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Fluoride may disrupt thyroid function.
Thyroid dysfunction in pregnancy can ad
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Back^oijnd: While fluoride can have thyroid-disrupting effects, associations between low-level fluoride exposure and 
thyroid conditions remain unclear, especially during pregnancy when insufficient thyroid hormones can adversely im
pact offspring development.
Objectives: We evaluated associations between fluoride exposure and hypothyroidism in a Canadian pregnancy cohort. 
Methods: We measured fluoride concentrations in drinking water and three dilution-corrected urine samples and esti
mated fluoride intake based on self-reported beverage consumption. We classified women enrolled in the Maternal- 
Infant Research on Environmental Chemicals Study as euthyroid (n = 1301), subclinical hypothyroid (n = 100) or 
primary hypothyroid (n = 107) based on their thyroid hormone levels in trimester one. We used multinomial logistic 
regression to estimate die association between fluoride exposure and classification of either subclinical or primary hy
pothyroidism and considered maternal thyroid peroxidase antibody (TPOAb) status, a marker of autoimmune hypo
thyroidism, as an effect modifier. In a subsample of 466 mother-child pairs, we used linear regression to explore the 
association between maternal hypothyroidism and child Full-Scale IQ (FSIQ) at ages 3-to-4 years and tested for effect 
modification by child sex.
Results: A 0.5 mg/L increase in drinking water fluoride concentration was associated with a 1.65 (95 % confidence in
terval [CI]: 1.04,2.60) increased odds of primary hypothyroidism. In contrast, we did not find a significant association 
between urinary fluoride (adjusted odds ratio [aOR]: 1.00; 95%CI: 0.73,1.39) or fluoride intake (aOR: 1.25; 95%CI: 
0.99, 1.57) and hypothyroidism. Among women with normal TPOAb levels, the risk of primary hypothyroidism 
increased with both increasing water fluoride and fluoride intake (aOR water fluoride concentration: 2.85; 95%CI:
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1.25,6.50; aOR fluoride intake: 1.75; 95%CI: 1.27,2.41). Children born to women with primary hypothyroidism had 

lower FSIQ scores compared to children of euthyroid women, especially among boys (B coefficient: - 8.42; 95 % CI: 

-15.33, -1.50).

Discussion: Fluoride in drinking water was associated with increased risk of hypothjToidism in pregnant women. Thy

roid disruption may contribute to developmental neurotoxicity of fluoride.

1. Introduction

Fluoride is added to some public water supplies and dental products to 
prevent dental caries (Community Water Fluoridation, 2019). Drinking 
water is the largest source of fluoride for children and adults living in fluo
ridated communities, accounting for 40 %-70 % of daily intake (United 
States Environmental Protection Agency, n.d.). Black tea is another dietary 
source of fluoride (Krishnankutty et al., 2021). Questions about systemic 
fluoride exposure during pregnancy have increased following findings 
from studies linking gestational exposure to fluoride with 
neurodevelopmental deficits, including lower intelligence quotient (IQ) 
(Bashash et al., 2017; Cantoral et al., 2021; Green et al., 2019).

Disruption of thyroid hormone is a potential mechanism underlying de
velopmental fluoride neurotoxicity (National Toxicology Program, n.d.; 
National Research Council, 2006), especially during the first 10-12 weeks 
of gestation when the fetus is exclusively reliant on maternal thyroid hor
mones (Andersen et al., 2013; de Escobar et al., 2004; Chevrier et al., 
2011). Maternal thyroid hormone insufficiency (i.e., hypothyroidism) 
early in gestation is associated with adverse effects on offspring develop
ment, including preterm birth (Andersen et al., 2013) and diminished IQ 
(Andersen et al., 2018; Haddow et al., 1999). A meta-analysis of three pro
spective birth cohorts found that maternal hypothyroxinemia (i.e., normal 
thyroid stimulating hormone [TSH] and low [<2.5th percentile] free thy
roxine [FT4]) was associated with a 3 to 4-point reduction in offspring IQ 
(Levie et al., 2018).

While thyroid-disrupting effects of fluoride have been known since the 
1930s (Day and Powell-Jackson, 1972), evidence of an association between 
low-level exposure to fluoride and thyroid disruption is mixed with few 
studies conducted in pregnancy. In experimental studies, Wistar rats 
whose mothers were exposed in pregnancy to higher levels of fluoride 
(i.e., 20 mgAg of body weight (Banji et al., 2013) and >100 ppm (Basha 
et al., 2011)) showed decreases in serum F T4 and free triiodothyronine 
(FT3). Similar findings were reported in female and male Wistar rats at 
lower, prolonged fluoride exposure levels (Jiang et al., 2016), but not in 
Long-Evans hooded male rats (McPherson et al., 2018), perhaps reflecting 
strain differences in response to fluoride

exposure (Kang et al., 1986).
In children and adults, higher fluoride levels in drinking water and in 

urine were associated with elevated serum TSH and lower serum free and 
total T4 and T3 levels, considered characteristic of hypothyroidism 
(Kliandare et al., 2018; Kheradpisheh et al., 2018; Wang et al., 2020). Like
wise, in a population-based study conducted in England, hypothyroidism 
was 1.6 times more likely among adults living in areas with water fluoride 
levels >0.7 mg/L compared to areas with water-fluoride concentrations 
<0.3 mg/L (Peckham et al., 2015). In contrast, an observational study 
(Barberio et al., 2017) conducted in Canada reported no association be
tween fluoride exposure and thyroid hormone levels or self-reported diag
nosis of a thyroid condition. However, when iodine status was 
considered, an association between water fluoride concentration and TSH 
was found among iodine deficient individuals (Malin et al., 2018). A 
2018 systematic review also reported a positive relationship between fluo
ride exposure and hypothyroidism in children and adults (Chaitanya et al., 
2018), though this association was limited to a small number of ecological 
and cross-sectional studies.

To date, no studies have assessed the association between fluoride expo
sure and thyroid function in pregnant women living in areas with optimally 
fluoridated water. If fluoride is associated with a reduction in thyroid hor
mone, thereby reducing the availability of the hormone to the fetus, then 

fluoride could affect offspring cognitive function. We evaluated the poten
tial thyroid-disrupting effects of fluoride exposure in pregnancy and ex
plored whether hypothyroidism in pregnancy was associated with 
children's IQ among Canadian mother-child dyads.

2. Methods

2.1. Participants

Pregnant women were enrolled in the Maternal-Infant Research on En
vironmental Chemicals (MIREC) Study (Arbuckle et al., 2013) between 
2008 and 2011 from ten cities across Canada, seven of which add fluoride 
to drinking water (Toronto, Hamilton, Ottawa, Sudbury, Halifax, Edmon
ton, Winnipeg) and three of which do not (Vancouver, Montreal, Kingston). 
Women were eligible to participate if they were > 18 years of age, able to 
communicate in English or French, and <14 weeks' gestation. Participants 
were considered ineligible if they had known fetal abnormalities, medical 
complications, or reported drug use. Of 2001 women recruited, 1983 
consented to participate; of these, 1885 (95.1 %) provided plasma samples 
in trimester one.

Mothers of singleton children bom >28 weeks' gestation who were be
tween the ages of 3^ years of age at time of study, with no congenital ab
normalities, major neurological disorders, or history of convulsions were 
contacted to participate with their children in a neurodevelopmental 
follow-up study (i.e., MIREC-Child Development Plus). Owing to limited re
sources, in-person IQ testing was offered in six study sites (Toronto, Hamil
ton, Halifax, Vancouver, Kingston, and Montreal). Of 1207 eligible women, 
808 consented to participate in this follow-up study; of these, 610 (76 %) 
agreed to child neurodevelopmental testing and 601 completed IQ testing 
in entirety.

The current study received approval from the research ethics boards at 
Health Canada and York University. All participants provided written 
informed consent at time of enrollment in MIREC and MIREC-Child 
Development Plus.

2.2. Maternal fluoride exposure

2.2.1. Water fluoride (mg/L)
Municipal drinking water reports from 2008 to 2012 were solicited 

from municipal water treatment plants (WTPs) in all ten cities included in 
MIREC. These reports listed water fluoride concentrations that were mea
sured daily if fluoride was added to public drinking water, and weekly or 
monthly if fluoride was not added to public water (Till et al., 2018). 
Using the first three letters of their postal code, participants' residences 
were matched with boundary regions serviced by each WTP. Average 
water fluoride concentration (i.e., geometric mean; mg/L) was estimated 
for each woman who reported drinking tap tvater in pregnancy by averag
ing water fluoride concentrations across each woman's pregnancy; thus, 
each woman has a water fluoride concentration that is matched in time to 
the levels of fluoride found in tap water for the duration of her pregnancy. 
Further details can be found in Till et al. (Till et al., 2018).

