 2 times higher in those in the most deprived compared to the least deprived
areas and was approximately 1.5 times higher in children from all other ethnic groups combined
compared to white groups. Dental caries severity scores were approximately 3 times higher in
those in the most deprived compared to least deprived areas and were approximately 2 times
higher in children from all other ethnic groups combined compared to white groups.

Mean severity scores were categorised for further analyses. Table 13 presents the median,
minimum and maximum values for each of the four categories. In the highest severity score
category, the median number of teeth with dental caries per child examined was 3.00 in 2022
and 2.50 in 2024.

Table 11. Prevalence of dental caries experience (dsmft >0) and mean severity score in 5
year olds in 2022, by drinking water fluoride exposure

Fluoride Children Children with | Children with dental Mean severity

exposure examined, dental caries caries experience, | score per child
N (%) experience, % (95% CI) (95% CI)

N (%)

Fluoride concentration, mg/L

<0.10 20,871 (33.3) 5,550 (38.0) 26.6 (26.0, 27.2) | 0.95 (0.93, 0.97)

0.10t0 0.19 | 20,300 (32.4) 4,623 (31.6) 22.8 (22.2,23.4) | 0.81(0.79, 0.83)

0.20t0 0.39 | 11,458 (18.3) 2,431 (16.6) 21.2 (20.5,22.0) | 0.74 (0.72, 0.76)

0.40 to 0.69 4,331 (6.9) 804 (5.5) 18.6 (17.4,19.8) | 0.61 (0.58, 0.64)

>0.70 5,689 (9.1) 1,207 (8.3) 21.2 (20.2,22.3) | 0.73 (0.70, 0.76)
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Fluoride Children Children with | Children with dental Mean severity

exposure examined, dental caries caries experience, | score per child
N (%) experience, % (95% CI) (95% CI)

N (%)

Fluoridation scheme

Yes 9,315 (14.9) 1,917 (13.1) 20.6 (19.8,21.4) | 0.71 (0.69, 0.73)

No 37,725 (60.2) 9,365 (64.1) 24.8 (24.4,25.3) | 0.88 (0.87, 0.89)

Natural 11,274 (18.0) 2,341 (16.0) 20.8 (20.0,21.5) | 0.71 (0.69, 0.73)

fluoridation

Missing 4,335 (6.9) 992 (6.8) 22.9(21.7,24.2) | 0.83(0.79, 0.87)

Total 62,649 (100) 14,615 (100) 23.3 (23.0,23.7) | 0.82(0.81, 0.83)

Abbreviations

CI = confidence interval; dsmft = Decayed (at dentinal level), missing, or filled primary teeth;
mg/L = milligrams per litre.

Notes

Note 1: These prevalence and mean severity scores vary slightly to those published in the 2022
NDEP oral health survey report (44), as their summary statistics are weighted by IMD quintile.
Note 2: Fluoridation scheme status was defined as follows: ‘Yes’: LSOAs where a water
fluoridation scheme operated for at least one year in the 6 years preceding the oral health
survey. ‘No’: LSOAs where a water fluoridation scheme did not operate in any year, and where
the average water fluoride concentration was below 0.20 mg/L. ‘Natural fluoridation’: no
fluoridation scheme and fluoride concentrations at or above 0.20 mg/L.
Note 3: Percentages may not sum to the total due to rounding.
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Table 12. Prevalence of dental caries experience (dsmft >0) and mean severity score in 5
year olds in 2024, by drinking water fluoride exposure

Fluoride Children Children with Children with Mean severity

exposure examined, dental caries dental caries score per child
N (%) experience, experience, (95% ClI)

N (%) % (95% CI)

Mean fluoride concentration, mg/L

<0.10 22,327 (27.3) 5,664 (30.5) 25.4 (24.8,25.9) | 0.95(0.93, 0.97)

0.10t0 0.19 24,102 (29.4) 5,791 (31.2) 24.0 (23.5,24.6) | 0.87 (0.86, 0.89)

0.20 t0 0.39 16,336 (19.9) 3,393 (18.3) 20.8 (20.2,21.4) | 0.70(0.68, 0.71)

0.40 to 0.69 5,406 (6.6) 992 (5.3) 18.4 (17.3,19.4) | 0.60 (0.57, 0.62)

20.70 13,675 (16.7) 2,722 (14.7) 19.9 (19.2, 20.6) | 0.63 (0.62, 0.64)

Missing 59 (0.1) * * *

Fluoridation scheme

Yes 18,418 (22.5) 3,581 (19.3) 19.4 (18.9,20.0) | 0.62 (0.61, 0.63)

No 46,283 (56.5) 11,428 (61.5) 24.7 (24.3,25.1) | 0.91(0.90, 0.92)

Natural 16,995 (20.7) 3,522 (19.0) 20.7 (20.1,21.3) | 0.70(0.68, 0.71)

fluoridation

Missing 209 (0.3) 40 (0.2) 19.1 (14.4,25.0) | 0.50 (0.43, 0.58)

Total 81,905 (100.0) 18,571 (100.0) 22.7 (22.4,23.0) | 0.80(0.79, 0.81)

Abbreviations

CI = confidence interval; dsmft = Decayed (at dentinal level), missing, or filled primary teeth;
mg/L = milligrams per litre.

Notes

Note 1: These prevalence and mean severity scores vary slightly to those published in the 2022
NDEP oral health survey report (44) as their summary statistics are weighted by IMD quintile.

Note 2: ‘Natural fluoridation’ refers to areas without a fluoridation scheme, but which had natural
fluoride concentrations 20.20 mg/L. These areas are excluded from multivariable analyses
comparing fluoridation scheme status.

Note 3: Asterisks denote the value was suppressed (based on fewer than 5 observations) to
prevent deductive disclosure.
Note 4: Percentages may not sum to the total due to rounding.
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Table 13. Category boundaries for dental caries severity scores in 2022 and 2024

Dental caries | 2022: Median of | 2022: Category | 2024: Median of | 2024: Category
severity mean severity boundaries mean severity boundaries
score score (minimum, score (minimum,
category maximum) maximum)
Zero 0 0,0 0 0,0
Low 0.33 0.04, 0.65 0.33 0.04, 0.63
Medium 1.00 0.67,1.73 1.00 0.64, 1.48
High 3.00 1.75, 15.00 2.50 1.50, 19.00

Abbreviations
Cl = confidence interval; LSOA = Lower-layer super output area; mg/L = milligrams per litre.

Notes

Note 1: The ‘Zero’ category indicates that none of the children examined in the LSOA had any
teeth with caries. After these LSOAs were labelled, the remaining LSOAs were divided into
tertiles based on their mean severity score and labelled as ‘Low’, ‘Medium’ and ‘High’.

Association between fluoride in drinking water and dental caries
experience

Table 14 shows the odds ratios for the association between drinking water fluoride
concentration and dental caries experience in children after adjusting for deprivation, ethnicity
and residual clustering by LAD. Overall, the odds ratios for dental caries experience were lower
in areas with higher fluoride concentrations (20.40 mg/L in 2022 and 20.20 mg/L in 2024). In
2022, areas in the highest fluoride concentration category (=0.70 mg/L) had 27% (95% CI: 15%,
37%) lower odds of dental caries experience compared to areas in the lowest category (<0.10
mg/L). In 2024, areas in the highest fluoride exposure category had 44% (47%, 50%) lower
odds of dental caries experience compared to areas in the lowest fluoride category. See
Appendix Table A15 and Table A16 for the fully adjusted model including estimates for all other
risk factors.

There was evidence of an interaction between fluoride exposure and deprivation (IMD quintiles)
on dental caries experience in both the 2022 and 2024 oral health survey data and previous
HMRs. Therefore, the main results are presented with stratification by IMD quintile in Table 15.
In both the 2022 and 2024 oral health survey data, the odds of dental caries experience were
lower in areas with higher fluoride concentrations in all IMD quintiles after adjusting for ethnicity,
deprivation and residual clustering by LAD, with the most consistent effects of water fluoride
concentrations observed in the most deprived quintile (=0.70 mg/L, 2022 adjusted OR: 0.59,
95% ClI: 0.43, 0.73; 2024: 0.53, 95% CI: 0.44, 0.63).

Findings from the continuous exposure measure were consistent with those observed for the
categorical exposure measure in both the IMD-stratified and non-stratified models. An IQR (0.15
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mg/L) increase in fluoride concentration was associated with lower odds of dental caries
experience in all IMD quintiles, with the strongest effects in the most deprived quintile (Table 14
and Table 15).

Figure 4 shows the model-predicted prevalence of dental caries experience in 5 year olds
across fluoride concentration groups in each IMD quintile after adjusting for deprivation,
ethnicity and residual clustering by LAD. Absolute reductions in model-predicted prevalence of
dental caries experience (that is, the contrast between the highest and the lowest fluoride
concentration categories) were larger in more deprived areas. In the most deprived quintile,
areas with fluoride concentrations 20.70 mg/L had 11 percentage points (2022) or 12
percentage points (2024) lower prevalence of dental caries experience than those in the lowest
fluoride category. In the least deprived quintile, model-predicted prevalence was 2 percentage
points (2022) or 5 percentage points (2024 ) lower for the same comparison.

Table 16 shows the association between dental caries experience and exposure to a
fluoridation scheme after adjusting for deprivation, ethnicity and residual clustering by LAD. The
odds ratios for dental caries experience were lower for areas where a fluoridation scheme was
operating compared to areas without schemes and with low levels (<0.20 mg/L) of natural
fluoride (2022 adjusted OR: 0.75, 95% CI: 0.66, 0.85; 2024 adjusted OR: 0.66, 95% CI: 0.60,
0.72). While we examined potential interaction by deprivation as in the main analysis, there was
no observable difference in the association across levels of deprivation, and confidence
intervals for these estimates largely overlapped.

Table 14. Adjusted odds ratios for the association between drinking water fluoride
concentration and dental caries experience (damft >0) in 5 year olds in 2022 and 2024

Mean fluoride 2022: Adjusted OR 2024: Adjusted OR

concentration, mg/L

(95% Cl)

(95% Cl)

<0.10

1.00

1.00

0.10t0 0.19

0.92 (0.84, 1.02)

0.97 (0.89, 1.05

0.20 to 0.39

0.93 (0.83, 1.04)

0.78 (0.71, 0.86

0.40 to 0.69

20.70

0.73 (0.63, 0.85)

0.56 (0.50, 0.63

Continuous

(
(
0.74 (0.63, 0.87)
(
(

0.93 (0.91, 0.95)

)
)
0.71(0.63, 0.81)
)
)

0.91 (0.89, 0.92

Abbreviations

Cl = Confidence interval, dsmft = decayed, missing or filled primary teeth, OR = Odds ratio.

Notes

Note 1: The models were adjusted for deprivation, ethnicity and residual clustering by local

authority district.

Note 2: Mean fluoride concentration was calculated as the mean of annual means in the 6 years

preceding each survey.
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Note 3: The continuous fluoride exposure model estimates show the change in effect per
interquartile range (0.15 mg/L) increase in fluoride concentration. The interquartile range is the
difference between the fluoride concentration value at the 25th percentile and at the 75th
percentile of the data. This range captures the middle 50% of values.

