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A B S T R A C T   

Introduction: Fluoride exposure may have various adverse health effects, including affecting thyroid function and 
disease risk, but the pattern of such relation is still uncertain. 
Methods: We systematically searched human studies assessing the relation between fluoride exposure and thyroid 
function and disease. We compared the highest versus the lowest fluoride category across these studies, and we 
performed a one-stage dose-response meta-analysis for aggregated data to explore the shape of the association. 
Results: Most retrieved studies (27 of which with a cross-sectional design) were conducted in Asia and in children, 
assessing fluoride exposure through its concentrations in drinking water, urine, serum, or dietary intake. Twenty- 
four studies reported data on thyroid function by measuring thyroid-related hormones in blood (mainly thyroid- 
stimulating-hormone - TSH), 9 reported data on thyroid disease, and 4 on thyroid volume. By comparing the 
highest versus the lowest fluoride categories, overall mean TSH difference was 1.05 μIU/mL. Dose-response 
curve showed no change in TSH concentrations in the lowest water fluoride exposure range, while the hor
mone levels started to linearly increase around 2.5 mg/L, also dependending on the risk of bias of the included 
studies. The association between biomarkers of fluoride exposure and TSH was also positive, with little evidence 
of a threshold. Evidence for an association between fluoride exposure and blood concentrations of thyroid 
hormones was less evident, though there was an indication of inverse association with triiodothyronine. For 
thyroid disease, the few available studies suggested a positive association with goiter and with hypothyroidism in 
both children and adults. 
Conclusions: Overall, exposure to high-fluoride drinking water appears to non-linearly affect thyroid function and 
increase TSH release in children, starting above a threshold of exposure, and to increase the risk of some thyroid 
diseases.   
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1. Introduction 

Fluoride is the 13th most abundant element on Earth (Ghosh et al., 
2013), naturally present in different amounts in certain foods, plants, 
and water (Singh et al., 2018; Ullah et al., 2017). Even though a small 
amount of exposure can occur from accidental ingestion of topical dental 
products, fluoridated water and fluoride-rich and enriched foods and 
beverages represent the main sources of fluoride intake (CDC, 2020; 
Lubojanski et al., 2023; Peckham and Awofeso, 2014). A too high 
fluoride exposure may adversely affect human health (Ahmad et al., 
2022; Lubojanski et al., 2023; Shahab et al., 2017), with particular 
reference to dental and skeletal fluorosis (Fewtrell et al., 2007; Veneri 
et al., 2023a), and more recently growing body of evidence suggesting 
neurodevelopmental effects in children (Duan et al., 2018; Fiore et al., 
2023; Veneri et al., 2023b). Moreover, high fluoride exposure has been 
associated with abnormal thyroid function, such as increased release 
and concentrations of thyroid-stimulating hormone (TSH), and 
decreased thyroxine (T4) and triiodothyronine (T3) levels (Andezhath 
et al., 2005; Wang et al., 2020). Despite a number of studies investi
gating the role of fluoride in thyroid toxicity, dose-response pooled es
timates of the association between fluoride exposure and thyroid 
function and disease are still lacking (Chaitanya et al., 2018; Liu et al., 
2014; Peckham et al., 2015). Therefore, we aimed at performing a sys
tematic review and meta-analysis, also taking advantage from a statis
tical approach made recently available and suitable to characterize the 
shape of the relation between fluoride exposure and thyroid function, 
disease, and volume (Crippa et al., 2019). 

2. Methods 

2.1. Protocol and registration 

We conducted this systematic review and meta-analysis according to 
the Preferred Reporting Items for Systematic Reviews and Meta- 
Analyses (PRISMA) 2020 guidelines (Page et al., 2021), after regis
tering the study protocol in PROSPERO database (registration no. 
CRD42022321899). 

2.2. Search strategy and study selection 

The research question was designed according to the PECOS state
ment (Population, Exposure, Comparator, Outcomes, and Study design) 
(Morgan et al., 2018) as follows: “What is the effect of fluoride exposure 
on thyroid, according to a dose-response relation in humans?“. There
fore, a study was considered eligible if it met the following inclusion 
criteria: (P) population of any age; (E) assessment of long-term fluoride 
exposure through drinking water or diet, and/or assessment of bio
markers of exposure (urinary or serum fluoride); (C) comparison of at 
least two categories of fluoride exposure; (O) biomarkers of thyroid 
function (e.g., TSH, T4, T3 hormones), thyroid disease risk (e.g., hypo
thyroidism, goiter) or thyroid volume as endpoints in (S) both nonex
perimental (observational) or experimental (clinical trial) study design. 
Conversely, we excluded studies that did not present original data (e.g., 
review articles, editorials, comments, or guidelines) or were written in 
languages other than English. No restrictions were applied regarding the 
geographical location or publication date and, when more studies 
examined the same population, only the most complete one was 
included. 

We performed a literature search through PubMed/MEDLINE, Web 
of Science, and Embase databases to retrieve studies published from 
inception up to November 15, 2023, by using the search terms “fluoride” 
and “thyroid”. Details about the search strategies are reported in Sup
plementary Table S1. The studies identified were imported into the 
Rayyan web app for systematic reviews (Ouzzani et al., 2016) and their 
titles, abstracts and full-texts were reviewed independently by three 
authors (II, LDP and FV), in accordance with the eligibility criteria. Any 

disagreements between these authors were resolved through the inter
vention of other two authors (MV and TF). Also, we searched backward 
and forward citations by manually checking the reference lists of these 
studies to retrieve additional literature of potential interest. To be 
further included in the meta-analysis, studies had to report effect/risk 
estimates according to exposure category, such as relative risk (RR), 
hazard ratio (HR), odds ratio (OR), mean difference (MD), or data 
allowing their calculation including the corresponding 95% confidence 
interval (95% CI), standard error (SE), standard deviation (SD), or 
interquartile range (IQR). 

