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BACKGROUND: Some evidence suggests that fluoride may be neurotoxic to children. Few of the epidemiologic studies have been longitudinal, had
individual measures of fluoride exposure, addressed the impact of prenatal exposures or involved more than 100 participants.

OBJECTIVE: Our aim was to estimate the association of prenatal exposure to fluoride with offspring neurocognitive development.

METHODS: We studied participants from the Early Life Exposures in Mexico to Environmental Toxicants (ELEMENT) project. An ion-selective elec-
trode technique was used to measure fluoride in archived urine samples taken from mothers during pregnancy and from their children when 6-12y
old, adjusted for urinary creatinine and specific gravity, respectively. Child intelligence was measured by the General Cognitive Index (GCI) of the
McCarthy Scales of Children’s Abilities at age 4 and full scale intelligence quotient (IQ) from the Wechsler Abbreviated Scale of Intelligence
(WASI) at age 6-12.

REsuLTs: We had complete data on 299 mother—child pairs, of whom 287 and 211 had data for the GCI and IQ analyscs, respectively. Mcan (SD)
values for urinary fluoride in all of the mothers (n=299) and children with available urine samples (n=211) were 0.90(0.35) mg/L and
0.82 (0.38) mg/L, respectively. In multivariate models we found that an increase in maternal urine fluoride of 0.5 mg/L (approximately the IQR)
predicted 3.15 (95% CI: —5.42, —0.87) and 2.50 (95% CI —4.12, —0.59) lower offspring GCI and IQ scores, respectively.

CoNcLUsIONS: In this study, higher prenatal fluoride exposure, in the general range of exposures reported for other general population samples of
pregnant women and nonpregnant adults, was associated with lower scores on tests of cognitive function in the offspring at age 4 and 612 y. https://

doi.org/10.1289/EHP655

Introduction

Community water, salt, milk, and dental products have been fluo-
ridated in varying degrees for more than 60 y to prevent dental
caries, while fluoride supplementation has been recommended to
prevent bone fractures (Jones et al. 2005). In addition, people
may be exposed to fluoride through the consumption of naturally
contaminated drinking water, dietary sources, dental products,
and other sources (Doull et al. 2006). Whereas fluoride is added
to drinking water [in the United States at levels of 0.7-1.2 mg/L
(Doull et al. 2006)] to promote health, populations with exception-
ally high exposures, often from naturally contaminated drinking
water, are at risk of adverse health effects, including fluorosis.

In the United States, the U.S. Environmental Protection
Agency (EPA) is responsible for establishing maximum permissi-
ble concentrations of contaminants, including fluoride, in public
drinking-water systems. These standards are guidelines for restrict-
ing the amount of fluoride contamination in drinking water, not
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standards for intentional drinking-water fluoridation. In 2006 the
U.S. EPA asked the U.S. National Research Council (NRC) to
reevaluate the existing U.S. EPA standards for fluoride contamina-
tion, including the maximum contaminant level goal (MCLG, a
concentration at which no adverse health effects are expected) of
4 mg/L, to determine if the standards were adequate to protect pub-
lic health (Doull et al. 2006). The committee concluded that the
MCLG of 4 mg/L should be lowered because it puts children at
risk of developing severe enamel fluorosis, and may be too high to
prevent bone fractures caused by fluorosis (Doull et al. 2006). The
Committee also noted some experimental and epidemiologic evidence
suggesting that fluoride may be neurotoxic (Doull et al. 2006).

The National Toxicology Program (NTP) recently reviewed
animal studies on the effects of fluoride on neurobehavioral out-
comes and concluded that there was a moderate level of evidence
for adverse effects of exposures during adulthood, a low level of
evidence for effects of developmental exposures on learning and
memory, and a need for additional research, particularly on the
developmental effects of exposures consistent with those result-
ing from water fluoridation in the United States (Doull et al.
2006; NTP 2016). Human studies have shown a direct relation-
ship between the serum fluoride concentrations of maternal ve-
nous blood and cord blood, indicating that the placenta is not a
barrier to the passage of fluoride to the fetus (Shen and Taves,
1974). Fluoride was shown to accumulate in rat brain tissues after
chronic exposures to high levels, and investigators have specu-
lated that accumulation in the hippocampus might explain effects
on learning and memory (Mullenix et al. 1995). An experimental
study on mice has shown that (luoride exposure may have
adverse effects on neurodevelopment, manifesting as both cogni-
tive and behavioral abnormalities later in life (Liu et al. 2014).
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Table 1. Comparisons across cohorts with respect to the distributions of biomarkers of exposure to prenatal fluoride (MUF,;), prenatal lead (maternal bone
Pb), prenatal mercury (maternal blood Hg), and contemporaneous childhood fluoride (CUF,); and cognitive outcomes (GCI and 1Q).