Table 15. Adjusted odds ratios for the association between drinking water fluoride
concentration and dental caries experience (d3mft >0) in 5 year olds in 2022 and 2024, by

deprivation group

IMD quintile Mean fluoride 2022: Adjusted OR 2024: Adjusted OR
concentration, mg/L (95% ClI) (95% ClI)

Quintile 5 <0.10 1.00 1.00
(least deprived) | 0.10 t0 0.19 0.93 (0.77, 1.13) 0.98 (0.82, 1.18)
0.20 to 0.39 0.87 (0.69, 1.09) 0.90 (0.73, 1.10)

0.40 to 0.69 0.78 (0.52, 1.15) 0.78 (0.57, 1.07)

>0.70 0.80 (0.57, 1.12) 0.61 (0.46, 0.80)

Continuous 0.95 (0.91, 1.00) 0.91 (0.87, 0.94)

Quintile 4 <0.10 1.00 1.00
0.10t0 0.19 0.80 (0.67, 0.95) 0.93 (0.79, 1.10)

0.20 to 0.39 0.85 (0.70, 1.04) 0.81 (0.68, 0.97)

0.40 to 0.69 0.68 (0.50, 0.93) 0.67 (0.50, 0.90)

>0.70 0.54 (0.40, 0.74) 0.70 (0.56, 0.88)

Continuous 0.90 (0.87, 0.94) 0.92 (0.89, 0.95)

Quintile 3 <0.10 1.00 1.00
0.10t0 0.19 1.00 (0.85, 1.18) 1.11 (0.96, 1.30)

0.20 to 0.39 0.90 (0.74, 1.10) 0.94 (0.79, 1.13)

0.40 to 0.69 0.75 (0.56, 0.99) 0.82 (0.63, 1.07)

>0.70 0.83 (0.63, 1.10) 0.75 (0.61, 0.93)

Continuous 0.95 (0.92, 0.99) 0.92 (0.90, 0.95)

Quintile 2 <0.10 1.00 1.00
0.10t0 0.19 1.03 (0.88, 1.20) 1.03 (0.89, 1.18)

0.20 to 0.39 0.89 (0.74, 1.08) 0.86 (0.73, 1.02)

0.40 to 0.69 0.77 (0.60, 0.99) 0.79 (0.63, 0.99)

>0.70 0.93 (0.72, 1.20) 0.61 (0.50, 0.74)

Continuous 0.96 (0.93, 0.99) 0.90 (0.87, 0.93)

Quintile 1 <0.10 1.00 1.00
(most deprived) | 0.10 to 0.19 0.64 (0.55, 0.75) 0.83 (0.73, 0.95)
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0.20 to 0.39 0.78 (0.64, 0.94) 0.72 (0.62, 0.85)
0.40 to 0.69 0.59 (0.47, 0.74) 0.68 (0.55, 0.84)
>0.70 0.59 (0.48, 0.73) 0.53 (0.44, 0.63)
Continuous 0.91 (0.88, 0.94) 0.89 (0.87, 0.91)

Abbreviations

CI = confidence interval, d3mft = decayed, missing or filled primary teeth; IMD = Index of
Multiple Deprivation; LAD = Local authority district; LSOA = Lower-layer super output area,
mg/L = milligrams per litre; OR = Odds Ratio.

Notes

Note 1: Models were adjusted for deprivation, ethnicity and residual clustering by local authority
district.

Note 2: Mean fluoride concentration was calculated as the mean of annual means in the 6 years
preceding each survey.

Note 3: The continuous fluoride exposure model estimates show the change in effect per
interquartile range (0.15 mg/L) increase in fluoride concentration. The interquartile range is the
difference between the fluoride concentration value at the 25th percentile and at the 75th
percentile of the data. This range captures the middle 50% of values.
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Figure 4. Model-predicted prevalence of dental caries experience (dsmft >0) in 5-year-olds
in a) the 2022 oral health survey, and b) the 2024 oral health survey, by drinking water
fluoride concentration and deprivation group
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Abbreviations
IMD = Index of Multiple Deprivation; LAD = Local authority district; mg/L = milligrams per litre.

Notes

Note 1: Mean fluoride concentration was calculated as the mean of annual means in the 6 years
preceding each survey.

Note 2: The models were adjusted for deprivation, ethnicity and for residual clustering by local
authority district. The model-predicted prevalences are displayed at the reference level for
ethnicity which is white in this figure.

Note 3: Estimates are plotted at the mean fluoride concentration in each fluoride exposure
category (<0.1, 0.1 to 0.19, 0.20 to 0.39, 0.40 to 0.69, =20.70; mg/L). The continuous x axis and
lines connecting the point estimates for each category are to aid visualisation of trends across
fluoride categories only and do not imply a continuous or linear exposure-response relationship.
Note 4: the numerical values for estimates presented in these figures are presented in Appendix
Table A21.

Table 16. Adjusted odds ratios for the association between fluoridation scheme status
and dental caries experience in 5 year olds in 2022 and 2024, by deprivation group

IMD quintile Fluoridation 2022: Adjusted OR 2024: Adjusted OR
scheme (95% CI) (95% Cl)
Overall No 1.00 1.00
Yes 0.75 (0.66, 0.85) 0.66 (0.60, 0.72)
Quintile 5 No 1.00 1.00
(least deprived) | Yes 0.77 (0.62, 0.96) 0.68 (0.58, 0.80)
Quintile 4 No 1.00 1.00
Yes 0.67 (0.55, 0.82) 0.71 (0.61, 0.82)
Quintile 3 No 1.00 1.00
Yes 0.80 (0.67, 0.95) 0.72 (0.63, 0.83)
Quintile 2 No 1.00 1.00
Yes 0.84 (0.71, 0.99) 0.63 (0.56, 0.72)
Quintile 1 No 1.00 1.00
(most deprived) | Yes 0.69 (0.59, 0.81) 0.59 (0.52, 0.66)

Abbreviations

Cl = confidence interval; dsmft = decayed, missing or filled primary teeth; OR = Odds Ratio.

Notes

Note 1: The models were adjusted for ethnicity and residual clustering by local authority district.
Note 2: Fluoridation scheme status was defined as follows: ‘Yes’: LSOAs where a water
fluoridation scheme operated for at least one year in the 6 years preceding the oral health
survey. ‘No’: LSOAs where a water fluoridation scheme did not operate in any year, and where
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the average water fluoride concentration was below 0.20 mg/L. Areas with no fluoridation
scheme and fluoride concentrations at or above 0.20 mg/L were excluded from the analysis.

Association between fluoride in drinking water and dental caries mean
severity score

Table 17 shows the regression coefficients for the association between drinking water fluoride
concentration and the probability of being in the highest dental caries severity score category
versus the zero, low or medium category, after adjusting for deprivation, ethnicity and residual
clustering by LAD. Overall, the probability of being in the highest severity score category was
lower in areas with higher fluoride concentrations in both 2022 and 2024. In both years, areas in
the highest fluoride concentration category (20.70 mg/L) had the lowest probability of being in
the highest dental caries severity score category (adjusted beta 2022: -0.54, 95% CI: -0.74, -
0.34; 2024: -1.01, 95% ClI: -1.20, -0.83). See Appendix Table A16 and Table A17 for the fully
adjusted models including estimates for all other risk factors.

There was evidence of an interaction between fluoride exposure and deprivation on dental
caries severity score categories in both the 2022 and 2024 oral health survey data and previous
HMRs. Therefore, the main results are presented with stratification by IMD quintile in Table 18.
In both 2022 and 2024, the probability of being in the highest severity score category was lower
in areas with higher fluoride concentrations in all IMD quintiles, after adjusting for deprivation,
ethnicity and residual clustering by LAD. There was no clear trend in the strength of effects
across IMD quintiles in 2022, and confidence intervals for effect estimates for fluoride
concentration categories were wide and largely overlapped. There was a suggestion in 2024
that the protective effects of the highest fluoride concentrations were stronger for those in the
more deprived quintiles. Tables A24 to Table A27 in the Appendix show the full model outputs,
with the probability of experiencing all dental caries severity score categories versus other
categories in the model.

Findings from the continuous exposure measure were consistent with those observed for the
categorical exposure measure in both the IMD-stratified and non-stratified models. An IQR (0.15
mg/L) increase in fluoride concentration was associated with a lower probability of being in the
highest severity score category overall (Table 17). In the IMD-stratified model for 2024, there
was a suggestion that the protective effects of an IQR increase in fluoride concentration was
stronger for those in the more deprived quintiles (Table 18).

Table 19 shows the association between dental caries experience and exposure to a
fluoridation scheme after adjusting for deprivation, ethnicity and residual clustering by LAD. The
probability of being in the highest dental caries severity score category compared to lower
severity score categories was lower for areas where a fluoridation scheme was operating
compared to areas without schemes and with low levels (<0.20 mg/L) of natural fluoride
(adjusted beta 2022: -0.47, 95% CI: -0.64, -0.29; adjusted beta 2024: -0.83, 95% CI: -0.99, -
0.68). While we examined potential interaction by deprivation as in the main analysis, there was
no observable difference in the association across levels of deprivation, and confidence
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intervals for these estimates were wide and overlapped and in the Appendix show the full model
outputs by fluoridation scheme, with the probability of experiencing all dental caries severity
score categories versus other categories in the model.

Table 17. Adjusted regression coefficients for the association between drinking water
fluoride concentration and experiencing the highest category of dental caries severity
score, in 5 year olds in 2022 and 2024

Mean fluoride 2022: Highest vs medium, low 2024: Highest vs medium, low
concentration, or zero severity score category, | or zero severity score category,
mg/L adjusted beta (95% ClI) adjusted beta (95% ClI)
<0.10 0.00 0.00
0.10t0 0.19 -0.16 (-0.28, -0.03) -0.13 (-0.24, -0.01)
0.20 to 0.39 -0.17 (-0.32, -0.02) -0.35 (-0.49, -0.21)
0.40 to 0.69 -0.60 (-0.82, -0.38) -0.58 (-0.79, -0.37)
>0.70 -0.54 (-0.74, -0.34) -1.01 (-1.20, -0.83)
Continuous -0.12 (-0.15, -0.08) -0.22 (-0.26, -0.17)

Abbreviations
Cl = Confidence interval, IMD = Index of Multiple Deprivation, mg/L = Milligrams per litre.

Notes

Note 1: The model was adjusted for deprivation, ethnicity and for residual clustering by local
authority district.

Note 2: Severity categories are based on tertiles of non-zero values for the LSOA-level mean
d3mft and thresholds are presented in Table 13.