2.3. Data extraction 

Data extraction from the eligible studies was independently per
formed by two authors (II and LDP) and verified by a third author (TF), 
using a standardized data collection form. We extracted the following 
information: (1) first author’s name; (2) study characteristics (title, 
study design, country, publication year); (3) population characteristics 
(sex, age at baseline and sample size); (4) exposure characteristics 
(definition, assessment method, categories of exposure); (5) outcome 
characteristics (definition, assessment method, number of cases); (6) 
effect estimates (RRs, HRs, ORs, MDs) with their 95% CIs, SE, SD, or data 
to calculate them according to the Cochrane Handbook for Systematic 
Reviews of Interventions recommendations (Higgins et al., 2019), from 
the most-adjusted model; and (7) adjustment variables in the multi
variable analysis. 

2.4. Risk of bias assessment 

The risk of bias of the included studies was assessed independently 
by three authors (II, LDP, and MEG), using the most recent version of the 
Risk of Bias tool In Non-randomized Studies of Exposures “ROBINS-E” 
(Higgins et al., 2023). In case of disagreement between assessors, a de
cision was taken by involving a fourth author (MV). The tool was 
adapted to accommodate our specific research question and the char
acteristics of the studies selected by following seven bias domains 
(Supplementary Table 2): (1) bias due to confounding; (2) bias in 
selecting participants in the study; (3) bias in exposure measurement; 
(4) bias in departure from intended exposure; (5) bias due to missing 
data; (6) bias in outcome measurement; (7) bias in selection of reported 
results. For three domains (bias due to confounding, bias in selecting 
participants in the study, bias in outcome measurement), studies were 
judged to be at “Low”, “Some concerns”, “High”, or “Very high” risk of 
bias. Studies were judged to be at “Low”, “Some concerns”, or “High” 
risk of bias for other three domains (bias in exposure measurement, bias 
due to missing data, bias in selection of reported results) and at “Low” or 
“Very high” risk of bias for bias in departure from intended exposure. 
Finally, the overall risk of bias of a study was considered “Low” if all 
domains were at “Low” risk of bias, “Some concerns” if at least one 
domain was found at “Some concerns” of bias, “High” if at least one 
domain was found at “High” risk of bias or four or more domains are at 
“Some concerns” of bias, and “Very high” if at least one domain was 
found at “Very high” risk of bias, or four or more domains are at “High” 
risk of bias. 

2.5. Data analysis 

We performed a meta-analysis by comparing the highest fluoride 
exposure category versus the lowest one and reporting the results in a 
forest-plot, using the restricted maximum likelihood random-effects 
model. When risk estimates for thyroid disease were unavailable, we 
extracted the number of cases and non-cases for each exposure category 
and then calculated the risk estimate alongside its 95% CI using the ‘csi’ 
routine of Stata software (v17.0, Stata Corp., College Station, TX, 2021). 
We stratified the analyses according to type of exposure indicator (e.g., 
water, urinary, serum fluoride, or daily fluoride intake), type of 
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endpoint (e.g., concentrations of thyroid-related hormones such as TSH, 
free T4, total T4, free T3, total T3, thyroid disease, and thyroid volume), 
and age categories (e.g., children, adults, children and adults), whenever 
data were available. We conducted sensitivity analyses excluding studies 
judged to be at “High” and/or “Very high” risk of bias. We also explored 
the shape of the association of fluoride exposure with thyroid-related 
hormone concentrations through a dose-response meta-analysis using 
a one-stage approach (Crippa et al., 2019; Orsini et al., 2022), in line 
with previous studies on other endpoints (Di Federico et al., 2023; Fil
ippini et al., 2021). In particular, we used a restricted cubic spline with 3 
knots at fixed cut-points (10th, 50th, and 90th percentiles) through the 
restricted maximum likelihood random-effects model. For this purpose, 
we extracted the mean/median fluoride levels or we computed the 
midpoint of each exposure category depending on data availability. If 
the highest and the lowest exposure categories were “open”, we calcu
lated a value that was 20% higher or lower, respectively, than the closest 
cutpoint (Filippini et al., 2022; Vinceti et al., 2016). Finally, we assessed 
publication bias through visual inspection of symmetry in funnel plots 
and by performing Egger’s test when at least five studies were available 
for analysis (Egger et al., 1997), the heterogeneity of included studies 
using the I2 statistics (Higgins et al., 2003), and by providing a graphical 
overlay of study-specific trends using predicted curves showing the in
fluence of variation across studies (Murad et al., 2023; Orsini et al., 

2022). All analyses were performed with Stata software (v17.0, Stata 
Corp., College Station, TX, 2021). 