Percentiles
Analysis Measurement Cohort N Mean SD Min 25 50 75 Max  p-Value®
GCT Analysis GCI Cohort 3-Ca 84 9688 14.07 50 88 96 107 124 0.997
Cohort 3-placebo 93  96.80 13.14 50 89 96 105 125
Cohort 2A 110 9695 1546 56 88 98 110 125
Total® 287 96.88 1428 50 88 96 107 125
MUF,; (mg/L) Cohort 3-Ca 84 092 0.41 0.28 0.60 0.84 1.14 2.36 0.57
Cohort 3-placebo 93 0.87 0.34 0.23 0.62 0.82 1.10 2.01
Cohort 2A 110 092 0.33 0.23 0.68 0.86 1.1 2.14
Total® 287 0.90 0.36 0.23 0.65 0.84 1.1 2.36
Maternal bone Pb (ng/g) Cohort 3-Ca 62  7.30 7.37 0.05 075 440 12.93 2622 <0.01
Cohort 3-placebo 43 921 7.31 0.11 1.50 8.60 13.97 27.37
Cohort 2A 62 1360 11.36 0.15 5.35 1052 19.46 47.07
Total® 167 10.13 9.41 0.05 2.37 8.22 15.37 47.07
Maternal blood Hg (pg/L)  Cohort 3-Ca 38 3.32 1.40 0.73 2.40 3.00 4.15 7.06 0.12
Cohort 3-placebo 28 2.80 1.33 1.27 1.89 2.53 3.40 7.22
Cohort 2A 75 4.53 5.61 0.77 2.30 3.24 4.37 3591
Total® 141 3.86 4.25 0.73 2.20 3.08 4.15 3591
IQ Analysis IQ Cohort 3-Ca 58 9491 9.86 76 87 96 100 120 0.69
Cohort 3-placebo 75 9629 9.63 75 89 97 102 124
Cohort 2A 78 9647 1320 67 87 96 107 131
Total? 211 9598 11.11 67 88 96 107 131
MUT,; (mg/L) Cohort 3-Ca 58 0.89 0.38 0.29 0.57 0.84 1.10 1.85 0.86
Cohort 3-placebo 75 0.87 0.35 0.23 0.61 0.82 1.11 2.01
Cohort 2A 78 0.90 0.34 0.23 0.67 0.85 1.09 2.14
Total? 211 0.89 0.36 0.23 0.64 0.82 1.07 2.14
Maternal bone Pb (ng/g) Cohort 3-Ca 67 697 7.20  0.05 076 436 11.73 2622 <0.01
Cohort 3-placebo 48 9.07 7.42 0.11 1.00 8.49 14.41 27.37
Cohort 2A 62 13,60 11.36 0.15 5.35 1052 19.46 47.07
Total® 177 9.86 9.33 0.05 2.29 7.95 15.22 47.07
Maternal blood Hg (pg/L)  Cohort 3-Ca 43 325 1.41 0.51 243 2.87 4.02 7.06 0.067
Cohort 3-placebo 31 2.66 1.36 0.78 1.81 2.40 3.26 7.22
Cohort 2A 5 4.53 5.61 0.77 2.30 3.24 4.37 3591
Total® 149 3.77 4.16 0.51 2.19 2.90 4.11 3591
CUFg (mg/L) Cohort 3-Ca 71 0.84 0.4 0.31 0.53 0.78 1.12 2.8 0.29
Cohort 3-placebo 53 0.85 0.38 0.35 0.57 0.75 1.14 1.85
Cohort 2A 65 0.76 0.34 0.18 0.51 0.7 0.89 1.76
Total® 189 0.82 0.38 0.18 0.54 0.73 1.01 2.8
All available measurements  GCI Cohort 3-Ca 133 9732 13.67 30 88 96 107 124 0.57
Cohort 3-placebo 149 9599 13.07 50 88 96 106 125
Cohort 2A 150 9757 1463 56 88 99 109 131
Total’ 432 9695 1380 50 88 96 107 131
1Q Cohort 3-Ca 91 9592 10.15 76 88 95 103 120 092
Cohort 3-placebo 114 96.56 9.84 75 89 96 102 124
Cohort 2A 111 9625 12,67 67 87 95 105 131
Total’ 316 9627 1097 67 88 96 103 131
MUF,; (mg/L)} Cohort 3-Ca 181 0.89 0.36 0.28 0.64 0.83 1.09 2.36 0.11
Cohort 3-placebo 183 0.84 0.31 0.02 0.61 0.81 1.02 2.01
Cohort 2A 148 091 0.35 0.23 0.67 0.86 1.10 2.15
Total’ 512 0.88 0.34 0.02 0.64 0.82 1.07 2.36
Maternal bone Pb (ng/g) Cohort 3-Ca 97 7.07 726  0.01 0.83 4.36 11.78 2622 <0.01
Cohort 3-placebo 74 9.15 8.38 0.11 0.85 8.62 1341 40.8
Cohort 2A 8 1377 11.30 0.15 549 1052 20.58 47.07
Total’ 257 991 9.51 0.01 2.01 7.64 15.31 47.07
Maternal blood Hg (pg/L)  Cohort 3-Ca 55 3.03 1.41 0.51 2.12 2.77 3.62 7.06 0.09
Cohort 3-placebo 48 2.87 2.09 0.34 1.82 2.37 3.34 13.47
Cohort 2A 104 4.06 4.88 0.77 2.14 3.10 4.16 3591
Total’ 207 351 3.70 0.34 2.07 2.80 3.79 3591
CUF, (mg/L) Cohort 3-Ca 104 0.84 0.39 0.31 0.56 0.75 1.07 2.80 0.227
Cohort 3-placebo 84 0.90 0.46 0.35 0.58 0.75 1.09 2.89
Cohort 2A 96 0.79 0.34 0.18 0.53 0.73 0.92 2.11
Total’ 284 0.84 0.40 0.18 0.57 0.74 1.00 2.89
“Analysis of variance across cohorts.
bTotal number of subjects included in GCI main analysis.
“l'otal number of subjects included in GCl sensitivity analysis.
“Total number of subjects included in IQ main analysis.
“Total number of subjects included in IQ sensitivity analysis.
fTotal number of subjcets with available measurcments, combining Cohort 2A and Cohort 3.
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Table S1. Characteristics of children and their mothers within cohorts for GCl and IQ outcome