Note 3: Regression coefficients for severity score categories can be interpreted as follows: a
negative beta indicates a lower probability of being in the highest severity score category
relative to the medium, low or zero category. A positive beta indicates a higher probability.
Note 4: The continuous fluoride exposure model estimates show the change in effect per
interquartile range (0.15 mg/L) increase in fluoride concentration. The interquartile range is the
difference between the fluoride concentration value at the 25th percentile and at the 75th
percentile of the data. This range captures the middle 50% of values.
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Table 18. Adjusted regression coefficients for the association between drinking water
fluoride concentration and experiencing the highest category of dental caries severity
score, in 5 year olds in 2022 and 2024, by deprivation group

IMD quintile Mean fluoride 2022: Highest versus 2024: Highest versus
concentration, medium, low or zero medium, low or zero
mg/L severity score category, | severity score category,

adjusted beta (95% CI)| adjusted beta (95% ClI)

Quintile 5 <0.10 0.00 0.00

(least deprived) |0.10t0 0.19 -0.05 (-0.36, 0.26) 0.04 (-0.25, 0.34)
0.20 to 0.39 0.07 (-0.30, 0.43) -0.24 (-0.60, 0.11)
0.40 to 0.69 -0.39 (-1.15, 0.38) -0.45 (-1.06, 0.17)
20.70 -0.62 (-1.28, 0.05) -0.61 (-1.13, -0.10)
Continuous -0.13 (-0.17, -0.08) -0.14 (-0.23, -0.05)

Quintile 4 <0.10 0.00 0.00
0.10t0 0.19 -0.14 (-0.63, 0.35) -0.05 (-0.51, 0.42)
0.20 to 0.39 -0.18 (-0.76, 0.39) -0.22 (-0.78, 0.34)
0.40 to 0.69 -0.76 (-1.97, 0.45) -0.66 (-1.68, 0.36)
20.70 -0.98 (-2.04, 0.08) -0.75 (-1.57, 0.07)
Continuous -0.08 (-0.16, -0.005) -0.17 (-0.31, -0.02)

Quintile 3 <0.10 0.00 0.00
0.10t0 0.19 -0.02 (-0.50, 0.46) 0.15 (-0.31, 0.60)
0.20 to 0.39 -0.20 (-0.77, 0.37) -0.12 (-0.68, 0.44)
0.40 to 0.69 -0.21 (-1.36, 0.93) -0.54 (-1.51, 0.43)
20.70 -0.51 (-1.52, 0.49) -0.52 (-1.30, 0.26)
Continuous -0.10 (-0.19, -0.001) -0.15 (-0.29, -0.02)

Quintile 2 <0.10 0.00 0.00
0.10t0 0.19 0.08 (-0.39, 0.55) -0.04 (-0.48, 0.40)
0.20 to 0.39 -0.18 (-0.74, 0.38) -0.30 (-0.84, 0.24)
0.40 to 0.69 -0.73 (-1.88, 0.41) -0.58 (-1.51, 0.35)
20.70 -0.11 (-1.09, 0.87) -1.06 (-1.83, -0.29)

Continuous -0.17 (-0.27, -0.07) -0.21 (-0.35, -0.08)

Quintile 1 <0.10 0.00 0.00

(most deprived) |0.10 to 0.19 -0.49 (-0.96, -0.02) -0.38 (-0.82, 0.05)
0.20 to 0.39 -0.12 (-0.67, 0.42) -0.55 (-1.08, -0.02)
0.40 to 0.69 -0.68 (-1.79, 0.44) -0.60 (-1.51, 0.31)
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IMD quintile Mean fluoride

concentration,

2022: Highest versus
medium, low or zero

2024: Highest versus
medium, low or zero

mg/L severity score category, | severity score category,

adjusted beta (95% CI)| adjusted beta (95% ClI)
=0.70 -0.64 (-1.60, 0.32) -1.27 (-2.02, -0.52)
Continuous -0.11 (-0.22, 0.01) -0.22 (-0.35, -0.08)

Abbreviations

Cl = Confidence interval, IMD = Index of Multiple Deprivation, LAD = Local authority district,

mg/L = Milligrams per litre.

Notes

Note 1: The model was adjusted for deprivation, ethnicity and for residual clustering by local

authority district.

Note 2: Severity categories are based on tertiles of non-zero values for the LSOA-level mean
d3mft and thresholds are presented in Table 13.

Note 3: Regression coefficients for severity score categories can be interpreted as follows: a
negative beta indicates a lower probability of being in the highest severity score category
relative to the medium, low or zero category compared to areas in the reference category. A
positive beta indicates a higher probability compared to the reference category.

Note 4: The continuous fluoride exposure model estimates show the change in effect per
interquartile range (0.15 mg/L) increase in fluoride concentration. The interquartile range is the
difference between the fluoride concentration value at the 25th percentile and at the 75th
percentile of the data. This range captures the middle 50% of values.

Table 19. Adjusted regression coefficients for the association between fluoridation
schemes status and experiencing the highest category of dental caries severity score, in
5 year olds in 2022 and 2024, by deprivation group

IMD quintile Fluoridation 2022: Highest versus 2024: Highest versus
scheme medium, low or zero medium, low or zero

severity score category, | severity score category,

adjusted beta (95% CIl) | adjusted beta (95% Cl)

Overall No 0.00 0.00
Yes -0.47 (-0.64, -0.29) -0.83 (-0.99, -0.68)

Quintile 5 No 0.00 0.00
(least deprived) | Yes -0.44 (-0.93, 0.05) -0.57 (-0.94, -0.19)
Quintile 4 No 0.00 0.00
Yes 0.10 (-0.67, 0.87) -0.27 (-0.88, 0.34)

Quintile 3 No 0.00 0.00
Yes -0.42 (-1.16, 0.32) -0.64 (-1.22, -0.06)

Quintile 2 No 0.00 0.00
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IMD quintile Fluoridation 2022: Highest versus 2024: Highest versus
scheme medium, low or zero medium, low or zero
severity score category, | severity score category,

adjusted beta (95% CIl) | adjusted beta (95% Cl)

Yes -0.34 (-1.07, 0.38) -0.92 (-1.49, -0.35)
Quintile 1 No 0.00 0.00
(most deprived) | Yes -0.46 (-1.17, 0.25) -0.94 (-1.49, -0.39)

Abbreviations
Cl = confidence interval; IMD = Index of Multiple Deprivation; LAD = Local authority district;
mg/L = milligrams per litre.

Notes

Note 1: The model was adjusted for deprivation, ethnicity and for residual clustering by local
authority district.

Note 2: Fluoridation scheme status was defined as follows: ‘Yes’: LSOAs where a water
fluoridation scheme operated for at least one year in the six years preceding the oral health
survey. ‘No’: LSOAs where a water fluoridation scheme did not operate in any year, and where
the average water fluoride concentration was below 0.20 mg/L. Areas with no fluoridation
scheme and fluoride concentrations at or above 0.20 mg/L were excluded from the analysis.
Note 3: Severity categories are based on tertiles of non-zero values for the LSOA-level mean
d3mft and thresholds are presented in Table 13.

Note 4: Regression coefficients for severity score categories can be interpreted as follows: a
negative beta indicates a lower probability of being in the highest severity score category
relative to the medium, low or zero category. A positive beta indicates a higher probability of
being in the highest severity score category relative to the medium, low or zero category.

Dental caries in 10 or 11 year olds

Descriptive summary of dental caries experience and severity scores in
2023

Oral health survey data was collected for 53,073 Year 6 children (10 or 11 year olds) and
covered approximately half of LSOAs (n=15,814) (Table 20). The survey sample was
approximately representative of the general population of 10 and 11 year olds in England in
terms of deprivation and ethnicity distributions (Appendix Table A7 and Table A8).

All children were linked to drinking water fluoride concentration data or fluoridation scheme data
and were included in analysis.

The 2023 oral health survey data showed that 16% of children in the study had at least one
decayed, missing or filled permanent tooth (DsMFT >0, experience of dental caries). The mean
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dental caries severity score (number of decayed, missing or filled teeth) was 0.30 per child
(Table 20).

The crude prevalence and severity of dental caries experience displayed a J-shaped distribution
across categories of drinking water fluoride concentration, and were slightly higher in areas with
fluoridation schemes compared to areas without schemes and areas with natural fluoridation
(no scheme, 20.20 mg/L) (Table 20).

Crude dental caries prevalence and severity scores varied by deprivation but not between those
from white groups and all other ethnic groups combined (Appendix Table A11). The percentage
of children with dental caries experience and the mean severity scores were more than 2 times

higher in the most deprived compared to least deprived areas.

Due to concerns about the validity of the data for permanent teeth in Year 6 children that are
noted in the methods, multivariable models are not presented for this data, and these
descriptive results should be interpreted cautiously.

Table 20. Prevalence of dental caries experience (damft >0) and mean severity score in
Year 6 children (10 or 11 year olds) in 2023, by drinking water fluoride exposure

Fluoride Children | Children with Children with Mean severity

exposure examined, dental caries dental caries score per child
N (%) experience, experience, (95% ClI)

N (%) % (95% CI)

Mean fluoride concentration, mg/L

<0.10 16,638 (31.3) 2,883 (33.7) | 17.3(16.8,17.9) 0.31 (0.30, 0.32)

0.10t0 0.19 16,209 (30.5) 2,264 (26.5) | 14.0 (13.4, 14.5) 0.25 (0.24, 0.26)

0.20 t0 0.39 9,785 (18.4) 1,326 (15.5) | 13.6 (12.9, 14.2) 0.24 (0.23, 0.25)

0.40 to 0.69 3,624 (6.8) 668 (7.8) | 18.4 (17.2,19.7) 0.38 (0.36, 0.40)

20.70 6,817 (12.8) 1,410 (16.5) | 20.7 (19.7, 21.7) 0.40 (0.39, 0.41)

Fluoridation scheme

Yes 9,538 (18.0) 1,957 (22.9) | 20.5(19.7, 21.3) 0.41 (0.40, 0.42)

No 32,594 (61.4) 5,115 (59.8) | 15.7 (15.3, 16.1) 0.28 (0.28, 0.29)

Natural 10,735 (20.2) 1,450 (17.0) | 13.5(12.9, 14.2) 0.24 (0.23, 0.24)

fluoridation

Missing 206 (0.4) 29 (0.3)| 14.1(10.0, 19.5) 0.27 (0.22, 0.33)

Total 53,073 (100.0) | 8,551 (100.0) | 16.1(15.8, 16.4) 0.30 (0.29, 0.30)

Abbreviations

Cl = confidence interval; d3mft = Decayed (at dentinal level), missing, or filled permanent teeth.
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Notes

Note 1: Mean fluoride concentration is calculated as the mean of annual mean values for the 10
years prior to the survey.

Note 2: Fluoridation scheme status was defined as follows: ‘Yes’: LSOAs where a water
fluoridation scheme operated for at least one year in the 10 years preceding the oral health
survey. ‘No’: LSOAs where a water fluoridation scheme did not operate in any year, and where
the average water fluoride concentration was below 0.20 mg/L. ‘Natural fluoridation’: no
fluoridation scheme and fluoride concentrations at or above 0.20 mg/L.

Note 3: Percentages may not sum to the total due to rounding.

Hospital admissions for caries-related tooth
extractions in 0 to 19 year olds

Descriptive summary of caries-related tooth extractions in 2021 to 2024

There were 87,235 hospital admissions for caries-related tooth extractions in people aged 0 to
19 years old between April 2021 and March 2024 in England (Table 21). The crude incidence
rate over the study period were 213 (95% CI: 212, 214) admissions per 100,000 PYAR.

Over 99% of admissions were linked to drinking water fluoride concentration data or fluoridation
scheme data and were included in analysis.

Crude incidence rates were generally lower in areas with higher fluoride concentrations. Areas
without fluoridation schemes had a higher crude incidence rate of caries-related tooth
extractions than other areas, including those with fluoridation schemes or natural fluoridation
(no scheme, fluoride 20.20 mg/L) (Table 21).

Crude incidence rates varied most by deprivation and age group (Appendix Table A12).
Incidence rates were more than 3 times higher in the most deprived compared to least deprived
areas, and were more than twice as high among 5 to 9 year olds as among any other age
group. Incidence rates were also slightly higher among girls compared to boys and were slightly
lower in 2021 compared to in 2022, 2023 or 2024.

Table 21. Incidence rates for hospital admissions for caries-related tooth extractions in 0
to 19 year olds between April 2021 and March 2024, by drinking water fluoride exposure

Fluoride exposure Admissions, PYAR, Incidence per 100,000
N (%) person-years (%) PYAR (95% Cl)

Mean fluoride concentration, mg/L

<0.10 40,317 (46.2) 14,806,472 (36.2) 272 (269, 275)

0.10t0 0.19 31,966 (36.6) 14,707,590 (35.9) 217 (215, 219)

0.20 to 0.39 7,852 (9.0) 5,892,952 (14.4) 133 (130, 136)
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Fluoride exposure Admissions, PYAR, Incidence per 100,000
N (%) person-years (%) PYAR (95% Cl)
0.40 to 0.69 3,460 (4.0) 1,975,352 (4.8) 175 (169, 181)
>0.70 3,547 (4.0) 3,473,426 (8.5) 102 (99, 105)
Missing 93 (0.1) 70,970 (0.2) 131 (107, 161)
Fluoridation scheme
Yes 7,145 (8.2) 5,090,948 (12.4) 140 (137, 143)
No 72,089 (82.6) 29,415,107 (71.9) 245 (243, 247)
Natural fluoridation 7,798 (8.9) 6,291,506 (15.4) 124 (121, 127)
Missing 203 (0.2) 129,200 (0.3) 157 (137, 180)
Total 87,235 (100.0) 40,926,761 (100.0) 213 (212, 214)

Abbreviations
Cl = Confidence interval, mg/L = Milligrams per litre, PYAR = Person-years at risk.