3. Results 

3.1. Study selection 

Literature search and study selection process are described in the 
PRISMA flow-chart (Fig. 1). In the initial search, we identified 1232 
articles, of which 187 were duplicate records. After screening for title 
and abstract, 975 studies were further removed because they were 
considered not relevant or they were written in languages other than 
English, leaving 70 studies for full-text assessment. Based on their 
evaluation, we additionally excluded 42 studies for the following rea
sons: (1) other publication type e.g., conference abstracts or reviews (n 
= 18); (2) outcome not of interest (n = 7); (3) full-text not available (n =
5, 3 of them published before 2000); (4) lack of details for exposure (n =
5); (5) correlation exposure-outcome not possible (n = 3); (6) duplicate 
population (n = 2); (7) unhealthy population (n = 1); (8) study design 
not eligible (n = 1). Eventually, 28 studies (Ahmed et al., 2022; 
Andezhath et al., 2005; Bachinsky et al., 1985; Barberio et al., 2017; Cui 
et al., 2020; Day and Powell-Jackson, 1972; Du et al., 2021; Eltom et al., 
1984; Hall et al., 2023; Hong et al., 2008; Jooste et al., 1999; Karademir 

Fig. 1. PRISMA flow-chart of the inclusion process.  
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et al., 2011; Khandare et al., 2017, 2018; Kheradpisheh et al., 2018; 
Kumar et al., 2018; Kutlucan et al., 2013; Lathman and Grech, 1967; 
Michael et al., 1996; Peckham et al., 2015; Siddiqui, 1960; Szczuko 
et al., 2019; Wang et al., 2020, 2022; Xu et al., 2022; Yang et al., 2008; 
Yasmin et al., 2013; Zhang et al., 2015) were eligible for inclusion, to 
which we added 5 articles retrieved through citation chasing (Hosur 
et al., 2012; Shaik et al., 2019; Singh et al., 2014; Zulfiqar et al., 2019, 
2020), resulting in 33 studies eventually included in our meta-analysis 
and suitable to assess the association between fluoride exposure and 
thyroid outcomes. 

3.2. Characteristics of included studies 

The key characteristics of the studies included in our meta-analysis 
are summarized in Table 1. Overall, these studies were published be
tween 1960 and 2023, with 23 (70%) out of 33 being published from 
2010 to 2023. The included studies had a pooled sample of nearly 
45,000 participants (data missing for the large study by Peckham et al. 
(2015)), with an age between 6 and 79 years. Twenty-seven studies had 
a cross-sectional design, 5 case-control and 1 cohort study which was 
also the only report in pregnant women. Twenty-five studies were 
conducted in Asia (of which 10 in India and 8 in China), 3 studies in 
Europe, 3 in Africa, and 2 in Canada. All studies investigated different 
populations, with the partial exception of (Zulfiqar et al. 2019, 2020), 
which shared some participants. According to the available data, the 
exclusive evaluation of children was carried out in 22 studies (all but 1 
from Asia), 7 studies involved both children and adults, and the 
remaining 4 studies included adult populations only. Almost half of the 
studies (n = 14) measured fluoride exposure through multiple modal
ities of assessment, such as drinking water, urinary, serum concentra
tions, or daily fluoride intake. Eleven studies were based solely on 
drinking water levels, 7 studies on urinary fluoride, and 1 on serum 
fluoride. Average fluoride concentrations in drinking water (n = 25) 
ranged from 0.08 to 25.10 mg/L (median: 0.80 and IQR: 2.04) and 
urinary fluoride (n = 19) ranged from 0.06 to 4.57 mg/L (median: 0.82 
and IQR: 1.51). Lastly, the median ± IQR value of fluoride found in 
serum (n = 11) was 0.065 ± 0.17 mg/L (range: 0.03–0.395). Most 
studies (n = 24) reported data on thyroid function by measuring 
thyroid-related hormones in the blood (n = 24 for TSH, n = 22 for T4, 
and n = 21 for T3), 9 studies reported data on thyroid disease diagnosis 
(7 on goiter, 1 on hypothyroidism, and 1 on unspecified thyroid disease, 
respectively) and 4 papers studied thyroid volume through ultrasound 
methods. 

About half of the studies (n = 16) did not assess iodine status of study 
participants, 8 studies investigated subjects with rather homogeneous 
and adequate iodine status (4 assessing it at an ecologic level, 4 at the 
individual level by including only subjects with optimal iodine intake (n 
= 3) or not too high intake (n = 1), 1 of them also adjusting for urinary 
iodine in the multivariable analysis), 9 studies simply determined iodine 
exposure (8 in each of the fluoride exposure category, 1 independently 
from fluoride assessment). Among these 10 studies assessing iodine 
exposure, 1 study analyzed absorption of 131I over 24 h by the thyroid, 2 
studies reported iodine intake, 4 measured iodine exposure through 
drinking water concentration, and 3 by urinary concentration. In most of 
these studies, iodine and fluoride values increased (n = 4) or decreased 
(n = 3) in the same direction, while the remaining studies (n = 3) did not 
show a specific trend. 

