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Environmental epidemiology is a field replete with contro-
versies, but the intensity of the debate inspired by the fluori-
dation of municipal water supplies to reduce dental caries is

perhaps unrivaled. Govern-
ments, as well as individu-
als, differ in their assess-
ments of water fluoridation
as public policy. The US Cen-
ters for Disease Control and

Prevention consider water fluoridation to be one of the
top 10 public health achievements in the 20th century,1 re-
ducing both overall caries prevalence and socioeconomic
disparities.2 Regions in which water fluoridation is rare, such
as Europe, rely on more targeted strategies to deliver fluoride
(eg, supplements, dental treatments and products, fortifica-
tion of milk and salt). Notably, in most Western European coun-
tries, the prevalence of decayed, missing, or filled teeth is simi-
lar to or lower than the prevalence in the United States.3

Initially, opposition to water fluoridation centered on the
ethical objection that it is, in effect, a compulsory medication
administered indiscriminately to water consumers without
their consent. Over time, adverse health effects of excessive
fluoride intake, such as tooth enamel fluorosis and skeletal
fluorosis, were identified. The emerging hypothesis that fluo-
ride is also a neurodevelopmental toxicant4 has provided
opponents of fluoridation with another, potentially even
more powerful, argument.

Many studies have reported inverse associations of chil-
dren’s fluoride exposure with their cognition, but the infer-
ences that can be drawn from these studies are limited by their
generally poor quality. A 2012 systematic review of 27 studies,5

most from China and most ecologic in design, concluded that
children in communities with water fluoride concentrations
that are naturally high have lower intelligence scores than chil-
dren in communities with lower natural fluoride concentra-
tions. The fluoride concentrations were as high as 11.5 mg/L,
however, well above the target of 0.7 mg/L recommended by
the US Public Health Service for water fluoridation programs.6

Moreover, in the ecologic studies, water fluoride concentra-
tion was likely not the only relevant variable that distin-
guished exposed and control communities, creating fertile
ground for residual confounding. An ecologic study involv-
ing more than 900 members of a complete birth cohort in New
Zealand (Dunedin)7 evaluated concentrations more typical of
fluoridated communities and reported no differences be-
tween the IQ scores, either in childhood or adulthood, of in-
dividuals who lived in areas in which water was fluoridated
and those who did not. Although many potential confound-
ers were considered, biomarkers of fluoride exposure were not

measured. Because individuals were classified into exposure
groups based solely on community of residence, some mis-
classification was inevitable. If the errors were random, the
most likely result is that effect estimates were biased towards
the null. In 2017, a prospective cohort study in Mexico City8

moved the field forward by measuring a biomarker, reporting
that the concentration of fluoride in maternal urine during
pregnancy (mean [SD] concentration, 0.9 [0.4] mg/L) was
inversely associated with children’s cognitive scores at both
age 4 years and 6 to 12 years.

In this issue of JAMA Pediatrics, Green et al9 report an
important contribution to the debate about the potential
developmental neurotoxicity associated with fluoride. The
authors studied 512 mother-child pairs from 6 major Cana-
dian cities, approximately 40% of whom lived in fluoridated
communities. Children’s prenatal exposure to fluoride was
estimated in 2 ways: (1) mean fluoride concentration in
maternal urine samples collected in each trimester of preg-
nancy (reflecting fluoride intake from all sources) and
(2) daily maternal fluoride intake during pregnancy based on
self-reported first and third trimester water and water-based
beverage consumption in a subset of 400 maternal-child
dyads with complete data. The median (range) maternal uri-
nary fluoride concentration was 0.41 (0.06-2.44) mg/L.
Mean (SD) urinary fluoride concentration was significantly
greater among women from fluoridated communities
(0.7 [0.4] mg/L) than nonfluoridated communities (0.4
[0.3] mg/L). The most important finding was a significant
inverse association of maternal urinary fluoride concentra-
tion with children’s Full Scale IQ scores at age 3 to 4 years in
boys, such that a 1-mg/L increase in concentration was asso-
ciated with a deficit of 4.5 (95% CI, −8.4 to −0.6) points.
Boys with a mother in the 90th percentile of urinary fluoride
concentration scored approximately 3 points lower than
boys with a mother in the 10th percentile. However, the
association was not significant in girls. A sex difference was
not found when the exposure index was daily maternal fluo-
ride intake, but the main effect was significant. A 1-mg
increase in estimated daily maternal fluoride intake was
associated with a deficit of 3.7 (95% CI, −7.2 to −0.1) points in
Full Scale IQ.