Notes

Note 1: Mean fluoride concentration is calculated as the mean of annual mean values for the 5
years prior to the year of the hospital admission.

Note 2: Fluoridation scheme status was defined as follows: ‘Yes’: LSOAs where a water
fluoridation scheme operated for at least one year in the 5 years preceding the hospital
admission. ‘No’: LSOAs where a water fluoridation scheme did not operate in any year, and
where the average water fluoride concentration was below 0.20 mg/L. ‘Natural fluoridation’: no
fluoridation scheme and fluoride concentrations at or above 0.20 mg/L.

Note 3: Percentages may not sum to the total due to rounding.

Association between fluoride in drinking water and caries-related tooth
extractions

Table 22 shows incidence rate ratios for the association between drinking water fluoride
concentration and hospital admissions for caries-related tooth extractions after adjusting for age
group, sex, calendar year, deprivation, ethnicity, and residual clustering by LAD. Overall, the
incidence rate ratios for tooth extractions were lower for areas with higher fluoride
concentrations (above 0.20 mg/L). Areas in the highest fluoride concentration category (=0.70
mg/L) had a 28% (95% CI: 22%, 34%) lower incidence rate of tooth extractions compared to
those in the lowest category (<0.10 mg/L). See Appendix Table A18 for the fully adjusted model
including estimates for all other risk factors.

There was evidence of an interaction between fluoride exposure and deprivation on the

incidence rates of caries-related tooth extractions in this study and previous HMRs. Therefore,
the main results are presented with stratification by IMD quintile in Table 23. This suggested a
stronger protective effect of higher fluoride concentration categories (=20.40 mg/L) in areas with
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increasing deprivation, although confidence intervals for each fluoride category in different IMD
quintiles largely overlapped. Exposure to the highest category of fluoride concentration
compared to the lowest category was associated with a 17% lower rate (95% CI: 0%, 32%) of
tooth extractions in the least deprived quintile and a 34% lower rate (25%, 41%) in the most
deprived quintile.

Findings from the continuous exposure measure were consistent with those observed for the
categorical exposure measure in both the IMD-stratified and non-stratified models. An IQR (0.15
mg/L) increase in fluoride concentration were associated with a lower overall incidence rate of
tooth extractions (Table 22). In the IMD-stratified model, the protective effect was seen across
all deprivation groups, although the effect was stronger in more deprived areas (Table 23).

Figure 5 shows the model-predicted incidence rates for admissions for tooth extractions across
fluoride concentration groups and in each IMD quintile after adjusting for age group, sex,
calendar year, deprivation, ethnicity, and residual clustering by LAD. Absolute reductions in
model-predicted incidence rates of admissions (that is, the contrast between the highest and the
lowest fluoride concentration categories) were larger in more deprived areas. In the most
deprived quintile, areas with fluoride concentrations of 0.70 mg/L or more had 171 fewer tooth
extractions per 100,000 PYAR than those in the lowest fluoride category (<0.10 mg/L). In the
least deprived quintile, there were 27 fewer tooth extractions per 100,000 PYAR for the same
comparison.

Table 24 shows the association between caries-related tooth extractions and exposure to a
fluoridation scheme after adjusting for age group, sex, calendar year, deprivation, ethnicity, and
residual clustering by LAD. The incidence rate of tooth extractions was 20% lower (95% CI:
13%, 26%) in areas with a fluoridation scheme compared to in areas without schemes and with
low levels (<0.20 mg/L) of natural fluoride. While we examined potential interaction by
deprivation, there was no observable difference in the association across levels of deprivation
and confidence intervals largely overlapped.

Table 22. Adjusted incidence rate ratios for the association between drinking fluoride
concentration and hospital admissions for caries-related tooth extraction, in 0 to 19 year
olds between April 2021 and March 2024

Mean fluoride concentration, mg/L Adjusted IRR (95% CI)
<0.10 1.00
0.10t0 0.19 1.02 (0.98, 1.05)
0.20 to 0.39 0.91 (0.86, 0.96)
0.40 to 0.69 0.80 (0.76, 0.86)
>0.70 0.72 (0.66, 0.78)
Continuous 0.93 (0.91, 0.94)
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Abbreviations
Cl = confidence interval; IMD = Index of Multiple Deprivation; IRR = Incidence rate ratio.

Notes

Note 1: The model was adjusted for deprivation, age group, sex, calendar year and ethnicity,
allowing for clustering of residuals at the local authority district level.

Note 2: Mean fluoride concentration is calculated as the mean of annual mean values in the 5
years preceding the hospital admission.

Note 3: The continuous fluoride exposure model estimates show the change in effect per
interquartile range (0.15 mg/L) increase in fluoride concentration. The interquartile range is the
difference between the fluoride concentration value at the 25th percentile and at the 75th
percentile of the data. This range captures the middle 50% of values.

Table 23. Adjusted incidence rate ratios for the association between drinking water
fluoride concentration and hospital admissions for caries-related tooth extraction, in 0 to
19 year olds between April 2021 and March 2024 stratified, by deprivation group

IMD quintile Mean fluoride concentration, Adjusted IRR (95% CI)
mg/L

Quintile 5 <0.10 1.00

(least deprived) 0.10t0 0.19 1.06 (0.98, 1.14)
0.20 to 0.39 1.03 (0.92, 1.15)
0.40 to 0.69 0.92 (0.78, 1.09)
20.70 0.83 (0.68, 1.00)
Continuous 0.96 (0.93, 0.98)

Quintile 4 <0.10 1.00
0.10t0 0.19 1.07 (1.00, 1.14)
0.20 to 0.39 0.97 (0.87, 1.07)
0.40 to 0.69 0.83 (0.71, 0.96)
>0.70 0.81 (0.69, 0.95)
Continuous 0.95 (0.92, 0.97)

Quintile 3 <0.10 1.00
0.10t0 0.19 1.07 (1.01, 1.14)
0.20 to 0.39 0.99 (0.90, 1.09)
0.40 to 0.69 0.79 (0.69, 0.90)
20.70 0.70 (0.60, 0.81)
Continuous 0.92 (0.90, 0.94)

Quintile 2 <0.10 1.00
0.10t0 0.19 1.02 (0.96, 1.08)
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IMD quintile Mean fluoride concentration, Adjusted IRR (95% CI)
mg/L
0.20 to 0.39 0.83 (0.76, 0.91)
0.40 to 0.69 0.77 (0.68, 0.87)
>0.70 0.74 (0.65, 0.85)
Continuous 0.92 (0.90, 0.94)

Quintile 1 <0.10 1.00

(most deprived) 0.10 to 0.19 0.95 (0.90, 1.00)
0.20 to 0.39 0.84 (0.78, 0.92)
0.40 to 0.69 0.78 (0.71, 0.86)
>0.70 0.66 (0.59, 0.75)
Continuous 0.91 (0.90, 0.93)

Abbreviations

Cl = confidence interval; IMD = Index of Multiple Deprivation; IRR =Incidence rate ratio; LAD =
Local authority district; LSOA = Lower-layer super output area; mg/L = milligrams per litre.

Notes

Note 1: The model was adjusted for deprivation, age group, sex, calendar year, ethnicity and for
residual clustering by local authority district.

Note 2: Mean fluoride concentration is calculated as the mean of annual mean values in the 5
years preceding the hospital admission.

Note 3: The continuous fluoride exposure model estimates show the change in effect per
interquartile range (0.15 mg/L) increase in fluoride concentration. The interquartile range is the
difference between the fluoride concentration value at the 25th percentile and at the 75th
percentile of the data. This range captures the middle 50% of values.
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Figure 5. Model-predicted incidence rates for hospital admissions for tooth extractions in
0 to 19 year olds, by drinking water fluoride concentration and deprivation group
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Abbreviations

IMD = Index of Multiple Deprivation; LAD = Local authority district; LSOA = Lower-layer super
output area; mg/L = milligrams per litre; PYAR = Person-years at risk; % = percentage.

Notes

Note 1: Mean fluoride concentration is calculated as the mean of annual mean values in the 5
years preceding the hospital admission.

Note 2: The model was adjusted for deprivation, age group, sex, calendar year, ethnicity and for
residual clustering by local authority district. The model-predicted incidence rates are displayed
at reference levels set for these factors, which is age group 5 to 9 years old, male, admitted in
2023, at the mean proportion of children from white backgrounds.

Note 3: Estimates are plotted at the mean fluoride concentration in each fluoride exposure
category (<0.1, 0.1 to 0.19, 0.20 to 0.39, 0.40 to 0.69, 20.70; mg/L). The continuous x axis and
lines connecting the point estimates for each category are to aid visualisation of trends across
fluoride categories only and do not imply a continuous or linear exposure-response relationship.
Note 4: The numerical values for estimates presented in these figures are presented in
Appendix Table A22.
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Table 24. Adjusted incidence rate ratios for the association between fluoridation scheme
status and hospital admissions for caries-related tooth extractions in 0- to 19-year-olds
between April 2021 and March 2024, by deprivation group

IMD quintile Fluoridation Adjusted IRR
scheme (95% ClI)
Overall No 1.00
Yes 0.80 (0.74, 0.87)
Quintile 5 No 1.00
(least deprived) Yes 0.85 (0.77, 0.96)
Quintile 2 No 1.00
Yes 0.81 (0.73, 0.90)
Quintile 3 No 1.00
Yes 0.75 (0.68, 0.83)
Quintile 4 No 1.00
Yes 0.79 (0.72, 0.87)
Quintile 1 No 1.00
(most deprived) Yes 0.81 (0.75, 0.89)

Abbreviations

Cl = confidence interval; IMD = Index of Multiple Deprivation; IRR = Incidence rate ratio; LAD =
Local authority district; LSOA = Lower-layer super output area; mg/L = milligrams per litre.

Notes

Note 1: The model was adjusted for deprivation, age group, sex, calendar year, ethnicity and for
residual clustering by local authority district.

Note 2: Fluoridation scheme status was defined as follows: ‘Yes’: LSOAs where a water
fluoridation scheme operated for at least one year in the 5 years preceding the hospital
admission. ‘No’: LSOAs where a water fluoridation scheme did not operate in any year, and
where the average water fluoride concentration was below 0.20 mg/L. Areas with no fluoridation
scheme and fluoride concentrations at or above 0.20 mg/L were excluded from the analysis.

Emergency hospital admissions for hip fractures at
all ages

Descriptive summary of emergency hospital admissions for hip
fractures in 2021 to 2024

There were 199,879 emergency hospital admissions for hip fractures among people of all ages
between April 2021 and March 2024 in England (Table 25). The crude incidence rate over the
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study period was 112 (95% CI: 112, 112) emergency hospital admissions for hip fractures per
100,000 PYAR.

Over 99% of admissions were linked to drinking water fluoride concentration data or fluoridation
scheme data and were included in analysis.