3.3. Risk of bias assessment 

The results of the quality assessment study by Risk of Bias are re
ported in Supplementary Table S3. Overall, 5 studies were considered to 
be at “Very high” risk of bias, 10 at “High” risk of bias, 17 at “Some 
concerns”, and 1 at “Low” risk. Six studies were considered at “Low” risk 
of bias due to confounding, reporting adjustments for age, sex and iodine 
status; 22 were deemed to be at “Some concerns” of bias, since 9 of them 

adjusted for two variables among age, sex, and iodine status, and 13 
adjusted only for age; finally, 5 studies were considered at “Very high” 
risk of bias, since all of them did not report any adjustments. For one 
third of the studies the selection of eligible participants was not related 
to fluoride exposure, being at “Low” risk of bias for the related domain, 
while for 16 studies the selection of eligible participants was related to 
fluoride exposure, but they were recruited using the same inclusion- 
exclusion criteria, therefore, being considered at “Some concerns” for 
bias. Many studies (n = 20) were deemed at “Some concerns” of risk of 
bias in exposure classification, whereas 2 studies have not reported the 
exposure assessment method, making them at “High” risk of bias. All of 
the studies were considered at “Low risk” for bias in departure from 
intended exposure domain, because the exposure dose was always re
ported. Regarding bias due to missing data, 7 studies were considered at 
“High” risk, since the potential loss of subjects was not adequately 
documented and addressed, and 1 at “Some concerns”, because 19% of 
participants were excluded due to missing data. Moreover, 1 paper 
resulted at “High” risk of outcome measurement bias, because it had a 
self-reported assessment method of thyroid disease, and 6 studies were 
deemed at “Some concerns” of bias, since outcome assessment was based 
on clinical examination with no subsequent validation. Finally, most of 
the studies (n = 20) were considered at “Low” risk of selective reporting 
bias, and in 3 studies no protocol was available and a prior plan was not 
outlined in the methods, making them at “High” risk of bias. 

3.4. Quantitative analysis 

The study-specific and summary mean differences of TSH levels in 
children (age from 6 to 18 years), comparing the highest versus the 
lowest fluoride categories and according to the type of exposure 
assessment methodology, are displayed in Fig. 2. With regards to 
exposure to fluoride in drinking water (n = 13), the weighted mean TSH 
difference between the highest and the lowest exposure category was 
1.17 μIU/mL, with some inconsistencies across the different studies that 
were, however, characterized by high heterogeneity in the exposure 
categories compared and in their differences. Summary mean differ
ences for urinary fluoride (n = 15) and serum fluoride (n = 8) in the 
highest exposure category, compared to the bottom one, were 0.97 μIU/ 
mL and 1.46 μIU/mL. Similar results were seen after we performed 
sensitivity analyses excluding the studies with “High” and “Very high” 
risk of bias (Supplementary Fig. S1), with 1.06, 0.52 and 1.09 μIU/mL 
mean TSH differences for water (n = 8), urinary (n = 11), and serum (n 
= 5) fluoride exposure, respectively. Furthermore, there was little evi
dence of publication bias regarding these outcomes, except for urinary 
fluoride exposure (Supplementary Fig. S2). 

Analyses for thyroid hormones in children are shown in Supple
mentary Figs. S3–S5. The summary total T4 mean difference for water 
fluoride exposure category (n = 6) was 0.63 μg/dL, while for urinary 
fluoride (n = 7) and serum fluoride (n = 2) the summary estimate was 
close to zero. Similarly, slight overall mean differences emerged for free 
T4, with values of − 0.05 ng/dL for water fluoride (n = 3), − 0.01 ng/dL 
for urinary fluoride (n = 8), and 0.04 ng/dL for serum fluoride (n = 5). 
Regarding analyses for total T3 levels, all summary mean differences 
between the highest and the lowest fluoride exposure category were 
almost null (− 0.01 ng/mL for water fluoride in 6 studies, 0.00 ng/mL for 
urinary fluoride in 7 studies, and 0.02 ng/mL for serum fluoride in 2 
studies), whereas for free T3 the difference was − 0.10 pg/mL for water 
fluoride (n = 7), 0.20 pg/mL for urinary fluoride (n = 8), and 0.28 pg/ 
mL for serum fluoride (n = 5). Study-specific and summary mean dif
ferences of thyroid volume and echobody index (total thyroid volume/ 
body surface area) were possible only for urinary fluoride (Supple
mentary Fig. S4) due to limited data availability for other exposure 
metrics, and resulted in overall mean differences of − 0.08 mL (n = 4) 
and 0.46 mL/m2 (n = 1), respectively. Similar results can be seen 
excluding studies with “High” and “Very high” risk of bias (Supple
mentary Figs. S6–S8), for thyroid volume parameters and all hormones, 
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Table 1 
Characteristics of the studies included in the review.  

Reference Study design Country Population 
characteristics at 
baseline 

Exposure 
categories 
(unit) 

Exposure assessment 
method 

Outcome Outcome assessment method Assessment of iodine 
status 

Adjustments 

Ahmed et al. (2022) Cross-sectional Pakistan 242 subjects 
aged >12 years 

Water [F] 
(mg/L): 0.30; 
7.00 

Fluoride Ion Selective 
Electrode (FISE) 

Mean (SD) free T3 
(μg/dL): 2.04 
(0.49); 2.59 (0.56) 
Mean (SD) free T4 
(nmol/L): 8.28 
(2.16); 10.43 (2.34) 
Mean (SD) TSH 
(mIU/L): 1.94 
(1.29); 2.59 (1.69) 

Semiautomatic immunoassay 
analyzer (Immulite, 2000; 
Elecy, 2010) 

No assessment NR 

Andezhath et al. 
(2005) 

Cross-sectional India 111 children 
aged 7–18 years 

Water [F] 
(mg/L): 
0.14–0.81; 
0.14–0.73 
Urinary [F] 
(mg/L): 
0.09–1.32; 
0.10–4.20 
Serum [F] 
(mg/L): 
0.02–0.14; 
0.02–0.29 

Fluoride ion specific 
electrode method (Ion 85 
Analyzer) 