2.2.2. Maternal fluoride intake (mg/day)
We collected information on women's consumption of tap water, tea, 

and coffee from a self-reported questionnaire completed in the first and 
third trimesters. We estimated daily maternal fluoride intake (mg/day) in 
trimester one and three separately by multiplying water fluoride concentra
tion (mg/L) by total volume (L) of water, tea, and coffee consumed. Volume 
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of water and water-based beverages was only derived for women who re
ported drinking tap water in pregnancy. We then added the additional fluo
ride content that would be expected from drinking each 200-mL cup of 
black tea (0.326 mg) or green tea (0.260 mg) if made with deionized 
water (Krishnankutty et al., 2021). Estimated maternal dietary fluoride in
take (mg/day) was derived by taking the average of fluoride intake for tri
mesters one and three. See Supplemental Material, Appendix A for the 
formula used to derive maternal fluoride intake.

2.2.3. Maternal urinary fluoride (MUF; mg/L)
MUF concentration was analyzed in spot urine samples collected in each 

trimester of pregnancy, using a modification of the hexamethyldisiloxane 
(HMDS; Sigma Chemical Co., USA) microdiffusion method with ion- 
selective electrode by the Indiana University School of Dentistry 
(Martinez-Mier et al., 2011). The limit of detection (LoD) was 0.02 mg/L; 
trimester-specific concentrations below the LoD were replaced with the 
value of L0D/ . 2 („ = 23), which is a validated method for estimation of 
the average concentration from data containing nondetectable values 
(Hornung and Reed, 1990). Each MUF concentration was standardized 
for urine specific gravity (SG) to account for variability due to urinary dilu
tion using the following equation: MUFsg = MUF x ( (SGm “ 1) ■!" (SGi - 
1)], where MUFsg is the SG-adjusted fluoride concentration (mg/L), SGi is 
the observed SG concentration for the individual urine sample, and SGm 
is the median SG for the cohort (Duty et al., 2005). We derived the average 
dilution-adjusted MUFsg concentration by taking the average across all 
three trimesters for each woman. We removed one averaged MUFsg value 
(>5 mg/L) because of uncertainty that it reflected an individual's true expo
sure; this high MUFsg concentration was driven by one trimester-specific 
value of 16 mg/L, which was not consistent with the other trimester values 
that were close to zero. Thus, this extreme value was more likely to repre
sent fluoride ingestion (e.g., swallowing toothpaste prior to urine sample) 
rather than a reliable exposure measure.

For comparison, we also used urinary creatinine to correct for dilution 
when measuring MUF. Urinary creatinine was measured using a colorimet
ric end-point assay (Jaffe) on an Indiko instrument (Indiko Plus, 
ThermoFisher Scientific). An alkaline sodium picrate solution was used to 
react with creatinine in urine to form a red Janovski complex using 
Mircogenics DRI® Creatinine-Detect® Test. The absorbance was read at 
510 nm on an Indiko chemistry autoanalyzer with a detection limit of 
0.069 mmol/L, reporting limit of 0.23 mmol/L, and reproducibility of 2.2 
%. While both methods are commonly used to correct for urine dilution 
with little difference observed between the two methods (Till et al., 
2018), we chose to use MUFsg for our primary model because of the larger 
sample size relative to creatinine-adjusted MUF.

2.3. Classification of thyroid status

TSH and FT4 were analyzed in maternal plasma samples from the first 
trimester (mean [standard deviation (SD)] = 11.6 (1.6) weeks). Plasma 
FT4 was measured using gold standard equilibrium dialysis isotope dilution 
mass spectrometry (ED-ID-MS) by the accredited Toxicology Laboratory at 
the Institut National de Sante Publique du Quebec (INSPQ). Plasma FT4 
was considered normal if it fell between the 10th and 90th percentiles of 
FT4 levels for all women in MIREC (i.e., 11-17 pg/mL). Plasma TSH was 
quantified using a commercial immunoassay by an accredited biochemistry 
laboratory at the Institut Universitaire de Cardiologic et de Pneumologie de 
Quebec (lUCPQ) and compared against the trimester one reference range as 
recommended by the American Thyroid Association (Stagnaro-Green et al., 
2011) (i.e., 0.1-2.5 pIU/mL). The LoD was 0.0025 pIU/mL; concentrations 
below the LoD (n = 7) were given a value of LoD/V2 (Hornung and Reed, 
1990). We also measured thyroid peroxidase antibody (TPOAb) levels, a 
marker of autoimmune hypothyroidism. Elevated TPOAb levels (consid
ered in this study as >5.61 lU/mL based on lab protocols from the 
lUCPQ), which have been associated with a reduced capacity to regulate 
thyroid hormones due to autoimmune destruction of the thyroid gland, 
have been shown to modify the association between per- and 

polyfluoroalkyl substances and thyroid hormones in pregnant women 
(Webster et al., 2014).

Women were classified as euthyroid if their TSH and FT4 levels fell 
within the population reference range (i.e., 0.1-2.5 pIU/mL and 11-17 
Pg/mL, respectively), and subclinical hypothyroid if their TSH levels were 
above the top limit of the reference range but FT4 levels were within 
range (i.e., 2.5-10 pIU/mL (Stagnaro-Green and Pearce, 2012) and 11-17 
Pg/mL, respectively). Notably, women were classified as primary hypothy
roid if their TSH levels were high and FT4 levels were low (i.e., >2.5 pIU/ 
mL and <11 pg/mL, respectively), or if they had reported a prior clinical 
diagnosis of hypothyroidism. Women meeting criteria for hyperthyroidism 
(subclinical or primary) were excluded from all analyses.

2.4. Measures of iodine status

Thyroglobulin (Tg) was measured by the accredited Toxicology Labora
tory at the INSPQ using an Abbott Architect i2000SR immunoassay ana
lyzer. Tg was used as a biomarker of long-term iodine nutrition (Ma and 
Skeaff, 2014), which was used as a covariate in sensitivity analyses. The 
LoD was 0.09 pg/L. In addition, we describe urinary iodine adjusted for cre
atinine (UlC/Cr) as well as daily iodine intake in our sample. UlC/Cr (pg/g) 
was calculated by dividing UIC (pg/L) by creatinine concentration (g/L). 
Daily iodine intake was estimated using the following formula: UlC/Cr x 
predicted 24-hour creatinine excretion/0.92. Predicted 24-hour urine cre
atinine was estimated using an established equation for adult females as de
scribed in Krzeczkowski et al. (2022) (Krzeczkowski et al., 2022); 0.92 is 
the urinary iodine excretion rate.

2.5. Children's intelligence

Intellectual abilities were assessed at 3-to-4 years of age using the 
Wechsler Preschool and Primary Scale of Intelligence-Ill [Canadian 
norms; mean (SD) = 100 (15)]. Testing was conducted in the child's pri
mary language (English or French) by trained research assistants who 
were blinded to women's fluoride exposure and thyroid status in preg
nancy. Integrity of test administration was ensured by periodic observation 
of testers and double scoring of all protocols. We used Full-Scale IQ (FSIQ), 
a measure of global intellectual and cognitive functioning, as the primary 
outcome. Verbal (VIQ) and Performance IQ (PIQ) were used in supplemen
tary analyses.

2.6. Statistical analysis

We examined the distribution and descriptive statistics for all demo
graphics, maternal fluoride exposure and thyroid hormone variables, and 
child FSIQ. We used Spearman correlations to examine associations be
tween exposure variables. Our primary analyses used multinomial logistic 
regression to estimate odds of subclinical and primary hypothyroidism as
sociated with each exposure measure (water fluoride concentration, fluo
ride intake, and MUFsg concentration). We adjusted for maternal age, 
level of education (dichotomized as bachelor's degree or higher), pre
pregnancy body mass index (BMI), and race (White or Other). Race was 
self-reported by participants and dichotomized given the majority of 
women (86 %) in MIREC identified as White, with the remaining individ
uals identifying as other categories, including Asian/Pacific Islander, multi
racial or other. Race was included as a covariate given evidence of 
disparities in women's exposures to, and metabolism of, environmental 
chemicals (Nguyen et al., 2020), and evidence of differences in diagnosis 
of thyroid disorders by race (McLeod et al., 2014). Covariates were in
cluded in models based on prior studies suggesting that they are causal de
terminants of thyroid function and may be associated with fluoride 
exposure (Till et al., 2018; Buzalaf and Whitford, 2011; Collares et al., 
2017). We also adjusted for study site when MUFsg was used as the inde
pendent variable because thyroid function problems could vary across the 
study sites. The same set of covariates was used in the models with fluoride 
intake and water fluoride concentration, apart from study site because site 
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is collinear with fluoride levels in municipal drinking water (which was 
used to derive fluoride intake). Moreover, the models involving fluoride in
take or water fluoride concentration only included women who reported 
drinking tap water in pregnancy. We tested for effect modification by ma
ternal TPOAb status in all models through inclusion of interaction terms. 
If the interaction term was significant, we probed the predicted slopes by 
running each model twice, once with normal TPOAb levels (<5.61 lU/ 
mL) set as the reference category, and again with high TPOAb levels 
(>5.61 lU/mL) as the reference.

For all models, odds ratios and associated confidence intervals (Cis) 
were repotted per 0.5 mg/L or mg/day increase in water fluoride concen
tration, fluoride intake, and MUFsg concentration; 0.5 mg/L corresponds 
to the approximate difference in water fluoride concentration between a 
fluoridated and non-fluoridated community and interquartile range (IQR) 
for MUFsg, and 0.5 mg/day represents the approximate difference in die
tary fluoride consumption between women at the 25th and 60th percentiles 
of fluoride intake. Regression diagnostics confirmed no assumption viola
tions, issues with model fit, collinearity, heteroskedasticity, influential 
cases, or outliers in any of the above models.