Crude incidence rates showed differences across increasing fluoride concentration categories,
but these were inconsistent. Crude incidence rates were slightly higher in areas with natural
fluoridation (no scheme, 20.20 mg/L) or with a fluoridation scheme as compared to areas
without fluoridation schemes (Table 25).

Crude incidence rates varied by age group and sex (Appendix Table A13). Incidence rates were
over 100 times higher in those aged 80 and older compared to those aged under 65 and were
over 17 times higher for those aged 65 to 79 compared to those aged under 65. Incidence rates
were approximately twice as high among females compared to males and were slightly lower in
the more compared to the less deprived areas. Incidence rates were similar across 2021, 2022
and 2023 and were slightly lower in January to March 2024.

Table 25. Incidence rates for emergency hospital admissions for hip fracture in people of
all ages between April 2021 and March 2024, by drinking water fluoride exposure

Fluoride Admissions, PYAR, | Incidence per 100,000
exposure N (%) person-years (%) PYAR (95% CI)
Mean fluoride concentration, mg/L

<0.10 81,415 (40.7) 68,313,146 (38.3) 119 (118, 120)
0.1t00.2 59,796 (29.9) 62,309,075 (34.9) 96 (95, 97)
02t0 0.4 28,427 (14.2) 24,170,906 (13.5) 118 (117, 119)
0.4t00.7 11,595 (5.8) 8,539,887 (4.8) 136 (134, 138)
20.70 18,635 (9.3) 15,240,006 (8.5) 122 (120, 124)
Missing 11 (<0.1) 37,956 (<0.1) 29 (16, 52)
Fluoridation scheme

Yes 26,759 (13.4) 21,571,908 (12.1) 124 (123, 125)
No 140,480 (70.3) 129,801,000 (72.7) 108 (107, 109)
Natural 32,045 (16.0) 26,566,371 (14.9) 121 (120, 122)
fluoridation

Missing 595 (0.3) 671,697 (0.4) 89 (82, 96)
Total 199,879 (100.0) 178,610,976 (100.0) 112 (112, 112)

Abbreviations

Cl = confidence interval; IMD = Index of Multiple Deprivation; PYAR = Person-years at risk;
mg/L = milligrams per litre.
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Notes

Note 1: Mean fluoride concentration is calculated as the mean of annual mean values in the 10
years preceding the year of the hospital admission.

Note 2: Fluoridation scheme status was defined as follows: ‘Yes’: LSOAs where a water
fluoridation scheme operated for at least one year in the 10 years preceding the hospital
admission. ‘No’: LSOAs where a water fluoridation scheme did not operate in any year, and
where the average water fluoride concentration was below 0.20 mg/L. ‘Natural fluoridation’: no
fluoridation scheme and fluoride concentrations at or above 0.20 mg/L.

Note 3: Percentages may not sum to the total due to rounding.

Note 4: A breakdown of incidence rates by drinking water fluoride exposure stratified by
fluoridation scheme is available in the Appendix Table A27.

Association between fluoride in drinking water and hip fractures

Table 26 shows incidence rate ratios for the association between drinking water fluoride
concentration and emergency hospital admissions for hip fractures after adjusting for age group,
sex, calendar year, deprivation, ethnicity, and residual clustering by LAD. Those living in areas
in the highest fluoride concentration category (=0.70 mg/L) showed a 5% higher incidence rate
of admissions (adjusted OR: 1.05, 95% CI: 1.02, 1.09) compared to those in areas in the lowest
exposure category (<0.10 mg/L). See Appendix Table A19 for the fully adjusted model including
estimates for all other risk factors.

There was evidence of an interaction between fluoride exposure and both age and sex impacts
on the incidence rates of hip fractures for this study and previous HMRs. Therefore, the main
results are presented with stratification by age and sex in Table 27. For those under 65 years
old, lower incidence rates of hip fractures were observed for those living in areas with lower
fluoride concentrations (0.10 to 0.19 mg/L and 0.20 to 0.39 mg/L), as compared to those living
in areas with the lowest concentrations (<0.10 mg/L). This effect was not seen in the higher
fluoride concentration category (0.40 to 0.69, and =0.70 mg/L). Most confidence intervals for the
effect estimates included the possibility of no effect, except for selected associations (0.10 to
0.19 mg/L: females aged 0 to 49 adjusted IRR: 0.83, 95% CI:0.71, 0.97; females aged 50 to 64
adjusted IRR: 0.90, 95% CI: 0.84, 0.96; and 0.20 to 0.39 mg/L: males 50 to 64 adjusted IRR:
0.84, 95% CI: 0.75, 0.94). Conversely, slightly higher incidence rates of hip fractures were
observed amongst those aged 65 and older living in areas with higher fluoride concentrations
(0.40 to 0.69 and =0.70 mg/L). Most confidence intervals for the effect estimates included the
possibility of no effect, except for one association (=0.70 mg/L: males aged 65 to 79 adjusted
IRR: 1.13, 95% CI: 1.04, 1.23).

Continuous models were consistent with the overall categorical models. An IQR (0.15 mg/L)
increase in fluoride concentration was associated with a 1% (95% CI: 0%, 2%) higher overall
incidence rate of hip fracture (Table 26). In the age- and sex-stratified models, a 1% (0%, 2%)
to 2% (1%, 3%) increase in the incidence rate of hip fractures was observed per IQR increase in
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fluoride concentration in those aged 65 and older. For those under 65 years old, no clear
association was observed (Table 27).

Figure 6 shows the model-predicted incidence rates for admissions for hip fractures across
fluoride concentration groups and in each age group for males and females after adjusting for
age group, calendar year, deprivation, ethnicity, and residual clustering by LAD. Model-
predicted incidence rates were highest for the =280 years old age group. The incidence rates
changed little across fluoride concentration categories within each age group for those under 65
years old. A slightly higher incidence rate was observed in the highest compared to the lowest
fluoride concentration categories for the 65 to 79 and the =80 years old age groups (see
Appendix Table A23).

Table 28 shows the association between hip fracture and exposure to a fluoridation scheme
after adjusting for age group, sex, calendar year, deprivation, ethnicity, and residual clustering
by LAD. Overall, those living in areas with a fluoridation scheme had a 4% (95% CI: 0%, 7%)
higher incidence rate of hip fracture compared to those living in areas without schemes and with
low levels (<0.20 mg/L) of natural fluoride. When the model was stratified by age and sex, for
those living in areas with a fluoridation scheme there was a suggestion of a higher incidence
rate for people aged 65 years old and over.

Table A29 in the Appendix showed a 1% higher incidence rate of hip fractures for an IQR
increase in the continuous measure of drinking water fluoride concentrations in both areas with
fluoridation schemes and areas without schemes (including natural fluoridation, where fluoride
was =0.20 mg/L).

Table 26. Adjusted incidence rate ratios for the association between drinking water
fluoride concentration and emergency hospital admissions for hip fracture in people of
all ages between April 2021 and March 2024

Mean fluoride concentration, mg/L Adjusted IRR (95% CI)
<0.10 1.00
0.10t0 0.19 0.98 (0.96, 1.00)
0.20 to 0.39 1.01 (0.98, 1.03)
0.40 to 0.69 1.03 (0.99, 1.06)
>0.70 1.05 (1.02, 1.09)
Continuous 1.01 (1.00, 1.02)

Abbreviations

Cl = confidence interval; IMD = Index of Multiple Deprivation; IRR = Incidence rate ratio; LAD =
Local authority district; mg/L = milligrams per litre.

Notes

Note 1: The model was adjusted for age group, sex, IMD quintile, calendar year, an area-level
measure of ethnicity, and for residual clustering by local authority district.
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Note 2: Mean fluoride concentration is calculated as the mean of annual mean values in the 10

years preceding the year of the hospital admission.

Note 3: The continuous fluoride concentration variable estimates show the change in effect per
interquartile range (0.15 mg/L) increase in fluoride concentration. The interquartile range is the

difference between the fluoride concentration value at the 25th percentile and at the 75th

percentile of the data. This range captures the middle 50% of values.

Table 27. Adjusted incidence rate ratios for the association between drinking water

fluoride concentration and emergency hospital admissions for hip fracture by in people

of all ages between April 2021 and March 2024, by age group and sex

Age, Mean fluoride Adjusted IRR (95% CI): | Adjusted IRR (95% CI):
years concentration, mg/L Female Male
0to49 |[<0.10 1.00 1.00
0.10t0 0.19 0.83 (0.71, 0.97) 0.90 (0.81, 1.00)
0.20 t0 0.39 0.83 (0.67, 1.03) 0.89 (0.77, 1.03)
0.40 to 0.69 0.90 (0.65, 1.24) 0.93 (0.75, 1.15)
>0.70 1.11 (0.88, 1.39) 0.98 (0.83, 1.16)
Continuous 1.02 (0.99, 1.06) 1.00 (0.98, 1.02)
50to 64 [<0.10 1.00 1.00
0.10t0 0.19 0.90 (0.84, 0.96) 0.94 (0.86, 1.02)
0.20 t0 0.39 0.93 (0.85, 1.02) 0.84 (0.75, 0.94)
0.40 to 0.69 1.01 (0.89, 1.16) 0.90 (0.77, 1.06)
>0.70 1.01 (0.91, 1.13) 1.03 (0.91, 1.17)
Continuous 1.01 (0.99, 1.02) 1.00 (0.98, 1.02)
65to 79 [<0.10 1.00 1.00
0.10t0 0.19 0.98 (0.94, 1.02) 0.99 (0.94, 1.04)
0.20 t0 0.39 1.00 (0.95, 1.06) 0.99 (0.93, 1.07)
0.40 to 0.69 1.01 (0.94, 1.09) 1.00 (0.91, 1.10)
>0.70 1.06 (0.99, 1.13) 1.13 (1.04, 1.23)
Continuous 1.01 (1.00, 1.02) 1.02 (1.01, 1.03)
>80 <0.10 1.00 1.00
0.10t0 0.19 1.00 (0.97, 1.03) 1.00 (0.96, 1.04)
0.20 t0 0.39 1.02 (0.98, 1.07) 1.06 (1.00, 1.12)
0.40 to 0.69 1.06 (1.00, 1.12) 1.03 (0.96, 1.12)
>0.70 1.05 (0.99, 1.11) 1.05 (0.98, 1.13)
Continuous 1.01 (1.00, 1.02) 1.01 (1.00, 1.02)
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Abbreviations

Cl = confidence interval; IMD = Index of Multiple Deprivation; IRR = Incidence rate ratio; LAD =
Local authority district; mg/L = milligrams per litre.

Notes

Note 1: The models were adjusted for deprivation, calendar year, ethnicity and for residual
clustering by local authority district.

Note 2: Mean fluoride concentration is calculated as the mean of annual mean values in the 10
years preceding the year of the hospital admission.

Note 3: The continuous fluoride exposure model estimates show the change in effect per
interquartile range (0.15 mg/L) increase in fluoride concentration. The interquartile range is the
difference between the fluoride concentration value at the 25th percentile and at the 75th
percentile of the data. This range captures the middle 50% of values.

Figure 6. Model-predicted incidence rates for emergency hospital admissions for hip
fractures in people of any age for a) females, and b) males, by drinking water fluoride
concentration and age group
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Abbreviations

IMD = Index of Multiple Deprivation; LAD = Local authority district; mg/L = milligrams per litre;
PYAR = Person-years at risk.

Notes

Note 1: The models were adjusted for deprivation, calendar year, ethnicity and for residual
clustering by local authority district. The model-predicted incidence rates are displayed at
reference levels set for these factors, which the least deprived areas (IMD quintile 5), admitted
in 2023, at the mean proportion of people from white backgrounds.

Note 2: Mean fluoride concentration is calculated as the mean of annual mean values in the 10
years preceding the year of hospital admission.