Range free T3 (pg/ 
mL): 1.80–2.80; 
2.00–3.85 
Range free T4 (ng/ 
dL): 1.10–1.80; 
0.97–1.50 
Range TSH (μIU/ 
mL): 1.20–2.10; 
0.20–3.82 

Immuno 
Chemiluminescence 
Microparticle Assay (ICMA) 

No assessment Age 

Bachinsky et al. 
(1985) 

Case-control Ukraine 47 adults aged 
19–59 years 

Water [F] 
(μmol/L): 52; 
122 
Urinary [F] 
(μmol/L): 78; 
124 
Serum [F] 
(μmol/L): 11; 
13 

Fluoride selective electrode 
(EFU1) 

Mean (SD) total T3: 
(nmol/L): 2.8 (0.3); 
2 (0.2) 
Mean (SD) total T4 
(nmol/L): 97 (8); 94 
(6) 
Mean (SD) TSH 
(mIU/L): 2.4 (0.2); 
4.3 (0.6) 

TRIK-PEG test kit for T3, SPAC 
test kit for T4, and TSHKPR test 
kit for TSH 

Determination of the 
intrathyroidal phase of 
iodine metabolism 
(absorption of 131I by the 
thyroid) and fluoride 
levels in the study areas 
and population. 
Absorption of 131I over 
24 h by thyroid (%): 24; 
33 

NR 

Barberio et al. (2017) Cross-sectional Canada 12,180 subjects 
aged 7–79 years 

Urinary [F] 
(μmol/L): 
33.55; 29.81 

Fluoride ion selective 
electrode (Orion) 

Thyroid condition 
diagnosis (cases/ 
participants): 87/ 
2530; 150/2671 

Self-reported diagnosis of a 
thyroid condition 

No assessment Age and sex 

Cui et al. (2020) Cross-sectional China 498 children 
aged 7–12 years 

Urinary [F] 
(mg/L): <1.6; 
1.6–2.5; ≥2.5 

Fluoride ion selective 
electrode method (Chinese 
standard WS/T 89–2015) 

Median (Q1-Q3) 
TSH (μIU/mL): 2.81 
(2.21–3.81); 2.82 
(2.01–3.82); 3.29 
(2.30–4.48) 

Electrochemical luminescence 
method 

Assessment of iodine 
levels was independent of 
assessment of fluoride 
levels. 

Age 

Day and 
Powell-Jackson 
(1972) 

Cross-sectional Nepal 648 subjects 
(500 children 
and 148 adults) 

Water [F] 
(ppm): 
<0.1; 0.13; 
0.13; 0.12; 
0.19; 0.24; 
0.22; 0.28; 
0.21; 0.19; 
0.36; 0.23; 
0.23 

Ion selective electrode Goiter diagnosis 
(cases/ 
participants): 
2/38; 6/48; 4/31; 
7/40; 10/50; 9/35; 
10/36; 19/53; 40/ 
85; 45/89; 23/43; 
29/48; 36/52 

Clinical examination according 
established guidelines 

17 villages were visited 
and 736 people 
examined. 4 villages had 
relatively high water- 
iodine levels and were 
excluded. Our study is 
based upon data from the 
remaining 13 (648 
people) which had a 
water-iodine 
concentration of 0.001 
ppm or less. 

Age, sex, and 
iodine status 

(continued on next page) 
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Table 1 (continued ) 

Reference Study design Country Population 
characteristics at 
baseline 

Exposure 
categories 
(unit) 

Exposure assessment 
method 

Outcome Outcome assessment method Assessment of iodine 
status 

Adjustments 

Du et al. (2021) Cross-sectional China 446 children 
(209 girls and 
237 boys) aged 
7–12 years 

Urinary [F] 
(mg/L): 
0.15–0.70; 
0.71–1.35; 
1.36–1.93; 
1.94–5.18 

Fluoride ion selective 
electrode method 

β (95% CI) total T3 
(nmol/L): ref; 
− 0.08 (− 0.21, 
0.05); − 0.15 
(− 0.29, − 0.01); 
− 0.21 (− 0.37, 
− 0.04) 
β (95% CI) total T4 
(nmol/L): ref; 6.07 
(− 0.60, 12.73); 
7.60 (0.41, 14.80); 
9.75 (1.39, 18.11) 
β (95% CI) TSH 
(μIU/mL): ref; 0.32 
(− 0.01, 0.65); 
− 0.06 (− 0.41, 
0.30); − 0.19 
(− 0.60, 0.23) 
β (95% CI) Tvol 
(cm3): ref; 0.33 
(0.13, 0.53); 0.56 
(0.35, 0.77); 0.54 
(0.30, 0.78) 

Radiation immunoassay for 
thyroid hormones, and B-mode 
ultrasound method for thyroid 
volume 

All children had sufficient 
iodine intake, therefore, 
children with urinary 
iodine <100 μg/L (only 3 
children) were excluded 
from our study. 
Adjustment for urinary 
iodine in the 
multivariable linear 
regressions analyses. 