As a secondary aim, we investigated the association between maternal 
hypothyroidism and child IQ. We used multiple linear regression to test 
whether subclinical or primary hypothyroidism was associated with child 
FSIQ; this analysis included a total of 466 mother-child dyads with thyroid 
and FSIQ data, of whom 411 women were classified as euthyroid, 27 
women as subclinical hypothyroid, and 28 as primary hypothyroid. Effect 
modification by child sex was explored through inclusion of interaction 
terms. Given the smaller sample size, we probed an interaction if the p 
value for the interaction term was <0.15 (Rothman, 2014). We estimated 
slopes by running each model twice, once with female children set as the 
reference category, and again with male children as the reference. Models 
involving IQ were adjusted for maternal age, race, level of education, 
second-hand smoke exposure (yes/no/I don't know), parity, study site, 
child sex, and a continuous measure of the quality of the home environment 
(HOME score). Wc did not adjust for gestational age in these models given 
that gestational age may be a causal intermediate between hypothyroidism 
in pregnancy and child IQ (Consortium on Thyroid and Pregnancy - Study 
Group on Preterm Birth, 2019; Nasirkandy et al., 2017); however. 

gestational age was added to our model in a sensitivity analysis. We further 
probed the association between primary hypothyroidism and IQ using VIQ 
and PIQ. Participants who were missing covariates (<7.5 % of total sample; 
see Fig. 1) were excluded from all models.

We used STATA version 17.0 (STATA corporation) for all statistical 
analyses. Two-sidedp values <.05 were considered to indicate statistical 
significance.

2.7. Sen.cilivily analyses

For primary models investigating associations between fluoride expo
sure and hypothyroidism, we conducted the following sensitivity analyses: 
First, we entered thyroglobulin (Tg), a biomarker of long-term iodine nutri
tion, as a covariate in all three multinomial regression models used to esti
mate odds of subclinical or primary hypothyroidism associated with each 
exposure measure to evaluate confounding by iodine insufficiency in 
these relationships. Second, we ran three separate binary logistic regression 
models to estimate odds of primary hypothyroidism associated with water 
fluoride concentration, fluoride intake, and MUFsg concentration including 
only women who self-reported clinical diagnoses of primary hypothyroid
ism at the time of enrollment in MIREC. Third, we ran seven separate mul
tinomial logistic regression models to estimate the association between 
water fluoride concentration and odds of primary hypothyroidism with ad
justment for other environmental toxicants, including arsenic, lead, manga
nese, mercury, perfluorooctanoic acid (PFOA), perfluorooctanesulfonic 
acid (PFOS), and perfluorohexanesulfonic acid (PFHxS) measured in tri
mester one. Lastly, we reran the models used to estimate odds of either sub
clinical or primary hypothyroidism associated with maternal fluoride 
intake and MUFsg concentration using data from trimester one only given 
that these values were measured at the same time as the thyroid variables 
and may better represent pre-pregnancy fluoride exposure.

Given the association between hypothyroidism and child FSIQ, we ex
plored whether primary hypothyroidism in pregnancy would mediate the 
significant association between water fluoride concentration and children’s 
FSIQ that we previously repotted in the MIREC sample (Green et al., 2019). 
The current analysis was considered exploratory given the limited number 
of participants (n = 358) with data related to water fluoride concentration.

--------► 28 values lost to error codes

376 Euthyroid, 28 SH, and 33 PH missing FSIQdata
68 Euthyroid, 1 SH, and 6 PH missing covarlate data

349 not classified due to missing TSH/FT4 
data or falling outside classification criteria

Only 1873 analytes available 
77 values lost to error codes

283 Euthyroid, 20 SH, and 19 PH missing water fluoride data

73 Euthyroid, 1 SH, and 7 PH missing covariate data

229 Euthyroid, 15 SH, and 25 PH missing/invalid MUF data

81 Euthyroid, 2 SH, and 7 PH missing covarlate data

FT4 

n= 1857

TSH 

n= 1796

1885 women with trimester 1 plasma samples

MUFsg Thyroid Status (N= 1149) 

n- 991 Euthyroid, n- 83 SH, and n- 75 PH women

Fluoride Intake-^ Thyroid Status [N= 996) 

n- 857 Euthyroid, n- 71 SH, and n- 68 PH women

Water Fluoride Thyroid Status (N= 1105) 

n- 945 Euthyroid, n- 79 SH, and n- 81 PH women

Thyroid Status (N= 1508)

n= 1301 Euthyroid
n- 100 Subclinical Hypothyroid (SH)
n= 107 Primary Hypothyroid (PH)

Fig. 1. Study sample flow chart for primary analyses.
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Table 1
Demographic characteristics of women classified as euthyroid, subclinical hypothyroid, and primary hypothyroid.

Overall cohort Euthyroid Subclinical hypothyroid Primary hypothyroid Missing^

N 1508 1301 100 107 377

Maternal age (years; mean; SD) 32.2 (5.0) 32.1 (5.0) 32.1 (4.8) 33.2 (5.1)** 32.2 (5.2)

Ethnicity (n; %)
White 1302 (86.3) 1117 (85.9) 86 (86.0) 99 (92.5)* 317 (84.1)

other 206 (13.7) 184 (14.1) 14 (14.0) 8 (7.5)* 60(15.9)

Marital status (n; %)

Married or common law 1436 (95.2) 1238 (95.2) 94 (94.0) 104 (97.2) 357 (94.7)

Single 72 (4.8) 63 (4.8) 6 (6.0) 3 (2.8) 20 (5.3)

Level of education (n; %)
College diploma or less 558 (37) 483 (37.1) 37 (37.0) 38 (35.5) 154 (40.8)

University degree 950 (63) 818 (62.9) 63 (63.0) 69 (64.5) 223 (59.2)

Household income (CAD) (n; %)
<100,000 856 (59.6) 75.3 (60.7) 52 (53.1) 52 (52.0)* 221 (60.4)

>100,000 580 (40.4) 487 (39.3) 45 (46.9) 48 (48.0)* 145 (39.6)

City (n; %)
Fluoridated^ 912 (60.5) 774 (59.5) 61 (61.0) 77 (71.9)** 246 (65.3)

Non-fluoridated*^ 596 (39.5) 527 (40.5) 39 (39.0) 30 (28.1)** 131 (34.7)

Second-hand smoke in trimester 1 (n; %)

Yes 93 (6.2) 80 (6.2) 6 (6.0) 7 (6.6) 22 (5.9)

No 1414 (93.8) 1221 (93.8) 94 (94.0) 99 (93.4) 354 (94.1)

Pre-pregnancy BMI (kg/m^; mean; SD) 24.8 (5.4) 24.7 (5.3) 24.3 (5.9) 26.4 (6.5)** 25.5 (5.7)**

Parity (n; %)
0 662 (43.9) 567 (43.6) 52 (52.0)** 43 (40.2) 173 (45.9)

1 622 (41.3) 533 (41.0) 42 (42.0) 47 (43.9) 143 (37.9)

2-1- 224 (14.8) 201 (15.4) 6 (6.0)** 17(15.9) 61 (16.2)

Gestational age (weeks; mean; SD)*^ 11.6 (1.6) 11.6 (1.6) 11.7 (1.4) 11.8 (1.4) 11.5 (1.6)

Maternal fluoride exposure

MUF (mg/L; mean; SD) 0.59 (0.42) 0.59 (0.42) 0.57 (0.40) 0.62 (0.35) 0.61 (0.38)

Water fluoride (mg/U mean; SD) 0.41 (0.26) 0.41 (0.26) 0.42 (0.25) 0.48 (0.24)** 0.44 (0.25)**

Fluoride intake (mg/day; mean; SD) 0.66 (0.50) 0.65 (0.50) 0.67 (0.48) 0.78 (0.59)** 0.69 (0.48)

Maternal thyroid hormones

TSH (mean; SD) 1.4 (1.1) 1.2 (0.55) 3.1 (0.66)** 3.2 (2.8)'* 1.2 (1.6)**

FT4 (pg/mL; mean; SD) 13.5 (1.9) 13.5 (1.7) 13.1 (1.5)** 14.0 (3.7)* 14.3 (9.3)*

TT4 (ng/mL; mean; SD) 106.1 (20.3) 105.8 (19.8) 107.1 (18.9) 109.3 (26.6)* 108.9 (26.1)**

Tg (ng/mL; mean; SD) 17.4 (16.8) 17.7 (16.6) 16.6 (17.2) 14.9 (19.4)* 18.1 (17.0)

Maternal thvroid antibodies

Anti-Tg (lU/mL; mean; SD) 12.3 (57.4) 7.5 (39.2) 33.0 (107.8)** 52.2 (124.1)** 9.9 (50.0)

Anti-TPO (lU/mL; mean; SD) 28.5 (107.5) 15.0 (73.1) 51.9 (123.4)** 183.4 (252.7)** 22.6 (100.5)