Note 3: Estimates are plotted at the mean fluoride concentration in each fluoride exposure
category (<0.1, 0.1 to 0.19, 0.20 to 0.39, 0.40 to 0.69, 20.70; mg/L). The continuous x axis and
lines connecting the point estimates for each category are to aid visualisation of trends across
fluoride categories only and do not imply a continuous or linear exposure-response relationship.
Note 4: the numerical values for estimates presented in these figures are presented in Appendix
Table A22.
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Table 28. Adjusted incidence rate ratios for the association between fluoridation scheme
status and emergency hospital admissions for hip fracture in people of all ages between

April 2021 and March 2024, by age group and sex

Age, Fluoridation Adjusted IRR Adjusted IRR Adjusted IRR
years scheme (95% CI): (95% CI): (95% CI):
Overall Female Male
Overall No 1.00
Yes 1.04 (1.00, 1.07)
0to 49 No 1.00 1.00
Yes 1.11 (0.95, 1.30) | 1.02(0.91, 1.13)
50 to 64 No 1.00 1.00
Yes 1.04 (0.97,1.13)| 0.99 (0.91, 1.08)
65to 79 No 1.00 1.00
Yes 1.04 (1.00, 1.09) | 1.08 (1.02, 1.15)
>80 No 1.00 1.00
Yes 1.04 (1.00, 1.08) | 1.04 (0.99, 1.10)

Abbreviations

Cl = confidence interval; IMD = Index of Multiple Deprivation; IRR = Incidence rate ratio; LAD =
Local authority district.

Notes

Note 1: The model was adjusted for age group, sex, IMD quintile, calendar year, ethnicity and
for residual clustering by local authority district.

Note 2: Fluoridation scheme status was defined as follows: ‘Yes’: LSOAs where a water
fluoridation scheme operated for at least one year in the 10 years preceding the hospital
admission. ‘No’: LSOAs where a water fluoridation scheme did not operate in any year, and
where the average water fluoride concentration was below 0.20 mg/L. Areas with no fluoridation
scheme and fluoride concentrations at or above 0.20 mg/L were excluded from the analysis.

Cognitive ability in 5 and 7 year olds

Descriptive summary of cognitive ability in the Millenium Cohort Study

MCS data on cognitive ability outcomes was collected from 9,722 children at age 5 and 8,883
children at age 7 in England. After removing those who had changed residency, had not
completed all cognitive abilities subtests, and who could not be linked to a fluoride exposure
category, 8,142 of children in sweep 3 and 7,043 of children in sweep 4 were included in our
sample (Table 29). Due to missing data for one or more of the other risk factors used in
analysis, approximately 97% of children in the sample were then included in the analysis.
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At age 9 months old, approximately 70% of children in the study at ages 5 and 7 were exposed
to drinking water fluoride concentrations below 0.20 mg/L and approximately 7% of children
were exposed to concentrations above 0.70 mg/L (Table 29).

The distribution of children according to sociodemographic characteristics and fluoride exposure
at ages 5 and 7 are presented in Appendix Table A14 and Table A30.

Table 29. Distribution of children in the Millenium Cohort Study used in analysis by
drinking water fluoridation exposure

Mean fluoride concentration, | Children at age 5 Children at age 7
mg/L N (%) N (%)
<0.1 2,306 (30.1) 1,991 (30.0)
0.1t00.19 3,429 (40.5) 2,939 (40.4)
0.21t00.39 1,163 (16.1) 1,012 (15.9)
0.4 to 0.69 353 (6.1) 314 (6.0)
20.7 621 (7.3) 542 (7.6)
Total 7,872 (100.0) 6,798 (100.0)

Abbreviations
mg/L = milligrams per litre; n = number.

Notes

Note 1: Percentages are weighted using the MCS sweep survey weights to account for
sampling design.

Note 2: Children aged 5 and 7 years old were assessed in MCS sweep 3 and sweep 4,
respectively.

Note 3: Mean fluoride exposure was measured for the area that the child lived in when they
were approximately 9 months old.

Note 4: Percentages may not sum to the total due to rounding.

Association between fluoride in drinking water and cognitive ability

Table 30 shows the estimated difference in cognitive ability test scores at 5 and 7 years old for
each drinking water fluoride concentration category at 9 months old, after adjusting for the
selected risk factors (see Appendix Table A2 and Table A20). Overall, the results did not
suggest an association between fluoride exposure at 9 months old and cognitive ability at 5 and
7 years old. Most differences in test scores between areas in the lowest fluoride concentration
category (<0.10 mg/L) and areas with higher concentrations were close to zero. Confidence
intervals for the estimated difference in test score included zero in all but one instance, and
there was no consistency in the direction of effect or suggestion of a trend across fluoride
concentration categories for any cognitive ability sub-test. This was also the case for findings
from the continuous exposure measure. See the Appendix Table A20 for the fully adjusted
models including estimates for all other risk factors.
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Sensitivity analyses using mean fluoride concentration at age 5 or 7 years old, or assessing
outcomes at age 7 years old after excluding those with learning disabilities, similarly found no
evidence of an association (see Appendix Table A31 and Table A32).

In accordance with the analysis plan, analysis for the water fluoridation scheme exposure
measure was not conducted because no association was detected between cognitive ability and
the water fluoride concentration exposure measure.

Table 30. Adjusted regression coefficients for the association between drinking water
fluoride concentration and cognitive ability test scores in 5 and 7 year olds in the
Millenium Cohort Study

Child age at | Cognitive ability Mean fluoride Difference in test score,
assessment | test concentration, mg/L Adjusted beta (95% Cl)
Age 5 Naming vocabulary |<0.10 0.00
(BAS-NV) 0.10 to 0.19 -0.47 (-1.03, 0.09)

0.20 t0 0.39 -0.67 (-1.40, 0.06)

0.40 to 0.69 0.63(-0.52, 1.78)

>0.70 0.33(-0.61, 1.27)

Continuous 0.10(-0.03, 0.23)

Pattern construction |<0.10 0.00

(BAS-PC) 0.10 to 0.19 -0.02 (-0.58, 0.54)

0.20 t0 0.39 -0.14 (-0.89, 0.61)

0.40 to 0.69 -1.24 (-2.43, -0.04)

>0.70 0.57 (-0.38, 1.51)

Continuous 0.04 (-0.09, 0.17)

Picture similarities <0.10 0.00

(BAS-P3) 0.10 t0 0.19 0.43 (-0.19, 1.04)

0.20 t0 0.39 -0.39(-1.20, 0.42)

0.40 to 0.69 -0.40 (-1.65, 0.85)

>0.70 -0.69 (-1.73, 0.36)

Continuous -0.11 (-0.25, 0.03)

Age 7 Word reading (BAS- |<0.10 0.00
WR) 0.10 to 0.19 0.62 (-0.36, 1.60)

0.20 t0 0.39 0.89(-0.39, 2.17)

0.40 to 0.69 0.49(-1.51, 2.48)

>0.70 -0.55(-2.19, 1.10)

Continuous -0.06 (-0.28, 0.16)
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Child age at | Cognitive ability Mean fluoride Difference in test score,
assessment |test concentration, mg/L Adjusted beta (95% Cl)
Pattern construction |<0.10 0.00

(BAS-PC) 0.10 t0 0.19 -0.09 (-0.76, 0.58)

0.20 t0 0.39 0.07 (-0.80, 0.93)

0.40 to 0.69 0.81(-0.55, 2.18)

20.70 -0.33(-1.45, 0.78)

Continuous -0.01 (-0.15, 0.14)

Progress in maths <0.10 0.00

(NFER-PiM) 0.10 t0 0.19 -0.07 (-0.84, 1.19)

0.20 to 0.39 0.57 (-1.42, 1.28)

0.40 to 0.69 0.76 (-1.51, 2.65)

20.70 0.18 (-1.02, 2.53)

Continuous 0.09(-0.14, 0.33)

Abbreviations

Cl = confidence interval; BAS = British Ability Scale; IMD = Index of Multiple Deprivation; IQR =
Interquartile range; mg/L = milligrams per litre; NFER = National Foundation for Educational
Research; OECD = Organization for Economic Cooperation and Development.

Notes

Note 1: Difference in test score compared to the lowest group (<0.10 mg/L, categorical
exposure) or difference per the interquartile range increase in fluoride (0.13 mg/L, continuous
exposure) in drinking water fluoride exposure, adjusted for other common risk factors: age at
interview, sex, maternal ethnicity, breastfeeding status, OECD income-weighted quintiles,
highest parental academic qualification, sample weights, and clustering. In addition to the
common risk factors, each cognitive ability test was adjusted for further factors: BAS-NV
(maternal age at childbirth, exposure to smoke, IMD deciles, child started school, speech or
language concerns), BAS-PC at age 5 (birthweight, IMD deciles, child started school, speech or
language concerns), BAS-PS (birthweight, maternal age at childbirth, speech or language
concerns), BAS-WR (birthweight, exposure to smoke, child has special needs), BAS-PC at age
7 (IMD deciles, child has special needs), NFER-PiM (birthweight, maternal age at childbirth,
child has special needs). Models also accounted for residual clustering by LSOA.

Note 2: Mean fluoride exposure was measured for the area that child lived when they were
approximately 9 months old.

Note 3: The interquartile range is the difference between the fluoride concentration value at the 25th
percentile and at the 75th percentile of the data. This range captures the middle 50% of values.
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Discussion

This is the fourth HMR published by the working group. The series assesses the associations
between drinking water fluoride exposure and dental and non-dental health outcomes every 4
years in order to provide evidence on the public health benefits and any potential harms of
water fluoridation in England.

The scope of the reports has changed over time to appropriately address the public health
questions relevant to monitoring the health effects of water fluoridation. The 2014 report
assessed the potential health impacts associated with areas with water fluoridation schemes
compared to areas without. The 2018 report additionally measured exposure based on drinking
water fluoride concentrations in the area, and this exposure approach has been continued in
2022 and 2026.

All reports have assessed associations with dental caries prevalence and severity and hospital
admissions for tooth extractions. Dental fluorosis was additionally investigated in 2014 and
2018. The range of non-dental health outcomes included has varied over time. The 2014 report
identified a range of potential non-dental health outcomes that had been discussed in the
literature and had suitable data available for England: hip fractures, kidney stones, all-cause
mortality, Down syndrome, bladder cancer, osteosarcoma, and all-cancers. The 2018 report
assessed the same health outcomes except for all-cause mortality and all-cancer outcomes.
Due to pressures on research capacity caused by the COVID-19 pandemic, the 2022 report had
a more limited scope and hip fracture was the only non-dental health outcome assessed. This
2026 HMR evaluated the range of potential non-dental health outcomes for inclusion as
suggested in the literature and previous reports. Based on this evaluation and feasibility, this
HMR conducted analysis for hip fractures and cognitive ability.

The overall findings of this HMR are similar to those of the 2014, 2018 and 2022 reports. It has
been consistently observed that higher drinking water fluoride exposure is associated with
better dental health outcomes, and that dental health benefits are greatest for the more
deprived areas which have the largest burden of poor dental health in children. Reports,
including the 2026 HMR, have consistently observed no convincing evidence of an association
between fluoride exposure and adverse non-dental health outcomes. As the methods used in
this report were not exactly the same as those followed in the previous reports, point estimates
should not be directly compared across reports.