No doubt aware of the close scrutiny their study will re-
ceive, Green et al9 considered numerous potential threats to
the validity of the findings. Analyses were adjusted for impor-
tant covariates (eg, maternal education, race, quality of the
home environment), including other chemicals (lead, mer-
cury, manganese, perfluorooctanoic acid, or arsenic). Fluo-
ride concentrations in the spot maternal urine samples were
adjusted for dilution using both specific gravity (primary analy-
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ses) and creatinine levels, with similar results. Regression mod-
els were evaluated for collinearity, influential observations, and
outliers. The distributions of residuals and plots of residuals
vs fitted values were examined to confirm that model assump-
tions were met. Spline regression was used to assess whether
the association between the dose and effect was nonlinear. The
results appear to be robust. The effect size seen in boys (4.5
IQ points per 1-mg/L increase in maternal urinary fluoride con-
centration) is generally consistent with the effect sizes re-
ported in the Mexico City study (2.5 points per 0.5-mg/L
increase in maternal urinary fluoride concentration)8 and
in a 2018 Chinese study (5.3 points per 1-mg/L increase in
children’s urinary fluoride concentration).10

All studies have limitations, and Green et al9 acknowl-
edge several. Most notably, they identify ways in which
future studies might improve on the methods they used
to measure biomarkers of fetal fluoride exposure and to esti-
mate fluoride intake.

No single observational study provides a definitive test
of a hypothesis, and early studies of an association that is
subsequently confirmed tend to report larger effect sizes
than do later studies.11 These considerations notwithstand-
ing, the hypothesis that fluoride is a neurodevelopmental
toxicant must now be given serious consideration. It is likely
to take some time before the implications of the study by
Green et al9 can be fully appreciated. It is instructive to recall
that the hypothesis that subclinical lead exposures pose a
neurodevelopmental hazard was bitterly contested in the
1980s and 1990s, and it was only the weight of evidence that
eventually accumulated that led to the now widely held con-
sensus that no level of lead exposure is safe. Research on
fluoride as a potential neurodevelopmental toxicant is still at
an early stage, and compelling weight of evidence from
high-quality epidemiological studies has not yet developed.
If the hypothesis is true, the implications are worrisome.
Exposure to fluoride has increased substantially in recent
decades. Between the 1986-1987 and 2011-2012 National
Health and Nutrition Examination Surveys, the prevalence
of moderate/severe dental fluorosis among US adolescents

had increased from 1% to 30%.12 If the effect sizes reported
by Green et al9 and others are valid, the total cognitive loss
at the population level that might be associated with chil-
dren’s prenatal exposure to fluoride could be substantial.13

At present, there is no reference value for urinary fluoride
concentration in pregnancy, and guidance on fluoride use to
prevent caries does not include separate recommendations
for pregnant women.14

Many questions remain. How replicable and generaliz-
able are the associations reported by Green et al?9 Is there a
maternal urinary fluoride concentration below which the
risk of neurotoxicity is negligible? Although the association
with IQ did not depart from linearity, suggesting that there
might not be such a level, the Mexico City study found
0.8 mg/L to be a possible threshold.8 Are boys more vulner-
able than girls? Unlike the study by Green et al,9 no sex dif-
ference was found in the Mexico City study.8 Is IQ just the tip
of the iceberg, with some developmental domains more
sensitive than others? Green et al9 suggested that nonverbal
skills might be more affected than verbal skills, and greater
fluoride exposure has also been associated with attention-
deficit/hyperactivity disorder–related behaviors.15,16 Is the
prenatal period the most critical window of exposure? Does
postnatal exposure also confer risk? Green et al9 did not
measure children’s postnatal exposure to fluoride. Although
the Mexico City study measured urinary fluoride concentra-
tion in a subset of the cohort at age 6 to 12 years,8 it was only
considered a covariate in a sensitivity analysis. Therefore,
these studies do not provide any guidance regarding the
management of children’s postnatal exposures to fluoride,
such as the age at which fluoride toothpaste should be intro-
duced and the quantity that should be applied to a child’s
brush at different ages.

Hume advised, “The wise man proportions his belief to the
evidence.”17 The findings of Green et al9 and others indicate
that a dispassionate and tempered discussion of fluoride’s po-
tential neurotoxicity is warranted, including consideration of
what additional research is needed to reach more definitive
conclusions about the implications, if any, for public health.
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