Age, sex, body mass 
index, maternal 
education, urinary 
creatinine, and 
urinary iodine 

Eltom et al. (1984) Cross-sectional Sudan 13,682 subjects 
(mainly 
children) 

Water [F] 
(mg/L): 
0.30; 0.53 

Radiometer electrode 
according to the Swedish 
standard (S.I.S. 0281 35) 

Goiter diagnosis 
(cases/ 
participants): 
1039/7697; 2907/ 
3353 

Clinical examination according 
established guidelines 

Determination of iodine 
and fluoride levels in the 
study areas and 
population. 
Iodine intake (μg/day): 
0.10; - (not assessed) 

Age and sex 

Hall et al. (2023) Cohort 
(Maternal- 
Infant Research 
on 
Environmental 
Chemicals 
“MIREC” Study) 

Canada 1508 pregnant 
women aged ≥18 
years, with <14 
weeks gestation 

Water [F] 
(mg/L): 0.41; 
0.42; 0.48) 
Urinary [F] 
(mg/L): 0.59; 
0.57; 0.62 
F daily intake 
(mg/day): 
0.65; 0.67; 
0.78 

Average water fluoride 
levels reported by the 
municipal WTPs (water 
treatment plant) for Water 
[F]; 
Ion selective electrode 
(modification of the 
hexamethyldisiloxane 
microdiffusion method) for 
Urinary [F]; Self-reported 
questionnaire for F intake 

Mean (SD) free T4 
(pg/mL): 13.50 
(1.70); 13.10 
(1.50); 14.00 (3.70) 
Mean (SD) total T4 
(ng/mL): 105.80 
(19.80); 107.10 
(18.90); 109.30 
(26.60) 
Mean (SD) TSH 
(μIU/mL): 1.20 
(0.55): 3.10 (0.66); 
3.20 (2.80) 

Gold standard equilibrium 
dialysis isotope dilution mass 
spectrometry (ED-ID-MS) for 
T4, and a commercial 
immunoassay for TSH 

Determination of iodine 
and fluoride levels in the 
study areas and 
population. 
Iodine intake (μg/day): 
440.9; 458; 470 

Age and sex 

Hong et al. (2008) Cross-sectional China 205 children 
aged 8–14 years 

Water [F] 
(mg/L): 
0.48; 0.75; 
2.85; 2.90; 
2.94 

Fluoride ion selective 
electrode method 

Goiter diagnosis 
(cases/ 
participants): 
9/28; 1/32; 4/32; 
1/85; 12/28 

Clinical examination according 
to the International 2 grades 
classification system 

Determination of iodine 
and fluoride levels in the 
study areas and 
population. 
Water iodine (μg/L): 0.75; 
150; 1150; - (not 
assessed); 0.91 

Age 

Hosur et al. (2012) Case-control India 75 children (27 
boys and 38 
girls) aged 7–18 
years 

Water [F] 
(ppm): 
<1.00; 
0.50–4.00 

Fluoride ion selective 
electrode method 

Range free T3 (pg/ 
mL): 2.72–3.79; 
1.90–4.14 
Range free T4 (ng/ 

Competitive chemiluminescent 
immunoassays for T3 and T4, 
and ultra-sensitive sandwich 

No assessment Age 
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Table 1 (continued ) 

Reference Study design Country Population 
characteristics at 
baseline 

Exposure 
categories 
(unit) 

Exposure assessment 
method 

Outcome Outcome assessment method Assessment of iodine 
status 

Adjustments 

dL): 0.83–1.36; 
0.83–1.25 
Range TSH (μIU/ 
mL): 0.94–11.00; 
0.43–5.91 

chemiluminescent 
immunoassay method for TSH 

Jooste et al. (1999) Cross-sectional South 
Africa 

671 children 
aged 6–15 years 

Water [F] 
(ppm): 
0.30; 0.50; 
0.90; 1.10; 
1.70; 2.60 

NR Goiter diagnosis 
(cases/ 
participants): 
13/85; 22/127; 16/ 
87; 5/95; 26/94; 
53/183 

Clinical examination according 
established guidelines 

Determination of iodine 
and fluoride levels in the 
study areas and 
population. 
Water iodine (μmol/L): 
0.83; >1.58; 1.00; -(not 
assessed); >1.58; 1.13 

Age 

Karademir et al. 
(2011) 

Cross-sectional Turkey 61 children aged 
7–16 years 

Urinary [F] 
(ppm): 0.20; 
0.74; 0.90 

Ion specific electrode 
method 

Median (range) free 
T3 (pg/mL): 3.62 
(2.69–4.41); 3.46 
(2.74–4.14); 3.42 
(2.69–4.41) 
Median (range) free 
T4 (ng/dL): 1.11 
(0.85–1.64); 1.11 
(0.63–1.53); 0.96 
(0.85–1.11) 
Median (range) TSH 
(μIU/mL): 1.81 
(0.80–3.43); 2.14 
(0.82–3.47); 1.56 
(1.21–3.52) 

Chemiluminescent micro- 
particle immunoassay (CMIA) 

No assessment Age 

Khandare et al. 
(2017) 

Case-control India 824 children 
aged 8–15 years 

Water [F] 
(mg/L): 1.13; 
1.85 
Urinary [F] 
(mg/L): 1.91; 
3.28 

Fluoride specific ion 
electrode (Orion 9609) 

Mean (SD) total T3 
(ng/mL): 0.68 
(0.35); 0.63 (0.24) 
Mean (SD) total T4 
(μg/dL): 16.90 
(1.60); 16.10 (2.90) 
Mean (SD) TSH 
(mIU/L): 3.40 
(0.50); 2.90 (0.60) 

DiaSorin kits for T3 and T4, and 
Immunoradiometric assay 
(IRMA) kit for TSH 

No assessment Age 

Khandare et al. 
(2018) 