Dental outcomes

Overall, this report observed evidence of lower odds of dental caries experience prevalence,
lower probability of having a higher dental caries severity score, and lower incidence rates of
tooth extractions for those living in areas with water fluoridation schemes compared to in areas
without schemes and with low levels of natural fluoride (<0.20 mg/L). These dental outcomes
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were also lower in areas with higher compared to lower drinking water fluoride concentrations.
There was a greater absolute reduction in the prevalence and incidence rates of poor dental
health outcomes at higher fluoride concentrations in the most deprived compared to the least
deprived areas, thus contributing to narrowing dental health inequalities. Children in the most
deprived areas experience the highest levels of poor dental health outcomes, making water
fluoridation an important and equitable public health intervention for improving children’s dental
health outcomes in England.

These findings are in line with previous HMRs and other published international evidence for
water fluoridation concentrations below the WHO guideline value (1.5 mg/L). The 2022 and
2018 HMRs found that areas with fluoridation schemes or higher fluoride concentrations had
lower prevalence of dental caries experience, dental caries severity score and hospital
admissions for caries-related tooth extractions. Both reports found that these benefits to dental
health from higher fluoride concentrations were greatest in the most deprived areas, thus
contributing to narrowing dental health inequalities. International evidence has also consistently
found that higher levels of fluoride in drinking water, even at levels well below the WHO
guideline value (1.5 mg/L), can reduce the occurrence of adverse dental outcomes in children
(13, 16, 18, 20). A recent Cochrane meta-analysis reported that the initiation of water
fluoridation schemes is associated with a reduction in the total proportion of children with dental
caries experience and also with a reduction in the number of decayed, missing or filled primary
teeth per child, although effect estimates were imprecise (16). The biological mechanism for the
role of fluoride in increasing tooth resistance to dental caries and in slowing dental caries
progression is well established.

Water fluoridation allows all people accessing mains drinking water to receive these benefits
without changing their normal behaviour, making it an important public health intervention to
support equitable population-level improvements in dental health.

This analysis uses an ecological design and uses recent water fluoride concentrations in the
person’s local area to estimate exposure. As fluoride concentrations in England varied little
across recent years and between nearby LSOAs, the 10-year exposure window for 0 to 19 year
olds and particularly the 6-year window for 5 year olds used in the dental outcomes analyses
were considered reasonable measures of their lifetime exposure. This analysis adjusted for
area-level deprivation and a binary measure of ethnicity. As dental outcomes can also be
influenced by diet, oral hygiene behaviour, caregiver care-seeking behaviours, availability and
access to primary dental care and oral health improvement programmes, we cannot rule out
residual or unmeasured confounding from one or more of these factors. However, area-level
deprivation likely captures some important aspects of variation in these factors (67).

Dental caries experience

This report finds that approximately 23% of 5 year olds in England experienced dental caries
(had at least one tooth with visible decay at the dentinal level, or a missing or filled tooth) in both
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the 2022 and 2024 surveys. This is similar to the prevalence reported in previous HMRs (2022:
23% (4); 2018: 25% (3); 2014: 26% (2)).

This HMR, for both the 2022 and 2024 oral health surveys, observed lower odds of dental
caries experience for children living in areas with fluoridation schemes compared to without, in
areas in higher drinking water fluoride concentration categories compared to the lowest
category, and for increasing concentrations of fluoride in water. The trend in the relative
reduction of the odds of dental caries experience by increasing water fluoride concentrations
was similar across all levels of deprivation, but only statistically important for the most deprived
areas. The most deprived areas benefitted the most as observed in the absolute reductions in
model-predicted prevalence of child dental caries experience. This is important from a public
health perspective, as the populations ‘at risk’ of dental caries are disproportionately greater in
the most deprived areas, with a greater burden of adverse dental health, and worse uptake of
dental care (41).

Findings in this HMR are in line with the 2018 and 2022 HMR results. These reports had found
that lower dental caries experience was associated with living in areas with higher fluoride
levels in all quantiles of deprivation, however there was no clear trend in these associations
across the quantiles of deprivation. As the most deprived areas had the worst baseline levels of
dental caries experience, the reductions in the outcome observed at higher levels of fluoride
meant that the most deprived areas benefitted the most in absolute terms.

While data from the 2023 oral health survey conducted in Year 6 children (10 or 11 year olds)
was included for the first time in the report series, limitations of the data meant only descriptive
statistics were presented for this outcome. Approximately 16% of Year 6 students had dental
caries experience in their permanent teeth, affecting an average of 0.3 permanent teeth per
child. However, this is likely an underestimate as, at age 10 or 11 years old, typically only a few
permanent teeth have erupted and can be assessed for decay, and these often have not yet
expressed their full dental caries susceptibility to the extent that can be identified under survey
conditions (76). The 2023 survey round included in this report was the first time the oral health
survey was undertaken in this age group, so changes over time cannot be determined.

Dental caries severity score

This HMR finds a mean dental caries severity score (average number of teeth with dental caries
per child) among 5 year olds of 0.82 in 2022 and 0.80 in 2024. These values are similar to those
reported in previous years, with scores of 0.87, 0.82 and 0.77 reported in the 2014, 2018 and
2022 HMRs, respectively.

This HMR, for both the 2022 and 2024 oral health surveys, observed a lower probability of
being in the highest dental caries severity score category for children living in areas with
fluoridation schemes compared to areas without, in areas with higher drinking water fluoride
concentration categories compared to areas with the lowest category, and for increasing
concentrations of fluoride in water. There was some evidence in the 2024 oral health survey
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data that those in the more deprived areas saw a larger protective effect from the highest
fluoride concentrations compared to those in less deprived areas. This effect was not observed
for the 2022 oral health survey data.

Findings in this HMR are in line with the 2018 and 2022 HMR results. These reports found a
reduction in the probability of being in the highest dental caries severity score category
compared to the others across increasing fluoride concentration categories, although the 2018
HMR did not find evidence of a clear trend across increasing fluoride concentration categories.
In the 2026, 2022 and 2018 HMRs, children in the most deprived areas saw the greatest
reductions in probability of being in the highest severity score category when exposed to higher
fluoride concentrations.

Caries-related tooth extractions

This HMR finds an incidence rate of 213 hospital admissions for caries-related tooth extractions
per 100,000 PYAR in O to 19 year olds between April 2021 and March 2024 in England. This is
lower than the incidence rates of 249 and 310 admissions per 100,000 PYAR reported in the
2022 (4) and 2018 (3) HMRs, respectively (the 2014 HMR did not report this value). This
decrease in incidence is likely due to the impact of the COVID-19 pandemic on hospital services
and the continuing recovery from that impact through to 2024 (50).

This report observed lower incidence rates of hospital admissions for caries-related tooth
extractions for children living in areas with fluoridation schemes compared to areas without, in
areas with higher drinking water fluoride concentration categories compared to areas in the
lowest category, and for increasing concentrations of fluoride in water. These lower incidence
rates were observed across all deprivation groups but were statistically important and lowest in
the most deprived areas. Absolute reductions in model-predicted incidence rates of admissions
in the highest versus lowest fluoride concentration categories were larger in more deprived
areas.

These findings are consistent with those reported in the 2018 and 2022 HMRs which observed
lower incidence rates for tooth extraction with increasing fluoride concentration categories, with
a clear trend across categories. As incidence rates for tooth extractions are highest in the most
deprived areas of England, like all previous reports, this HMR found that this led to absolute
reductions in model-predicted incidence rates for areas with higher compared to lower fluoride
exposure that were largest in the most deprived areas.

Hip fractures

This HMR finds an incidence rate of 112 emergency hospital admissions for hip fractures per
100,000 PYAR between April 2021 and March 2024 in England. This is similar to the incidence
rates of 115, 112 and 119 admissions per 100,000 PYAR reported in the 2022 (4) 2018 (3) and
2014 (2) HMRs, respectively.
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Overall, this report concluded that the findings on the association between hip fracture risk and
fluoride exposure did not provide convincing evidence of a relationship when considered
alongside the wider international evidence and the limitations of this study. The observed
associations for hip fractures varied by age and sex. For people 65 years and over, there was a
suggestion of a slightly higher risk of emergency hospital admission for hip fracture if living in
areas with fluoridation schemes, or living in areas with fluoride concentrations at or above 0.40
mg/L. For those under 65 years old, there was a suggestion of a lower risk of hip fracture if
living in areas with fluoride concentrations between 0.10 and 0.39 mg/L, but there was no
evidence of a relationship with fluoride concentrations at or above 0.40 mg/L or with living in
areas with a fluoridation scheme. Most confidence intervals for effect estimates included the
possibility of no effect.

These results are in line with findings in the 2018 and 2022 HMRs. Past reports concluded that,
overall, there was no convincing evidence of a causal association when considering the wider
literature, limitations of the study design, inconsistencies across age groups and the small effect
sizes.

This 2026 HMR analysis uses recent water fluoride exposure as opposed to a measure of
lifetime fluoride intake. The exposure measure used was the average annual fluoride
concentration, or the presence of a fluoridation scheme, over the previous 10 years in the LSOA
in which the individual was recorded as resident at the time of the event (admission for hip
fracture). In the older age groups, the likelihood that this accurately reflects lifetime exposure
diminishes as individuals age and potentially move between locations with different fluoride
concentrations during. The exposure assigned may therefore not be representative of their total
lifetime fluoride exposure. Furthermore, lifetime intake of fluoride reflects other features which
may have changed over the lifetime, including initiation of water fluoridation schemes, water
consumption rates, historical changes in dental care practices and the use of fluoride
treatments, use of fluoridated toothpastes and other dental products, dietary intake and other
factors (7).

This analysis adjusted for sex, age group, calendar year of admission and area-level measures
of ethnicity and deprivation to account for other risk factors and potential confounding. Hip
fracture risk is also affected by individual-level factors not available for inclusion in this analysis
including bone mineral density, prior fragility fracture, parental history of hip fracture, smoking,
systemic corticosteroid use, excess alcohol intake and rheumatoid arthritis (77). Area-level
factors that may not be captured by the IMD such as access to preventive health services,
prescription services for osteoporosis or hormone replacement therapy in females, and wider
regional differences in lifestyle factors, may also influence findings (78, 79). Although we do not
have an explanation for how these factors at the individual- or area-level may be related to the
distribution of water fluoride exposures, we cannot rule out potential residual or unmeasured
confounding.

This HMR'’s findings can be placed in the context of wider international evidence, and
particularly those from studies assessing lower fluoride concentrations (<1.5 mg/L). Bone and
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hip fractures are known to be more common at older ages due to increasing frailty and
propensity to falls and are more frequent in older women due to changes in hormonal status
after menopause. Two authoritative organisations, Australia’s NHMRC and Canada’s CADTH,
have found evidence of no association between fluoride exposure below 1.5 mg/L and hip
fractures (13, 20). The most recent detailed assessment of the evidence conducted by EFSA
(2025) for bone fractures overall suggested that there was insufficient evidence at lower
exposures (<1.5 mg/L) to conclude on the presence of an association. They note that, even at
relatively low water concentrations leading to an intake above approximately 3 mg per day,
fluoride may affect bone mineral density, however whether these findings reflect an adverse
effect on health, and the threshold at which this results in decreased mechanical strength of the
bone and has an effect on overall fracture risk is unknown (7). The EFSA report did not quantify
any dose-response relationship between fluoride and hip fractures, but a well-conducted recent
meta-analysis by Mazzoli and colleagues (78). found no association between hip fractures and
drinking water fluoride concentrations in the range of exposures assessed (0.0 to 1.8 mg/L).

Placed within the wider international evidence, the findings of this report were not considered to
provide convincing evidence of a relationship between water fluoridation and hip fracture risk.
This conclusion reflects the small effect sizes and lack of statistical confidence of estimates
observed across age- and sex-specific groups, the study limitations including the substantial
uncertainty in exposure assignment for this health outcome, and the absence of evidence
provided by authoritative international reviews for an association between drinking water
fluoride concentrations below 1.5 mg/L and bone fractures. Continued monitoring remains
justified, both to assess any changes in the wider evidence and to address some of the key
methodological limitations of the study design for the hip fractures analysis used in the present
HMR.