GCl 1Q
CHILDREN N Mean * SD p N Mean * SD p
Cohort 3- Placebo 84 59.50% 58 58.60%
Sex (Female) Cohort 3- Ca 93 52.70% 0.66 75 52.00% 0.75
Cohort 2A 110 55.50% 78 55.10%
Cohort 3- Placebo 84 32.10% 58 29.30%
Parity (first child) Cohort 3- Ca 93 33.30% 0.94 75 0.67
Cohort 2A 110 34.50% 78 35.90%
Cohort 3- Placebo 84 3.13+0.39 58 3.12+0.39
Birthweight (Kilograms) Cohort 3- Ca 93 3.19+0.42 0.02 75 3.2+0.46 0.07
Cohort 2A 110 3.02+0.49 78 3.03+x0.5
Cohort 3- Placebo 84 38.87+1.76 58 38.47+1.94
Gestational age at birth (weeks) Cohort 3- Ca 93 38.63 +1.22 04 75 38.67 £ 1.31 0.81
Cohort 2A 110 38.51+2.29 78 38.54 +2.09
Cohort 3- Placebo 84 4.04+0.05 58 7.6+0.47
Age at measurement (years) Cohort 3- Ca 93 4.05+0.05 <0.01 75 7.6%0.51 <0.01
Cohort 2A 110 4.02+0.04 78 10.04 £ 0.68
MOTHERS N Mean * SD p N Mean * SD P
Cohort 3- Placebo 84 26.74 £ 5.05 58 26.67+5.2
Age at delivery (years) Cohort 3- Ca 93 27.12 + 6.07 0.76 75 27.99+6.19 0.28
Cohort 2A 110 26.54+5.44 78 26.73+5.28
Cohort 3- Placebo 84 10.45 +2.63 58 10.55 +2.69
Education (years) Cohort 3- Ca 93 10.78 + 2.69 0.73 75 10.99+2.99 0.69
Cohort 2A 110 10.63+2.93 78 10.81+2.85
Cohort 3- Placebo 84 87.39%+12.63 58 88.97 £ 12.77
1Q Cohort 3- Ca 93 89.15+11.4 0.55 75 89.32+12.48 0.96
Cohort 2A 110 89.13+12.49 78 88.76 £ 12.33
Cohort 3- Placebo 84 70.20% 58 74.10%
Marital Status (married) Cohort 3- Ca 93 71.00% 0.95 75 70.70% 0.74
Cohort 2A 110 69.10% 78 67.90%
Cohort 3- Placebo 84 47.60% 58 53.40%
Smoking (ever smoked) Cohort 3- Ca 93 54.80% 0.39 75 46.70% 0.55
Cohort 2A 110 45.50% 78 55.10%
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