Anti-TPO 4- (>5.61 lU/mL; n; %) 232 (15.6) 137 (10.6) 33 (33.0)** 62 (63.3)** 40(11.4)**

Iodine intake (pg/day; mean; SD) 444.0 (343.5) 440.9 (356.7) 458.0 (273.8) 470.0 (208.4) 482.4 (442.8)*

UlC/Cr (pg/g; mean; SD) 344.5 (252.7) 342.1 (261.0) 370.6 (218.3) 348.7 (167.6) 362.6 (326.8)

Reported taking a prenatal vitamin (n; %) 1323 (87.8) 1134 (87.2) 95 (95.0)** 94 (87.9) 325 (86.2)

Reported taking thyroid medication (n; %) 78 (5.2) 0 (0.0) 0 (0.0) 78 (72.9)** 4 (1.1)"

Child sex (n: %)

Male 763 (52.2) 676 (53.5) 49 (50.0) 38 (37.6)** 211 (57.5)*

Female 699 (47.8) 587 (46.5) 49 (50.0) 63 (62.4)** 156 (42.5)*

Child IQ (mean; SD)

Full scale IQ 107.3(13.7) 107.6 (13.8) 108.5 (13.0) 101.5 (11.9)** 104.9(12.9)**

Verbal IQ 109.6(13.5) 109.8 (13.6) 110.1 (11.5) 106.4 (13.8) 108.1 (12.4)

Performance IQ 103.4(14.9) 103.9 (14.9) 104.7 (14.4) 96.3 (13.3)** 101.0(14.7)*

HOME score (mean; SD) 47.3 (4.3) 47.3 (4.2) 47.7 (4.9) 46.6 (4.4) 47.1 (4.5)

Due to missing data, percentage totals for subgroups may not sum to the total sample population; percentages are reported based on total sample in each subgroup with avail

able data.

*/** Denotes significant differences < .10; **:p< .05) between subclinical or primary hypothyroid women compared with euthyroid women, or between women with 

missing thyroid data compared with the overall cohort. Calculated using the Chi-square test for categorical variables and t-test for continuous variables.

Abbreviations: CAD = Canadian; SD = standard delation; IQ = intelligence quotient; HOME = home observation measurement of the environment; MUFsg = maternal 

urinary fluoride, adjusted for specific gravity; TSH = thyroid stimulating hormone; FT4 = free thyroxine; TT4 = total thyroxine; Tg = thyroglobulin; TPO = thyroid per

oxidase; UlC/Cr = urinary iodine concentration, adjusted for creatinine.

® Refers to women in the MIREC cohort who provided a blood plasma sample in trimester one but did not have TSH and/or T4 measured, or did not meet criteria for any 

thyroid function category (i.e., euthyroid, subclinical hypothyroid, or primary hypothyroid).

Edmonton, Winnipeg, Toronto, Hamilton, Sudbury, Ottawa, Halifax.

Vancouver, Kingston, Montreal.

Gestational age at time of maternal blood collection in trimester one.

Trial Ex. 120.005



M. HaLl et oL Science of the Total Emironment 869 L2023) 161149

child FSIQ, and thyroid status. Notably, only 25 of 107 (23.4 %) women in 
the primary hypothyroid group were retained in the mediation analysis. We 
used mediation analysis within the counterfactual framework (Valeri and 
VanderWeele, 2013) (viaporamed package in STATA) to explore the poten
tial mediating effect (or indirect effect) of primary hypothyroidism in the 
association between water fluoride concentration and child FSIQ. We esti
mated the effect of a 0.5 mg/L increase in water fluoride concentration 
on child FSIQ. Mediation models were rerun using child VIQ and PIQ.

3. Results

Fig. 1 shows the sample flow chart for all primary variables and sub
groups of interest, with detailed descriptions of where there was missing ex
posure, outcome, and covariate data. We studied a total of 1508 women 
(mean (SD) age = 32.2 (5.02) years) with thyroid data, of whom 1301 
women (86.3 %) were classified as euthyroid, 100 met criteria for subclin
ical hypothyroidism (6.6 %), and 107 (7.1 %) met criteria for primary hy
pothyroidism; among the primary hypothyroid group, 79 women 
reported a diagnosis at time of study enrollment and 28 were identified 
based on thyroid hormone levels measured in the first trimester. As ex
pected, among the women who had TPOAb data, more women in the sub
clinical (33 of 100; 33.0 %) and primary hypothyroid (62 of 98; 63.3 %) 
groups had elevated TPOAb levels (>5.61 lU/mL) relative to the euthyroid 
group (137 of 1295; 10.6 %), suggesting active or incipient autoimmune 
hypothyroidism (Table 1). As predicted, water fluoride concentration was 
moderately-to-strongly associated with fluoride intake (r = 0.76, p < .01) 
and urinary fluoride (r = 0.49, p < .01) and fluoride intake was associated 
with urinary fluoride (r = 0.59, p < .01).

Note. MUFsg — maternal urinary fluoride, standardized for specific 
gravity; PH = primaiy hypothyroid; SH = subclinical hypothyroid.

3.1. Maternal fluoride exposure and thyroid status

Among the 1105 women with a water fluoride measurement, 945 (85.5 
%) were classified as euthyroid, 79 (7.2 %) as subclinical hypothyroid, and 
81 (7.3 %) as primary hypothyroid. Mean water fluoride concentration was 
0.42 mg/L (median = 0.52; range: 0.04 to 0.87 mg/L) and 60.5 % lived in 
fluoridated communities. Covariate-adjusted multinomial logistic regres
sion revealed a statistically significant association between water fluoride 
concentration and risk of primary hypothyroidism; a 0.5 mg/L increase in 
water fluoride concentration was associated with 1.65 times greater odds 
(95 % CI: 1.04, 2.60) of having a diagnosis or meeting criteria for primary 
hypothyroidism. In contrast, no statistically significant association was 

observed between water fluoride concentration and risk of subclinical hy
pothyroidism (adjusted odds ratio [aOR]: 1.15; 95 % CI: 0.73, 1.82) 
(Fig. 2).

Of the 996 women with a fluoride intake measurement, 857 (86.1 %) 
were classified as euthyroid, 71 (7.1 %) as subclinical hypothyroid, and 
68 (6.8 %) as primary hypothyroid. Mean fluoride intake was 0.67 mg/ 
day (median = 0.58; range: 0.02 to 2.84 mg/day) and 61 % lived in fluori
dated communities. Daily fluoride intake was not significantly associated 
with risk of subclinical (aOR: 1.03; 95 % CI: 0.81 to 1.32) or primary' hypo
thyroidism (aOR: 1.25; 95 % CI: 0.99, 1.57) (Fig. 2).

Among the 1149 women with a SG-adjusted urinaty-fluoride measure
ment, 991 (86.3 %) were classified as euthyroid, 83 (7.2 %) as subclinical 
hypothyroid, and 75 (6.5 %) as primary hypothyroid. Mean MUFsg was 
0.59 mg/L (median = 0.49; range: 0.05 to 3.33 mg/L) and 59.5 % lived 
in fluoridated communities. Results from multinomial logistic regression 
analysis indicated that MUFsg concentration was not significantly associ
ated with risk of subclinical hypothyroidism (aOR: 0.94; 95 % CI: 0.67, 
1.31) or primary hypothyroidism (aOR: 1.00; 95 % CI: 0.73, 1.39) 
(Fig. 2). Results did not differ when using creatinine-adjusted MUF concen
tration (Table S3).

3.1.1. Effect modification by TPOAb status
The interaction between fluoride exposure and maternal TPOAb status 

in predicting risk of primary hypothyroidism was statistically significant 
for models with water fluoride concentration (p interaction term = 0.03) 
and daily fluoride intake (p interaction term = 0.01). Women with normal 
TPOAb levels were 2.85 times (95 % CI: 1.25, 6.50) more likely to have or 
nreet criteria for prinrary hypothyroidisnr for each 0.5 mg/L increase in 
water fluoride concentration. Likewise, fluoride intake was significantly as
sociated with risk of primary hypothyroidism among women with normal 
TPOAb levels (aOR: 1.75; 95 % CI: 1.27,2.41). In contrast, there was no ev
idence of effect modification by maternal TPOAb status in the associations 
between watei' fluoride or fluoride intake and risk of subclinical hypothy
roidism, or between MUFsg and risk of subclinical or primary hypothyroid
ism (Table 2).

3.2. Maternal hypothyroidism and child intelligence

Demographic characteristics comparing the water fluoride cohorts with 
and without child IQ data are summarized in Table SI. Compared to 
women without child IQ data, those with child IQ data were more likely 
to be White, live in non-fluoridated cities, report no second-smoke exposure 
in the first trimester, and had lower MUFsg and water fluoride concentra
tions, and daily fluoride intake.

Subclinical Hypothyroidism Primary Hypothyroidism

MUFsg (mg/L)

Fluoride Intake (mg/day)
Legend

9 Adjusted
9 Unadjusted

Water Fluoride (mg/L)

0 12 3-10123

OR (95% CI)

Fig- 2. Covariate-adjusted and unadjusted effect estimates of associations between water fluoride concentration, daily fluoride intake, and urinary fluoride concentration, and 

subclinical and primary hypothyroidism relative to euthyroid women.