Cross-sectional India 1934 children 
(904 boys and 
130 girls) aged 
8–14 years 

Water [F] 
(mg/L): 0.87; 
2.53; 3.77; 
<1.00 

Fluoride specific ion 
electrode (Orion 9609) 

Mean (SD) total T3 
(ng/mL): 2.17 
(0.42); 1.57 (0.36); 
1.34 (0.32); 1.46 
(0.38) 
Mean (SD) total T4 
(ng/mL): 112.69 
(21.97); 116.03 
(17.32); 132.8 
(21.90); 84.40 
(21.61) 
Mean (SD) TSH 
(μIU/mL): 1.66 
(0.49); 1.85 (0.46); 
3.65 (1.04); 1.58 
(0.44) 

Radioimmunoassay (RIA) 
method 

No assessment Age 

(continued on next page) 
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Table 1 (continued ) 

Reference Study design Country Population 
characteristics at 
baseline 

Exposure 
categories 
(unit) 

Exposure assessment 
method 

Outcome Outcome assessment method Assessment of iodine 
status 

Adjustments 

Kheradpisheh et al. 
(2018) 

Case-control Iran 228 adults aged 
20–60 years 

Water [F] 
(mg/L): 
0.00–0.29; 
0.30–0.50 

SPADANS method Median (IQR) total 
T3 (ng/dL): 135.00 
(18.40); 138.50 
(21.60) 
Median (IQR) total 
T4 (μg/dL): 8.50 
(1.20); 8.60 (1.20) 
Median (IQR) TSH 
(mIU/L): 2.20 
(0.95); 2.80 (0.90) 

Radioimmunoassay (RIA) 
method 

No assessment NR 

Kumar et al. (2018) Cross-sectional India 400 children 
aged 8–15 years 

Water [F] 
(ppm): 
0.94–1.08; 
1.50–5.00; 
1.80–5.80 
Urinary [F] 
(ppm): 
0.22–1.07; 
0.27–8.60; 
0.60–7.64 
Serum [F] 
(ppm): 
0.03–0.10; 
0.05–0.71; 
0.05–0.71 

Fluoride specific ion 
electrode 

Range free T3 (pg/ 
mL): 1.84–4.08; 
1.20–4.21; 
1.50–4.68 
Range free T4 (ng/ 
dL): 0.79–1.53; 
0.96–1.82; 
0.70–1.50 
Range TSH (μIU/ 
mL): 0.99–3.39; 
1.34–8.31; 
1.88–10.14 

Immuno Chemiluminescence 
Microparticle Assay with 
Autoanalyzer 

No assessment Age 

Kutlucan et al. 
(2013) 

Cross-sectional Turkey 559 children 
aged 10–15 years 

Urinary [F] 
(mg/L): 0.22; 
0.48 

Fluoride selective electrode 
(Orion) 

Mean (SD) Tvol 
(mL): 8.73 (2.75); 
8.60 (3.11) 
Mean (SD) Ecobody 
index (mL/m2): 
6.48 (1.53); 6.94 
(2.14) 

Ultrasonography for thyroid 
volume 

Determination of iodine 
and fluoride levels in the 
study areas and 
population. 
Urinary iodine (μg/L): 
98.41; 93.12 

Age and sex 

Lathman and Grech 
(1967) 

Cross-sectional Tanzania 1243 children 
and adults 

Water [F] 
(ppm): 
18.60; 14.40; 
25.10; 6.20; 
2.60; 1.90 

NR Goiter diagnosis 
(cases/ 
participants): 
99/380; 10/30; 42/ 
244; 26/121; 37/ 
163; 126/305 

Clinical examination No assessment NR 

Michael et al. (1996) Cross-sectional India 500 subjects Water [F] 
(ppm): 0.64; 
2.70 
Serum [F] 
(ppm): 0.04; 
0.28 

Ion selective electrode 
(Orion 701 A) 

Mean (SE) total T3 
(ng/mL): 1.50 
(0.14); 1.53 (0.08) 
Mean (SE) total T4 
(ng/mL): 9.16 
(0.63); 14.77 (0.51) 
Mean (SE) TSH (μU/ 
mL): 2.56 (0.36); 
2.55 (0.37) 

Radioimmunoassay (RIA) 
method for T3 and T4, and 
immunoradiometric assay 
method (IRMA) for TSH 

No assessment NR 

Peckham et al. 
(2015) 

Cross-sectional UK Subjects at 7935 
General Practices 
in England (NR 
number of 
subject) 

Water [F] 
(mg/L): 
0.30–0.70; 
>0.70 

[F] was provided by the 
Drinking Water 
Inspectorate (DWI) 

ORs of upper tertile 
hypothyroidism 
prevalence: T1: 
reference; T2: 1.37 
(1.12–1.68); T3: 
1.62 (1.34–1.90) 

Hypothyroidism prevalence 
obtained for all GP practices 
from the QOF data set 

While iodine intake is a 
key determinant of 
thyroid status, the major 
source of iodine in the UK 
is from the diet and it is 
unlikely that there are 

Proportion of 
women registered 
with the practice, 
proportion of 
patients over 40 
years old registered 

(continued on next page) 
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Table 1 (continued ) 

Reference Study design Country Population 
characteristics at 
baseline 

Exposure 
categories 
(unit) 

Exposure assessment 
method 

Outcome Outcome assessment method Assessment of iodine 
status 

Adjustments 

significant differences 
between people residing 
in fluoridated and non- 
fluoridated areas. 

