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ARTICLE INFO ABSTRACT
Editor: Lidia Minguez Alarcon Background: 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-
Keyw‘_’ms-‘ pact offspring development.
Fluotide Objectives: We evaluated associations between fluoride exposure and hypothyroidism in a Canadian pregnancy cohort.
‘Thyroid function y : : : o T ) ¥
e —— Methods: We measured fluoride concentrations in drinking water and three dilution-corrected urine samples and esti-
Pregnancy mated fluoride intake based on self-reported beverage consumption. We classified women enrolled in the Maternal-
1Q Infant Research on Environmental Chemicals Study as euthyroid (n = 1301), subclinical hypothyroid (n = 100) or
Neurotoxicity primary hypothyroid (n = 107) bascd on their thyroid hormone levels in trimester one. We used multinomial logistic

regression to estimate the association between fluoride exposure and classification of either subclinical or primary hy-
pothyroidism and considered maternal thyroid peroxidase antibody (TPOAD) 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 matemal 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: (.73, 1.39) or fluoride intake (aOR: 1.25; 95%CI:
0.99, 1.57) and hypothyroidism. Among women with normal TPOAD levels, the risk of primary hypothyroidism
increased with both increasing water fluoride and fluoride intake (aOR water fluoride coneentration: 2.85; 95%CI:
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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)** 322 (5.2)
Ethnicity (1 %)
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 (12; %)
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) 753 (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 (m; %)
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 (17; %)
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/mz; mean; SD) 248 (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+ 224 (14.8) 201 (15.4) 6 (6.0)%* 17 (15.9) 61(16.2)
Gestational age (weeks; mean; SD)'i 11.6 (1.6) 116 (1.6) 11.7 (1.4) 118 (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/L; 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 (L.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 thyroid antibodies
Anti-Tg (IU/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 (IU/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 + (=5.61 IU/mL; n; %) 232(15.6) 137 (10.6) 33 (33.0)** 62 (63.3)** 40 (11.4)**
Todine intake (ug/day; mean; SD) 444.0 (343.5) 440.9 (356.7) 458.0 (273.8) 470.0 (208.4) 482.4 (442.8)*
UIC/Cr (ug/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 (7; %) 1323 (87.8) 1134 (87.2) 95 (95.0)** 94 (87.9) 325 (86.2)
Reported taking thyroid medication (iz; %) 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 1Q 109.6 (13.5) 109.8 (13.6) 110.1 (11.5) 106.4 (13.8) 108.1 (12.4)
Performance 1Q 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 (*: p < .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 #test for continuous variables.
Abbreviations: CAD = Canadian; SD = standard deviation; IQ = intelligence quotient; HOME = home observation measurement of the environment; MUFg; = maternal
urinary fluoride, adjusted for specific gravity; TSH = thyroid stimulating hormone; FT4 = free thyroxine; TT4 = total thyroxine; Tg = thyroglobulin; TPO = thyroid per-
oxidase; UIC/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 meastred, 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.

4 Gestational age at time of maternal blood collection in trimester one.
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Supplementary Material
Appendix A

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

[(WaterFT1 x TotalCupsT1) + (BlackTeaFT1 x CupsBlackTeaT1) + (GreenTeaFT1 X CupsGreenTeaT1)) +

((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, 7ofalCups 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, GreenTeal ' is the amount of fluoride in each 200-mL cup of
green tea, and CupsGreenlea is the total volume of green tea consumed, 77 represents trimester

1 data, and 73 represents trimester 3 data.
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Table S1

Demographic characteristics of main subsamples of interest.

MIREC cohort participants with:

Water fluoride =~ Water fluoride
concentration 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 (72; %)

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

Single 79 (5.2) 22 (4.5)
Level of education (72; %)

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

University degree 993 (65.0) 328 (67.6)
Household income (72; %)

<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)*
MUFsc concentration (mg/L; mean; SD) 0.61 (0.40) 0.55 (0.39)*
Second-hand smoke in trimester 1 (72; %)

Yes 86 (5.7) 16 (3.3)*

No 1440 (94.3) 469 (96.7)*
Pre-pregnancy BMI (kg/m?; mean; SD) 248 (5.3) 25.0(6.0)
Parity (2, %)

0 701 (46.0) 220 (45.4)

1 611 (40.0) 205 (42.3)

24 215 (14.0) 60 (12.3)
Gestational age (weeks; mean; SD)* 11.7(1.4) 11.7(1.4)
Born preterm (<37 weeks) (n; %) 129 (8.5) 29 (6.0)
Maternal thyroid hormones