Note. Co variate-unadjusted and adjusted effect estimates from multinomial logistic regression models shown in black and grey, respectively. Results are also summarized in Table 2.

OR = odds ratio; reported for every 0.5 mg/L or 0.5 mg/day increase in water fluoride concentration, MUFsg concentration, and daily fluoride intake.

Abbreviations: MUFsg = maternal urinary fluoride, standardized for specific gravity; CI = confidence interval
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Model V: unadjusted Model 2^: covariate adjusted Model 2 + normal TPOAbModel 2 + high TPOAb*^

Table 2
Associations between water fluoride concentration, daily fluoride intake, and urinary fluoride concentration, and subclinical and primary hypothyroidism in pregnant 

women participating in the MIREC study.

n OR 95 % CI P n aOR 95 % CI P n aOR 95 % CI P n aOR 95 % CI P
Primary hypothyroidism

Water fluoride (mg/L) 1185 1.71 1.10,2.67 0.02 1105 1.65 1.04,2.60 0.03 1094 2.85 1.25,6.50 0.01 1094 0.88 0.45,1.72 0.71

Fluoride intake (mg/day) 1071 1.25 1.01,1.54 0.04 996 1.25 0.99,1.57 0.06 988 1.75 1.27,2.41 0.00 988 0.87 0.58,1.31 0.51

MUFsg (mg/L) 1239 1.11 0.85,1.45 0.46 1149 1.00 0.73,1.39 0.98 1141 0.94 0.53,1.67 0.82 1141 0.90 0.56,1.44 0.66

Subclinical hypothyroidism

Water fluoride (mg/L) 1185 1.12 0.71,1.74 0.63 1105 1.15 0.73,1.82 0.54 1094 1.15 0.67,1.99 0.61 1094 1.13 0.48,2.70 0.78

Fluoride intake (mg/day) 1071 1.03 0.81,1.30 0.83 996 1.03 0.81,1.32 0.79 988 0.98 0.73,1.33 0.91 988 1.18 0.73,1.89 0.51

MUFsg (mg/L) 1239 0.96 0.72,1.28 0.76 1149 0.94 0.67,1.31 0.71 1141 1.04 0.72,1.51 0.84 1141 0.74 0.37,1.49 0.40

“ Model 1: multinomial logistic regression models of water fluoride concentration, daily fluoride intake, and MUFsg concentration predicting risk of either primary or 

subclinical hypothyroidism, not adjusted for covariates.

Model 2: primary multinomial logistic regression models of water fluoride concentration, daily fluoride intake, and MUFsg concentration predicting risk of either primary 

or subclinical hypothyroidism, adjusted for relevant covariates.

Model 2 + normal TPOAb: primary multinomial logistic regression models of water fluoride concentration, daily fluoride intake, and MUFsg concentration predicting 

risk of either primary or subclinical hypothyroidism for women with normal levels of TPOAb (i.e., <5.61 lU/mL).

Model 2 + high TPOAb: primary multinomial logistic regression models of water fluoride concentration, daily fluoride intake, and MUFsg concentration predicting risk 

of either primary or subclinical hypothyroidism for women with elevated levels of TPOAb (i.e., > 5.61 lU/mL). OR = Odds ratio, aOR = adjusted odds ratio; reported for 

every 0.5 mg/L or 0.5 mg/day increase in water fluoride concentration, MUFsg concentration, and daily fluoride intake. MUFsg = maternal urinary fluoride, standardized for 

specific gravity.

Median (IQR) FSIQ score was 108 (19) for the sample of 439 children 
with euthyroid or primary hypothyroid mothers (females: 110 (17); 
males: 105 (19)). FSIQ scores were 4.45-points (95 % CI: —9.17, 0.26) 
lower, on average, among children of primary hypothyroid women com
pared to children of euthyroid women. The interaction between maternal 
primary hypothyroidism and child sex in predicting child FSIQ scores met 
our threshold for model-selection purposes (p interaction term = 0.13).

Males bom to women with primary hypothyroidism (n = 13) had signifi
cantly lower FSIQ scores (B coefficient: -8.42; 95 % CI: —15.33 to 
— 1.50) compared with males bom to euthyroid women (n = 201) 
(Fig. 3). In contrast, FSIQ scores did not differ significantly among females 
bom to primary hypothyroid women (n = 15) versus euthyroid women {n 
= 210; B coefficient: —1.04; 95 % CI: -7.47, 5.38). Results remained the 
same with gestational age included as a covariate. Further probing of the 

Boys

100

80
FSIQ VIQ PIQ

S 120

Girls

100

80
FSIQ VIQ PIQ

■ Euthyroid
□ Hypothyroid

o o

Fig- 3. Sex-specific effects in the association between maternal primary hypothyroidism and child FSIQ, VIQ, and PIQ.

Note. Top (left to right): mean FSIQ, VIQ, and PIQ scores of male children born to euthyroid (mean: FSIQ = 105.06, VIQ = 107.3, PIQ = 101.97) and primary hj^othyroid 

(mean: FSIQ = 95.92, VIQ = 99.1, PIQ = 94.23) women.

Bottom (left to right): mean FSIQ, VIQ, and PIQ scores of/emoZe children born to euthyroid (mean: FSIQ = 109.91, VIQ = 111.96, PIQ = 105.61) and primary hypot hyroid 

(mean: FSIQ = 107.07, VIQ = 112.43, PIQ = 100.20) women.

Error bars represent the 95 % confidence intervals.

* Indicates a significant difference between means (p < .05).
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association between maternal primary hypothyroidism and child IQ indi
cated that the significant difference in FSIQ among male children born to 
primary hypothyroid versus euthyroid women was primarily driven by a 
difference in VIQ (B coefficient: - 8.76; 95 % CI: —15.59 to -1.93) and 
not PIQ (B coefficient: - 5.93; 95 % CI: —13.64 to 1.79; Fig. 3). For com
plete results, see Table S2.

We did not observe a significant association between maternal 
subclinical hypothyroidism and child FSIQ (n = 438; B coefficient: 0.05; 
95 % CI: —4.78, 4.89). Further, we found no evidence of effect modifica
tion by child sex.

3.3. Sensitivity analyses

3.3.1. Primary models
Controlling for Tg as a covariate in our models estimating associations 

between fluoride exposure (water fluoride concentration, fluoride intake, 
and MUFsg concentration) and risk of either subclinical or primary hypo
thyroidism did not alter any of the results (Table S3).

When the sample was restricted to include only women who reported 
clinical diagnoses of primary hypothyroidism at the time of enrollment in 
MIREC (n = 59), a 0.5 mg/L increase in water fluoride concentration was 
associated with 1.88 times greater odds (95 % CI: 1.10, 3.21) of having a 
diagnosis after controlling for covariates. Similarly, results revealed a statis
tically significant association between daily fluoride intake and diagnosed 
primary hypothyroidism (aOR: 1.42; 95 % CI: 1.10, 1.82). In contrast, no 
significant association was found between MUFsg concentration and diag
nosed primary hypothyroidism (Table S3).

We found no evidence of confounding by other environmental toxicants 
(i.e., arsenic, lead, manganese, mercury, PFOA, PFOS, or PFHxS) in the as
sociation between water fluoride concentration and risk of primary hypo
thyroidism (Table S3).

Finally, MUFsg concentration from trimester one was not significantly 
associated with hypothyroidism (Table S3). In contrast, the association be
tween daily fluoride intake and risk of primary hypothyroidism was statis
tically significant when using fluoride intake from trimester one in the 
model (aQR: 1.42; 95 % CI: 1.18, 1.71) (Table S3).

3.3.2. Mediation analysis
Mediation analysis on the subsample of 358 mother-child pairs with 

water fluoride, thyroid (i.e., euthyroid and primary hypothyroid women), 
and FSIQ data, as well as complete covariates, indicated a significant direct 
effect of water fluoride concentration on child FSIQ (natural direct effect es
timate = — 3.55; 95% CI: —5.95, —1.15). In contrast, the indirect effect 
was close to null (natural indirect effect estimate = -0.12; 95 % CI: 
- 0.41,0.16), indicating that maternal primary hypothyroidism did not sig
nificantly mediate the relationship between maternal water fluoride con
centration and child FSIQ in this subsample of mother-child pairs 
(Table 3). Likewise, there was no evidence of mediation when the model 
was rerun using child VIQ and PIQ (Table S4).

4. Discussion

In this Canadian pregnancy and birth cohort, fluoride in drinking water 
was associated with risk of primary hypothyroidism in pregnant women. 
Specifically, risk of hypothyi'oidism was 1.65 times higher per 0.5 mg/L in
crease in water fluoride concentration after accounting for potential con
founding variables. To contextualize these results, the difference in water 
fluoride concentration between cities that are fluoridated at the recom
mended level of 0.7 mg/L and those without fluoridation is approximately 
0.5 mg/L (Till et al., 2018). It is noteworthy that among the 1508 women 
for whom thyroid status was defined in the current study, 60.5 % lived in 
fluoridated areas, which is considerably higher than the proportion of the 
general Canadian population receiving fluoridated municipal drinking 
water (i.e., 38 %) (Public Health Agency of Canada, 2017). While fluori
dated tap water is the main source of fluoride exposure among adults in 
fluoridated communities (United States Environmental Protection Agency,

Table 3
Maternal primary hypothyroidism as a mediator of the association between mater

nal water fluoride concentration and child FSIQ.