Cognitive ability

This HMR assessed cognitive ability using 6 standardised measures from the British Ability
Scales and the National Foundation for Education Research tests in children aged 5 and 7
years old. This report did not find that exposure to drinking water fluoride early in life (ranging
from 0.01 to 1.0 mg/L) was associated with cognitive ability outcomes at ages 5 and 7 years old,
after controlling for individual- and area-based covariates. Our sensitivity analyses did not show
any evidence of an association when fluoride was measured at age 5 or age 7 or when
excluding children aged 7 with special educational needs.

International evidence reviews identified insufficient or unclear evidence for an association
between neurodevelopment and cognition outcomes and drinking water fluoride concentrations
below the WHO guideline value (1.5 mg/L) (7, 15, 20 to 22). This is one of the largest studies to
date examining cognitive ability in young children at fluoridation levels well below the WHO
guideline value, and our findings contribute to this evidence gap. As other environmental
exposures have been shown to affect cognitive ability and may play an important role in the
association between drinking water fluoride and cognitive ability, such as lead and inorganic
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arsenic concentrations in water (80 to 83), air pollution (84 to 86) noise and access to green
space (84) we cannot rule out residual or unmeasured confounding from one or more of these
other risk factors. A separate scientific manuscript focused on the cognitive ability analysis has
been submitted to an academic journal, and more detail will be available in that paper.

Strengths and limitations

Strengths

The 2026 HMR is similar in overall approach to the 2014, 2018 and 2022 HMRs, and has
several strengths which are:

e this series, publishing analyses at 4-year intervals, allows monitoring of the potential
population health effects of fluoride over time, integrating new international evidence,
updated data sources and improved analysis methods

e the health data used is selected to be representative of the wider English population,
by either using surveys with representative designs or using routine data that
captures all recorded hospital admissions within the study period, so that the
evidence provided is generalisable and informative at the national level

e in this 2026 HMR, 3 measures of fluoride exposure are assessed (categories of
drinking water fluoride concentration, a continuous measure of water fluoride
concentration and whether an area has an operating fluoridation scheme), which
supports an understanding of how associations with health outcomes change at
different fluoride concentrations found in England, in addition to fulfilling the
requirement to monitor the potential effects of water fluoridation schemes

e 3 dental health outcomes (dental caries experience, dental caries severity score
categories and hospital admissions for caries-related tooth extractions) are analysed,
which allows comparison of findings across data sources, age groups, and severity
of health impact, and includes those with both treated and untreated dental caries.
This allows consistency in effect to be assessed and strengthens the confidence in
our findings on dental health outcomes

e a comprehensive range of non-dental health outcomes have been assessed across
the HMRs, and some such as hip fractures have been consistently examined across
the years, allowing continued monitoring

¢ this HMR also continues to assess if the relationship between health outcomes and
fluoride exposure differs across deprivation levels, thus providing important evidence
about the potential of water fluoridation as a public health intervention for reducing
dental health inequalities, for which there is a gap in the wider public health literature
(16)

e over 85% of the English population is exposed to drinking water fluoride
concentrations <0.40 mg/L and the evidence provided by this and previous HMRs
contributes to an important gap in the wider public health and scientific literature on
the effectiveness of drinking water fluoridation as a public health measure at
concentrations well below the WHO guideline value (<1.5 mg/L)
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There are several notable improvements in the latest 2026 report. A synthesis of conclusions from
recent systematic and evidence reviews written by international authoritative organisations was
conducted, to inform the justification for selection of the health outcomes included in the analyses.
A cognitive ability outcome for children was included and assessed for the first time, responding
to the need to assess the impact of drinking water fluoride concentration levels well below the
WHO guideline value (<1.5 mg/L) on child neurodevelopment. The exposure measurement was
improved in 2 key ways. Drinking water fluoride concentration exposures were assigned to
smaller geographic area units, LSOAs (areas of 1,000 to 3,000 people) rather than MSOAs
(5,000 to 15,000 people) which were used in previous HMRs, and therefore likely reduced the
ecological misclassification of exposure. For selected health outcomes (hospital admissions for
tooth extractions and hip fractures, and cognitive ability outcomes), fluoride exposure was
assigned using methods that better reflected the exposure latency period and potential biological
window of effect; previous reports had used average water fluoride concentrations across all
available exposure years for all outcomes. Additional model testing and validation was also
included in the statistical protocol for this HMR, to ensure estimation approaches to improve
robustness.

Limitations

Despite the above strengths of this HMR, there are some notable limitations that should inform
interpretation of our findings.

Exposure measurement

Although drinking water fluoride exposure data was available annually from 2011 to 2024, the
residential addresses of the study populations were only available at the time of the health
event or survey measurement. Exposure assignment was based on the residential address (at
the LSOA level) at the time of the health event or survey, assuming that the assigned exposure
was representative of individual exposure over a time period relevant to the health outcome. As
our analysis does not account for residential mobility during the exposure period, this can
potentially lead to misclassification of exposure in our study populations. In younger populations
(of children) in our study, these exposure assignments were more likely to reflect their
individual- or area-level exposure experience as the plausible biological windows of exposure
were closer in time to the health event or measurement. For hip fractures, due to the wide age
range, this was more difficult to assume, as the most recent 10-year exposure window may not
reflect lifetime exposures and this may impact the interpretation of our findings. Individuals may
also live in an area with a given drinking water fluoride concentration but work or attend school
elsewhere with a different fluoride concentration and therefore have a different overall exposure.
However, most of the population in England lives in areas with similar low exposure levels, with
over 85% of the population exposed between 2017 and 2024 to concentrations below 0.40 mg/L
(Table 9). There is also no reason that such exposure misclassification would be differential by
outcome status and as such our estimates could be interpreted as conservative.
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As this analysis assumes that the main source of fluoride is from mains drinking water, for those
exposed to fluoride concentrations <0.30 mg/L, which represents a majority of the population,
other sources such as dental care products and diet may be a larger contributor to total fluoride
intake. While data on intake from other sources was not available, our analyses show that
regardless of these factors, higher levels of fluoride in water continue to be associated with
better dental health outcomes.

Selection bias

The oral health surveys required parental agreement for children to participate, and this has
been shown to adversely affect participation rates. Among children from whom parental
agreement for participation was sought, approximately 60% of children completed the survey in
2022 and 2024. There were also issues with wider areas of England not commissioning the
survey at the local level; in both survey years 12% to 15% of upper tier local authorities (UTLAS)
did not commission the survey and 34% to 46% of lower tier local authority areas (LTLAs) did
not achieve the minimum sample size and so were removed from the final survey sample.
UTLAs not commissioning the survey were mostly in the South East and Yorkshire and the
Humber. Despite this, the final sample remained largely representative of the English population
of the same age in terms of deprivation levels and ethnicity. However, it remains possible that
parental agreement to participate was lower for children with worse dental caries outcomes,
leading to an underestimation of dental caries experience and severity. Further details on the
extent of these issues and implications for potential bias are detailed in the NDEP oral health
survey reports (44 to 46).

Routine data used for the tooth extractions outcome in this report can have some limitations
related to completeness, accuracy and timeliness. There are also known procedural intricacies
that mean that children admitted to hospital for tooth extractions may not be recorded in the
HES APC dataset under certain referral pathways. However, there is no reason to expect the
completeness of the data to be differential across fluoride exposure levels, so it is unlikely to
impact results. Data on hip fracture admissions is expected to be relatively complete and timely
as they are reliably diagnosed.

The first MCS survey sweep had an overall response rate of 68% (87). Of the eligible sample in
sweep 3 and sweep 4, 98% and 99% provided partially or fully complete data for the child
cognitive assessments (88, 89). Analyses in the MCS technical report suggest that families lost
before fieldwork do not appear to contribute to a biased final study population as higher
exclusion rates in disadvantaged areas were offset by higher opt-out rates in advantaged areas
(51). The MCS provides survey weights (51) for each sweep that were applied to correct for
differential attrition and maintain representativeness. With this correction, the MCS data likely
provides a fair approximation of the English 5 and 7 year old population, although there will
have been some secular changes in the characteristics of this age group in England since the
outcome data was collected in 2006 to 2008.
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Analyses using the fluoridation scheme exposure measure had a reduced analytical sample due
to missing information related to existence of a fluoridation scheme at LSOA-level. Our
definition of fluoridation scheme exposure was intentionally stringent and required LSOAs to
have data in each year in the exposure window, which further limited the number of LSOAs with
complete data. Because LSOAs with missing information may differ systematically from those
with complete data, this may introduce selection bias, reduce generalisability and decrease
statistical power for this part of the analysis.

Residual and unmeasured confounding

This report adjusted analyses for selected potential risk factors with available data that could
also act as confounders in our study. Not all potential risk factors were included due to a lack of
data and the level of information available for some risk factors may insufficiently capture their
variability across population groups. This may result in unmeasured or residual confounding in
this report. Population health risk factors do vary by socioeconomic and deprivation status, and
those with poorer health typically also experience worse overall life conditions. By including a
composite measure of deprivation (IMD) (20) in our analyses, we consider to have partially
accounted for those other risk factors and residual or unmeasured confounding.

Multiple testing

In this report, we have investigated the associations between 3 fluoride exposure measures
(continuous and categorical drinking water fluoride concentrations and presence of a fluoridation
scheme) and 5 different health outcomes (dental caries experience, dental caries severity, caries-
related tooth extraction, hip fractures and cognitive ability). In some analyses, we had also
stratified the results due to expected modification of the effect of fluoride exposure on health
outcomes. Therefore, multiple estimates with confidence intervals were reported in this HMR. We
cannot exclude the possibility that some statistically important findings will have occurred by
chance, and all estimates should be interpreted cautiously.
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Conclusion

In line with previous HMRs, the findings of the 2026 HMR are consistent with the view that
water fluoridation at levels within the regulatory limit for England (<1.5 mg/L) is a beneficial
public health intervention for reducing dental caries in children, with no convincing evidence of
harm to non-dental health. This report continues to find that the dental health benefits are
largest in the more deprived areas, where baseline dental health and uptake of dental care tend
to be poorer, and so water fluoridation makes an important contribution to reducing dental
health inequalities. This report observed no evidence of an association with cognitive ability in
children and no convincing evidence of an association with hip fractures.

Our findings are consistent with those from wider systematic reviews of international evidence
for the effects of fluoride at concentrations below 1.5 mg/L. In practice, fluoride concentrations
in fluoridated areas in England are well below the regulatory limit, averaging below 0.8 mg/L in
all years since 2016.

This series monitors the potential population health effects of fluoride over time using data that
is representative of the wider English population, such that the evidence provided is informative
at the national level. This report contributes to an important gap in the wider public health and
epidemiological literature assessing associations with selected non-dental health outcomes and
inequalities in dental health at levels well below the WHO guideline value of 1.5 mg/L. Due to
some of the limitations of this study, all findings should be interpreted with caution and in the
context of the wider scientific evidence. This report provides epidemiological evidence that can
inform an understanding of associations between drinking water fluoride exposure and our
selected health outcomes. However, it cannot by itself determine whether these associations
are causative, and a lack of observed associations does not definitively confirm the absence of
a relationship.

The methods used in this report are not exactly the same as in previous reports in the HMR
series, and as such findings from the 2022 and 2018 reports cannot be directly compared.

The Water Fluoridation Health Monitoring Working Group continues to keep the wider evidence
under review and will publish a further report within the next 4 years.
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