TSH (uIU/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 (IU/mL; mean; SD) 11.5(54.1) 11.5(58.9)

Anti-TPO (IU/mL; mean; SD) 27.9(109.2) 25.2(100.2)
Child sex (7; %)

Male 803 (53.4) 241 (50.3)

Female 702 (46.6) 244 (49.7)
Child IQ (mean; SD)

Full Scale 1Q -- 107.1 (13.7)

Verbal 1Q -- 109.9 (13.1)

Performance IQ -- 102.8 (14.9)
HOME score (mean; SD) -- 473 (4.4

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

b Vancouver, Kingston, Montreal.

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

* Denotes significant differences (p<.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, MUFgg = 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 1Q* 439 -4.45 -9.17 0.26 0.06
MalesP 439 -8.42 -15.33 -1.50 0.02
Females® 439 -1.04 -7.46 5.38 0.75
Verbal 1Q¢ 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 1Q2 436 -4.27 -9.52 0.97 0.11
Males” 436 -5.93 -13.64 1.79 0.13
Females' 436 2.85 -10.01 431 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 lincar 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).

T 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).

EMultiple lincar regression model of association between matemal 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 matemnal 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 1a* (Primary Hypo.) 1105 1.65 1.04,2.60 0.03
Model 1a+ Tg 1102 1.62 1.03,255 0.04
Model 1a (Diagnoses) 1004 1.88 1.10,321 0.02
Model 1a + Arsenic 1083 1.66 1.05,2.64 0.03
Model 1a + Lead 1096 1.63 1.03,2.58 0.04
Model 1a + Manganese 1092 1.58 1.00,2.50 0.05
Model la + Mercury 1096 1.56 098,248 0.06
Model 1a + PFOA 1100 1.63 1.04,258 0.04
Model 1a + PFOS 1100 1.66 1.05,262 0.03
Model 1a + PFHxS 1100 1.65 1.04,2.60 0.03
Model 1b° (Subclinical Hypo.) 1105 1.15 073,182 0.54
Model 1b + 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 1.24 099,156 0.07
Model 2a (Diagnoses) 907 1.42 1.10,1.82 0.01
Model 2a (F Intake T1) 1102 1.42 1.18,1.71 0.00
Model 2b¢ (Subclinical Hypo.) 996 1.03 081,132 0.79
Model 2b + Tg 993 1.03 081,132 0.79
Model 2b (F Intake T1) 1102 0.97 077,123 0.8l
Urinary fluoride concentration
Model 3a® (Primary Hypo.) 1149 1.00 0.73,1.39 0.98
Model 3a + Tg 1146 0.99 0.72,136 0.96
Model 3a (Diagnoses) 1049 0.93 0.64,136 0.72
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Model 3a (MUFsG T1) 1149 1.03 081,131 0.82

Model 3a (MUFcx) 909 1.00 0.74,135 0.98
Model 3bf(Subclinical Hypo.) 1149 0.94 067,131 0.71
Model 3b + Tg 1146 0.94 067,131 0.71
Model 3b (MUFsg T1) 1149 1.12 0.90,1.40 0.31
Model 3b (MUF¢) 909 1.02 0.76,136 0.90

*Primary 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.

4 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 MUFsc from trimester
one only, and using MUF adjusted for urinary creatinine (averaged across three trimesters).

f Primary logistic regression model of MUFsg concentration predicting risk of subclinical
hypothyroidism, adjusted for covariates. Model was rerun, separately, with adjustment for Tg,
using MUFsc 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; MUFgc= maternal urinary fluoride,
standardized for specific gravity; T1= trimester one; MUFc,=maternal urinary fluoride,
standardized for creatinine.
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Table S4

Maternal primary hypothyroidism as a mediator of the association between maternal water
Sfluoride concentration and child VIQ and PI(Q.

Mediation parameters n B p>|z] 95% Confidence Interval
Verbal 1Q 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 1Q 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 effect” -7.85 0.53 -32.28 16.58

Output from mediation analysis in the counterfactual framework.

+dEffect of maternal water fluoride concentration on child VIQ or PIQ not mediated by maternal
primary hypothyroidism.

bEffect of maternal water fluoride concentration on child VIQ or PIQ mediated by maternal
primary hypothyroidism.

fTotal 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/L increase in water fluoride concentration on child VIQ or PIQ.
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