Mediation parameters B p> 1^1 95 % Confidence

Interval

Output from mediation analysis in the counterfactual framework.

B = effect of a 0.5 mg/L increase in water fluoride concentration on child FSIQ.

“ Effect of maternal water fluoride concentration on child FSIQ not mediated by 

maternal primary hypothyroidism.

’’ Effect of maternal water fluoride concentration on child FSIQ mediated by 

maternal primary hypothyroidism.

' Total effect of maternal water fluoride concentration on child FSIQ, mediated 

and not mediated by maternal primary hypothyroidism (i.e., sum of the natural 

direcU and indirect^ effects).

Natural direct effect^ -3.55 0.00 -5.95 -1.15
Natural indirect effect'’ -0.12 0.40 -0.41 0.16
Marginal total effect” -3.67 0.79 -30.66 23.32

n.d.), we also estimated fluoride intake by weighting each cup of water and 
other water-based beverages (i.e., tea, coffee) consumed by fluoride con
centration in tap water. Findings revealed the same pattern of results, 
where higher fluoride intake was associated with risk of primary hypothy
roidism, particularly among women with normal TPOAb levels.

In contrast, maternal urinary fluoride concentration was not associated 
with hypothyroidism. Fluoride concentrations in municipal water supplies 
are relatively constant and therefore are more likely to be indicative of 
chronic fluoride exposure, and perhaps body burden, than urinary fluoride. 
It is possible that day-to-day variations in intake of high-fiuoridc foods, bev
erages, or dental products before sample collection could influence urinaty- 
fluoride measurement and contribute to exposure misclassification that 
would bias estimates toward the null. Moreover, thyroid disorders tend to 
develop over time (Casey et al., 2017; Chatzitomaris et al., 2017). Thus, it 
is reasonable that our more stable measure of fluoride exposure 
(i.e., water fluoride concentration) would be more strongly associated 
with risk of primary hypothyroidism than maternal urinary fluoride. 
Among the women with primary hypothyroidism, 73.8 % reported having 
a diagnosis prior to their pregnancy and enrollment in the MIREC study. In 
contrast, urinary fluoride was measured throughout pregnancy, and thus, 
following diagnosis for most women. Therefore, our findings make 
sense temporally in that we would not expect an exposure variable mea
sured in pregnancy to predict risk of a health condition diagnosed be
fore pregnancy. Similarly, we found a stronger association between 
daily fluoride intake and risk of primary hypothyroidism when looking 
at fluoride intake in trimester one only, perhaps indicating that women’s 
self-reported beverage consumption in trimester one was more reflec
tive of their pre-pregnancy beverage consumption habits. Prior research 
examining associations between fluoride exposure and other health out
comes have also reported stronger associations with water fluoride over 
urinary fluoride concentration (Green et ah, 2019; Malin et ah, 2018; 
Riddell et al., 2019).

We did not observe an association between maternal fluoride exposure 
and subclinical hypothyroidism. This may be because subclinical hypothy
roidism is a milder form of hypothyroidism with more variable presenta
tions that may be exacerbated by pregnancy-associated changes in 
thyroid hormone levels. Indeed, there is ongoing conti'ovei'sy as to whether 
subclinical hypothyroidism constitutes a clinical disorder that requires for
mal treatment, especially in pregnancy, given that abnormalities in thyroid 
hormone levels arc commonly detected in routine blood work during preg
nancy (Casey et al., 2017). Notably, when we restricted our analysis to in
clude only women with a reported clinical diagnosis of hypothyroidism, 
the observed associations between maternal fluoride exposure and primary 
hypothyroidism were stronger than when we included women identified 
using trimester one thyroid hormone levels - perhaps reflecting impreci
sion in our classifications of maternal thyroid function.

Our findings are consistent with prior studies showing a relationship 
between fluoride exposure and thyroid function. An ecologic study 
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conducted in England reported a significantly higher prevalence of diag
nosed hypothyroidism among adults living in areas with higher fluoride 
levels in drinking water (Peckham et al., 2015). Considering hypothyroid
ism is defined by elevated TSH and low FT4 levels, our findings are also 
in line with epidemiologic studies repotting associations between higher 
drinking water-fluoride concentrations and higher TSH and lower T4 levels 
in children and adults (Khandare et al., 2018; Kheradpisheh et al., 2018). In 
contrast, our results do not align with those of a Canadian study that re
ported no relationship between fluoride exposure (measured in urine and 
tap water) and self-reported diagnosis of a thyroid disorder among non
pregnant adults (Barberio et al., 2017). Discrepancy in results could reflect 
differences in exclusion and inclusion criteria (i.e., the prior study included 
respondents between the ages of 3-79 years), differences between a preg
nant and non-pregnant sample, and differences in how thyroid disorders 
were classified (i.e., use of different cut-offs for elevated TSH and low FT4).

Fluoride may impact thyroid function by several potential mechanisms. 
It may inhibit the deiodinase enzymes that are necessary for thyroid hor
mone production, resulting in decreased blood-T3 and T4 levels and in
creases in circulating TSH (Malin et al., 2018; Susheela et al., 2005). 
Fluoride may also induce structural and functional changes to the follicular 
epithelial cells of the thyroid gland (e.g., decline in the colloidal content 
and damage to the endoplasmic reticulum) resulting in insufficient secre
tion of Tg, and thus disruption to thyroid hormone synthesis more broadly 
(Banji et al., 2013; Basha et al., 2011). Further, fluoride may interfere with 
iodine to exert its negative effects on thyroid function, perhaps by 
inhibiting the expression and activity of sodium iodide symporters that 
are necessary for mediating active iodide transport into the thyroid, result
ing in lower iodine availability and the indirect suppression of thyroid hor
mone production (Greer et al., 2002; Waugh, 2019). Importantly, however, 
a recent experimental study (Buckalew et al., 2020) refuted this claim by 
showing that fluoride does not inhibit sodium iodide symporter activity 
in Fischer rat thyroid follicular cells. This, together with our prior finding 
of women in MIREC being largely iodine sufficient (Krzeczkowski et al., 
2022), and evidence that the effect of water fluoride concentration on ma
ternal primary hypothyroidism remains significant after controlling for a 
biomarker of chronic iodine nutrition (i.e., Tg), suggest that iodine defi
ciency is not a confounder in this study. Ultimately, further research in 
this area is needed to understand fluoride action on thyroid function and 
whether iodine modifies the neurotoxicity of fluoride as reported in prior 
studies (Malin et al., 2018; Goodman et al., 2022).

In our study, having an underlying autoimmune condition 
(i.e., Hashimoto's disease) did not increase vulnerability to fluoride- 
induced changes in thyroid gland functioning. Rather, our findings showed 
that pregnant women with normal TPOAb levels (<5.61 lU/mL) were most 
susceptible to fluoride-associated thyroid disruption, in that the associa
tions between water fluoride concentration and fluoride intake and pri
mary hypothyroidism were stronger among this group of women. It is 
possible that pregnant women with high TPOAb levels had a pre-existing 
autoimmune-related decreased capacity to produce thyroid hormones and 
therefore did not show as strong of a link with fluoride exposure compared 
to women with normal TPOAb levels. However, the estimates for women 
with normal TPOAb levels were less precise (i.e., wider confidence inter
vals) and should thus be interpreted with caution.

Our finding that women with primary hypothyroidism were more likely 
to have children with lower IQ scores is consistent with previous studies 
(Andersen et al., 2018; Haddow et al., 1999; Levie et al., 2018), though 
this association was only significant for FSIQ and VIQ among male children 
in our study. Few, if any, studies have explored effect modification by child 
sex when assessing the relationship between maternal hypothyroidism in 
pregnancy and offspring IQ. However, males born to women with hypothy
roidism have been reported to be at increased risk of developing externaliz
ing (e.g., attention deficit and hyperactivity disorder) (Peltier et al., 2021) 
problems when compared to females. In the context of neurotoxicants, 
the male brain is known to be more vulnerable to many chemical exposures, 
including fluoride, when compared with similarly exposed females (Green 
et al., 2020; Kem et al., 2017). Moreover, in recent studies, women who 

were pregnant with males were found to be more likely to have elevated 
TSH (Sitoris et al., 2022; Wang et al., 2019). Collectively, these findings 
suggest that sex differences in the association between maternal hypothy
roidism in pregnancy and child FSIQ and VIQ are plausible.

Despite the significant direct effect between water fluoride concentration 
and lower child FSIQ and observed trend toward lower child FSIQ among 
women with primary hypothyroidism (p = .06), results from mediation anal
ysis showed that maternal primary hypothyi'oidism did not significantly me
diate the relationship between water fluoride concentration and child FSIQ. It 
is important to note that we were unable to account for all relevant covariates 
in the mediation model; study site was not included due to collinearity, and 
some of the covariates (e.g., HOME score) that are relevant for the association 
between hypothyToidism and child IQ are not directly relevant for the associ
ation between fluoride exposure and hypothyroidism. Moreover, considering 
only 25 of 107 (23.4 %) children of mothers with primary hypothyroidism 
had IQ data, there may have been insufficient statistical power in the media
tion model to detect a significant indirect effect.

Among the sample of pregnant women included in this study, 6.1% met 
criteria for primary hypothyroidism. Prevalence of primary or overt hypo
thyroidism has been shown to vary across other Canadian and American 
pregnant samples, generally falling between 0.7 and 3 % (Stagnaro-Green 
and Pearce, 2012; Leduc-Robert et aL, 2020; Blatt et al., 2012). The rela
tively higher prevalence rate observed in the current study may be ex
plained, in part, by the fact that women were categorized as primary 
hypothyroid if they met criteria based on their thyroid hormone levels in 
trimester one or if they had reported a previous diagnosis. Notably, 
women with prior diagnoses presented as euthyroid by blood panel in tri
mester one, and thus, would not normally be accounted for when determin
ing prevalence rates based on thyroid hormone levels alone. This 
discrepancy may also be attributed to differences in diagnostic criteria 
used across studies (i.e., use of TSH on its own, with varying cut-offs) and 
time at thyroid hormone measurement since prevalence rates can vary 
across trimesters. Moreover, prevalence rates may differ depending on the 
demographic characteristics (e.g., race, age) of the sample (Stagnaro- 
Green and Pearce, 2012; Blatt et al., 2012).

4.1. Strengllts and limitations

Strengths of our study include the use of multiple measures of maternal 
fluoride exposure and thyroid hormones measured using gold-standard ap
proaches in a large pregnancy cohort. In addition, our analyses considered 
an array of potential confounding variables and incorporated several fac
tors that may influence thyroid hormone levels, including Tg, TPOAb 
levels, and pre-pregnancy BMI. There are some limitations associated 
with our study as well. Women in the MIREC cohort tend to be older, 
more educated, more likely to be married or common law, primarily 
White, and more likely to report prenatal vitamin use (Arbuckle et al., 
2013) which may restrict the generalizability of our results to the broader 
Canadian population. Results pertaining to child IQ may also be restricted 
in generalizability, given the subsample of mother-child dyads with avail
able IQ data were more likely to reside in non-fluoridated areas (54.0 % 
of the fluoride-IQ sample lived in a non-fluoridated area compared with 
38.1 % in the fluoride-thyroid sample; Table SI). Regarding our measure 
of maternal race, our prior work conducted in the MIREC pregnancy cohort 
(Till et al., 2018), as well as in another Canadian population (Riddell et al., 
2021), did not find differences in urinaty-fluoride levels by race. We there
fore do not have evidence of disproportionate exposure to fluoride by race, 
as reported in a study conducted in U.S. children (Martinez-Mier and Soto- 
Rojas, 2010). Still, other factors that could differ by race, such as diet 
(Brooks et al., 2017) and urinary pH (Ekstrand et al., 1982), could contrib
ute to differences in fluoride excretion and therefore control for race is war
ranted for increasing the accuracy of the estimates. Reporting bias is also 
possible in that some women may not have self-reported a previous diagno
sis of a thyroid disorder or taking thyroid medication. Further, as with any 
observational study, we cannot exclude the potential for residual confound
ing, whereby unmeasured or imprecisely measured confounders prevent 
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causal inferences from begin drawn from associations. Interpretation of 
findings should also consider the potential for reverse causality. We consid
ered hypothyroidism as a potential mediator of the association between 
fluoride exposure and child IQ; however, it is conceivable that women 
with hypothyroidism may drink more water or other beverages given that 
hypothyroidism is associated with increased thirst. In this case, hypothy
roidism would be associated with higher fluoride intake among women 
drinking fluoridated tap water and/or tea. The plausibility of reverse cau
sality is unlikely, however, given that we would not expect more women 
with hypothyroidism to drink fluoridated over non-fluoridated water. An 
additional limitation is that fluoride was measured in spot samples instead 
of 24-hour urine samples or first morning voids, preventing us from being 
able to control for behaviours that could contribute to fluctuations in uri- 
nar)' fluoride concentration given the short half-life of fluoride (approxi
mately 5 h). We attempted to mitigate the effects of this limitation by 
averaging urinary fluoride across all three trimesters. Finally, the question
naire and methods used to estimate daily fluoride intake have not yet been 
validated; however, fluoride intake showed the expected associations with 
urinary fluoride and water fluoride concentrations, suggesting content va
lidity of our derived variable.

4.2. Conclusions

To our knowledge, this is the first study to investigate the relationships 
between maternal fluoride exposure and thyroid function in a prospective 
pregnancy cohort receiving optimally fluoridated water. Our findings indi
cate that higher levels of fluoride exposure in pregnant women were asso
ciated with increased risk of hypothyroidism, supporting our hypothesis 
that fluoride exposure may disrupt thyroid function. Thyroid dysfunction 
in pregnancy may be one mechanism underlying the previously found 
association between fluoride exposure in pregnancy and offspring FSIQ in 
the MIREC cohort (Green et al., 2019), particularly among women with 
male children, though further research is warranted. Our findings are of 
public health significance given the large number of people exposed to 
fluoride in drinking water and the vital role of thyroid hormones in 
neurodevelopment.
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Supplementary Material

Appendix A

Formula for calculating daily fluoride intake, averaged across trimesters 1 and 3:

[((WaterFT! xTotalCupsTl) + (BlackTeaFTl X CupsBlackTeaTl') + (GreenTeaFTl x CupsGreenTeaTl')') +

((WaterFT3 x TotalCupsT3') + (BlackTeaFT3 x CupsBlackTeaT3') + (GreenTeaFT3 x CupsGreenTeaT3')')] - 2

where WaterF is the amount of fluoride in a 200mL cup based on each women’s individual water 

fluoride concentration, TotalCups is the total volume of water, coffee, and tea consumed, 

BlackTeaF is the amount of fluoride in each 200-mL cup of black tea, CupsBlackTea is the total 

volume of black tea consumed, GreenTeaF is the amount of fluoride in each 200-mL cup of 

green tea, and CupsGreenTea is the total volume of green tea consumed; T1 represents trimester 

1 data, and T3 represents trimester 3 data.
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Table SI

Demographic characteristics of main subsamples of interest.

MIREC cohort participants with:

Water fluoride 
concentration

Water fluoride 
concentration 
+ IQ scores

N 1527 485

Maternal age (years; mean; SD) 32.5 (5.1) 32.7 (4.7)

Ethnicity (n; %)

White 1273 (83.4) 426 (87.8)*

Other 254 (16.6) 59(12.2)*

Marital status (n; %)

Married or common law 1448 (94.8) 463 (95.5)

Single 79 (5.2) 22 (4.5)

Level of education (n; %)

College diploma or less 534 (35.0) 157 (32.4)

University degree 993 (65.0) 328 (67.6)

Household income (n; %)

<100,000 853 (58.5) 276 (59.1)

>100,000 606 (41.5) 191 (40.9)

City (n; %)

Fluoridated^ 946 (61.9) 223 (46.0)*
Non-fluoridated'’ 581 (38.1) 262 (54.0)*

Water fluoride concentration (mg/L; mean; SD) 0.42 (0.25) 0.34 (0.24)*

Fluoride intake (mg/day; mean; SD) 0.67 (0.50) 0.55 (0.44)*

MUFsg concentration (mg/L; mean; SD) 0.61 (0.40) 0.55 (0.39)*

Second-hand smoke in trimester 1 (n; %)

Yes 86 (5.7) 16(3.3)*

No 1440 (94.3) 469 (96.7)*
Pre-pregnancy BMI (kg/m^; mean; SD) 24.8 (5.3) 25.0(6.0)

Parity (n, %)

0 701 (46.0) 220 (45.4)

1 611 (40.0) 205 (42.3)

2+ 215 (14.0) 60(12.3)

Gestational age (weeks; mean; SD)'’ 11.7(1.4) 11.7(1.4)

Bom preterm (<37 weeks) (n; %) 129 (8.5) 29 (6.0)

Maternal thyroid hormones

TSH (pIU/mL; mean; SD) 1.4 (1.2) 1.4(1.1)
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FT4 (pg/mL; mean; SD) 13.6(2.8) 13.5 (2.9)

TT4 (ng/mL; mean; SD) 106.9 (21.6) 105.3 (20.7)

Tg (ng/mL; mean; SD) 17.3 (16.2) 16.9(14.6)

Maternal thyroid antibodies

Anti-Tg (lU/mL; mean; SD) 11.5 (54.1) 11.5 (58.9)

Anti-TPO (lU/mL; mean; SD) 27.9(109.2) 25.2(100.2)

Child sex (n; %) 

Male 803 (53.4) 241 (50.3)

Female 702 (46.6) 244 (49.7)

Child IQ (mean; SD) 

Full Scale IQ — 107.1 (13.7)

Verbal IQ — 109.9(13.1)

Performance IQ — 102.8(14.9)

HOME score (mean; SD) — 47.3 (4.4)

‘‘Edmonton, Winnipeg, Toronto, Hamilton, Sudbury, Ottawa, Halifax.
Vancouver, Kingston, Montreal.

“ Gestational age at time of maternal blood collection in trimester one.
* Denotes significant differences (f><.05) between participants with data on water fluoride 
concentration compared to those with data on both water fluoride concentration and children’s 
FSIQ scores. Calculated using the Chi-square test for categorical variables and t-test for 
continuous variables.
Abbreviations: SD= standard deviation; IQ = intelligence quotient; HOME= home observation 
measurement of the environment; MUFsg = maternal urinary fluoride, standardized for specific 
gravity; TSH= thyroid stimulating hormone; FT4= free thyroxine; TT4= total thyroxine; Tg= 
thyroglobulin; TPO = thyroid peroxidase.
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Table S2

Main and sex specific effects in the associations between maternal primary hypothyroidism 
and child FSIQ, VIQ and PIQ.

n B 95% CI P
Full Scale IQ® 439 -4.45 -9.17 0.26 0.06

Males'’ 439 -8.42 -15.33 -1.50 0.02

Females'’ 439 -1.04 -7.46 5.38 0.75
Verbal IQ** 436 -3.72 -8.47 1.03 0.12

Males® 436 -8.76 -15.59 -1.93 0.01
Females*^ 436 0.93 -5.63 7.49 0.78

Performance IQ® 436 -4.27 -9.52 0.97 0.11
Males'’ 436 -5.93 -13.64 1.79 0.13

Females’ 436 -2.85 -10.01 4.31 0.44

“Multiple linear regression model of association between maternal primary hypothyroidism and child 
FSIQ, adjusted for relevant covariates (n=28 women with primary hypothyroidism).
’’ Multiple linear regression model of association between maternal primary hypothyroidism and child 

FSIQ, for women with male children (n=214; n=15 women with primary hypothyroidism).

“ Multiple linear regression model of association between maternal primary hypothyroidism and child 

FSIQ, for women with female children (n=225; n=13 women with primary hypothyroidism). 
‘‘Multiple linear regression model of association between maternal primary hypothyroidism and child 

VIQ, adjusted for relevant covariates (n=27 women with primary hypothyroidism).

“ Multiple linear regression model of association between maternal primary hypothyroidism and child 

VIQ, for women with male children (n=212; n=13 women with primary hypothyroidism).

Multiple linear regression model of association between maternal primary hypothyroidism and child 
VIQ, for women with female children (n=224; n=14 women with primary hypothyroidism).

^Multiple linear regression model of association between maternal primary hypothyroidism and child 

PIQ, adjusted for relevant covariates (n=28 women with primary hypothyroidism).
Multiple linear regression model of association between maternal primary hypothyroidism and child 

PIQ, for women with male children (n=212; n=13 women with primary hypothyroidism).
‘ Multiple linear regression model of association between maternal primary hypothyroidism and child 

PIQ, for women with female children (n=224; n=15 women with primary hypothyroidism).
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Table S3

Additional models of associations between water fluoride concentration, daily fluoride intake, 
and urinary fluoride concentration, and subclinical and primary hypothyroidism used to 
address sensitivity analyses.

n aOR 95% CI P
Water fluoride concentration

Model la‘‘(Primary Hypo.) 1105 1.65 1.04,2.60 0.03

Model la + Tg 1102 1.62 1.03,2.55 0.04

Model la (Diagnoses) 1004 1.88 1.10, 3.21 0.02

Model la + Arsenic 1083 1.66 1.05,2.64 0.03

Model la + Lead 1096 1.63 1.03,2.58 0.04

Model la + Manganese 1092 1.58 1.00,2.50 0.05

Model 1 a + Mercury 1096 1.56 0.98, 2.48 0.06

Model la + PFOA 1100 1.63 1.04,2.58 0.04

Model la + PFOS 1100 1.66 1.05,2.62 0.03

Model la + PFHxS 1100 1.65 1.04,2.60 0.03

Model lb'’ (Subclinical Hypo.) 1105 1.15 0.73, 1.82 0.54

Model lb + Tg 1102 1.15 0.73, 1.81 0.55

Daily fluoride intake

Model 2a^' (Primary Hypo.) 996 1.25 0.99, 1.57 0.06

Model 2a + Tg 993 1.24 0.99, 1.56 0.07

Model 2a (Diagnoses) 907 1.42 1.10, 1.82 0.01

Model 2a (F Intake Tl) 1102 1.42 1.18, 1.71 0.00

Model 2b‘' (Subclinical Hypo.) 996 1.03 0.81, 1.32 0.79

Model 2b + Tg 993 1.03 0.81, 1.32 0.79

Model 2b (F Intake Tl) 1102 0.97 0.77, 1.23 0.81

Urinary fluoride concentration

Model 3a® (Primary Hypo.) 1149 1.00 0.73, 1.39 0.98

Model 3a + Tg 1146 0.99 0.72, 1.36 0.96

Model 3 a (Diagnoses) 1049 0.93 0.64, 1.36 0.72
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Model 3a (MUFsg Tl) 1149 1.03 0.81, 1.31 0.82

Model 3 a (MUFcr) 909 1.00 0.74, 1.35 0.98

Model 3bf (Subclinical Hypo.) 1149 0.94 0.67, 1.31 0.71

Model 3b + Tg 1146 0.94 0.67, 1.31 0.71

Model 3b (MUFsg Tl) 1149 1.12 0.90, 1.40 0.31

Model 3b (MUFcr) 909 1.02 0.76, 1.36 0.90

Trimary logistic regression model of water fluoride concentration predicting risk of primary 

hypothyroidism, adjusted for covariates. Model was rerun, separately, with adjustment for Tg 

and other neurotoxicants (i.e.. Arsenic, Lead, Manganese, Mercury, PFOA, PFOS, PFHxS), and 

for women with clinical diagnoses of primary hypothyroidism only.

Primary logistic regression model of water fluoride concentration predicting risk of subclinical 

hypothyroidism, adjusted for covariates. Model was rerun, separately, with adjustment for Tg.
Primary logistic regression model of daily fluoride intake predicting risk of primary 

hypothyroidism, adjusted for covariates. Model was rerun, separately, with adjustment for Tg, 
for women with clinical diagnoses of primary hypothyroidism only, and using daily fluoride 

intake from trimester one only.

Primary logistic regression model of daily fluoride intake predicting risk of subclinical 

hypothyroidism, adjusted for covariates. Model was rerun, separately, with adjustment for Tg, 
and using daily fluoride intake from trimester one only.

® Primary logistic regression model of MUFsg concentration predicting risk of primary 

hypothyroidism, adjusted for covariates. Model was rerun, separately, with adjustment for Tg, 
for women with clinical diagnoses of primary hypothyroidism only, using MUFsg from trimester 

one only, and using MUF adjusted for urinary creatinine (averaged across three trimesters). 
^Primary logistic regression model of MUFsg concentration predicting risk of subclinical 

hypothyroidism, adjusted for covariates. Model was rerun, separately, with adjustment for Tg, 
using MUFsg from trimester one only, and using MUF adjusted for urinary creatinine (averaged 

across three trimesters).

aOR= adjusted odds ratio; reported for every 0.5 mg/L or 0.5 mg/day increase in water fluoride 

concentration, MUFsg concentration, and daily fluoride intake.

Abbreviations: Tg= thyroglobulin; PFOA= perfluorooctanoic acid; PFOS= perfluorooctane 

sulfonate; PFHxS= perfluorohexanesulfonic acid; MUFsg= maternal urinary fluoride, 
standardized for specific gravity; Tl = trimester one; MUFcr=maternal urinary fluoride, 

standardized for creatinine.
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Table S4

Maternal primary hypothyroidism as a mediator of the association between maternal water 
fluoride concentration and child VIQ and PIQ.

Mediation parameters n B 95% Confidence Interval

Verbal IQ 357

Natural direct effect® 1.14 0.34 -1.20 3.47
Natural indirect effect'’ -0.11 0.42 -0.37 0.15

Marginal total effect® -1.03 0.93 -22.40 24.45
Performance IQ 355

Natural direct effect** -7.74 0.00 -10.41 -5.07
Natural indirect effect® -0.11 0.43 -0.39 0.17
Marginal total elTecl' -7.85 0.53 -32.28 16.58

Output from mediation analysis in the counterfactual framework.
‘‘ ‘'Effect of maternal water fluoride concentration on child VIQ or PIQ not mediated by maternal 
primary hypothyroidism.
’’’^Effect of maternal water fluoride concentration on child VIQ or PIQ mediated by maternal 
primary hypothyroidism.
“ ^Total effect of maternal water fluoride concentration on child VIQ or PIQ, mediated and not 
mediated by maternal primary hypothyroidism (i.e., sum of the natural direct®’** and indirect'’® 
effects).
B= effect of a 0.5 mg/E increase in water fluoride concentration on child VIQ or PIQ.
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