with the practice, 
Index of Multiple 
Deprivation. Also, 
iodine status 

Shaik et al. (2019) Double-blinded 
observational 
trial (cross- 
sectional) 

India 293 children 
aged 9–13 years 

Water [F] 
(ppm): 0.22; 
0.89; 1.44 
Serum [F] 
(ppm): 0.03; 
0.04; 0.05 

Fluoride Ion Selective 
Electrode (F-ISE) 

Mean (SD)1 total T3: 
140.80 (23.69); 
156.84 (84); 158.36 
(22.13) 
Mean (SD)1 total T4: 
8.79 (1.69); 9.29 
(1.89); 9.54 (1.73) 
Mean (SD) TSH 
(mIU/L): 3.21 
(1.78); 3.28 (1.30); 
3.87 (1.48) 

Competitive chemiluminescent 
immunoassay (CLIA) for T3 and 
T4 and ultra-sensitive sandwich 
CLIA for TSH 

The present study was 
carried out among 
children with normal 
nutritional status and 
optimal iodine intake. 

Age and iodine 
status 

Siddiqui (1960) Cross-sectional India 2008 subjects 
(1495 children 
and 513 adults) 

Water [F] 
(mg/L) 
5.4; 6.1; 10.7 

Thorium nitrate titration 
method 

Goiter diagnosis 
(cases/ 
participants): 
21/1100; 24/813; 
4/95 

Clinical examination according 
established guidelines 

Determination of iodine 
and fluoride levels in the 
study areas and 
population. 
Water iodine (μg/L): 
175.30; 44.00; 14.40 

Age and sex 

Singh et al. (2014) Cross-sectional India 70 children aged 
8–15 years 

Water [F] 
(ppm): 
1.60–5.10; 
1.60–5.50; 
0.98–1.00 
Urinary [F] 
(ppm): 
0.24–8.90; 
0.40–7.79; 
0.19–1.01 
Serum [F] 
(ppm): 
0.02–0.77; 
0.03–0.75; 
0.02–0.09 

Fluoride ion specific 
electrode (Ion 85 
Analyzer) 

Range free T3 (pg/ 
mL): 1.10–4.39; 
1.20–4.57; 
1.90–4.13 
Range free T4 (ng/ 
dL): 0.94–1.98; 
0.80–1.70; 
0.87–1.67 
Range TSH (μIU/ 
mL): 1.41–8.46; 
1.92–10.99; 
0.96–3.54 

Immuno Chemiluminescence 
Microparticle 
Assay (ICMA) 

No assessment Age 

Szczuko et al. (2019) Case-control Poland 40 women aged 
18–38 years with 
PCOS (Polycystic 
ovary syndrome) 

Serum [F] 
(ppm): 0.19; 
0.25 

Fluoride ion selective 
electrode (Orion 9409 BN) 

Mean (SD) TSH 
(mIU/mL): 1.68 
(0.81); 2.18 (0.60) 

Electro-chemiluminescence 
immunoassay (ECLIA) 

No assessment Age and sex 

Wang et al. (2020) Cross-sectional China 571 children 
aged 7–13 years 

Water [F] 
(mg/L): 0.56; 
0.85; 1.45; 
2.28 
Urinary [F] 
(mg/L): 0.12; 
0.28; 1.35; 
2.74 

Fluoride ion selective 
electrode (ion analyzer 
EA940) 

Water [F]: 
β (95% CI) total T3 
(ng/mL): ref; − 0.03 
(− 0.08, 0.02); 0.03 
(− 0.01, 0.07); 0.02 
(− 0.03, 0.06) 
β (95% CI) free T3 
(pg/mL): ref; − 0.02 
(− 0.11, 0.07); 0.09 
(0.02, 0.16); 0.05 
(− 0.03, 0.12) 
β (95% CI) total T4 
(μg/dL): ref; − 0.38 

Chemiluminescent 
microparticle immunoassay 
(ARCHITECT i4000SR) 

None of the study sites 
was delimitated into 
endemic areas of iodine 
deficiency disorders 
which were determined 
by thyroid status 
examination and the 
median urinary iodine 
concentration in the 
population. 

Age, sex, body mass 
index, paternal 
education, 
maternal 
education, 
household income, 
and low birth 
weight. Also, 
iodine status 

(continued on next page) 
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Table 1 (continued ) 

Reference Study design Country Population 
characteristics at 
baseline 

Exposure 
categories 
(unit) 

Exposure assessment 
method 

Outcome Outcome assessment method Assessment of iodine 
status 

Adjustments 

(− 0.69, − 0.07); 
− 0.44 (− 0.69, 
− 0.19); − 0.27 
(− 0.52, − 0.02) 
β (95% CI) free T4 
(ng/dL): ref; − 0.03 
(− 0.06, 0.003); 
− 0.03 (− 0.05, 
− 0.001); − 0.04 
(− 0.06, − 0.01) 
β (95% CI) TSH 
(μIU/mL): ref; 
− 0.15 (0.52, 0.21); 
0.24 (− 0.01, 0.52); 
0.31 (0.01, 0.60) 
Urinary [F]: 
β (95% CI) total T3 
(ng/mL): ref; 0.04 
(− 0.001, 0.09); 
0.08 (0.04, 0.13); 
0.04 (− 0.01, 0.08) 
β (95% CI) free T3 
(pg/mL): ref; 0.05 
(− 0.03, 0.12); 0.14 
(0.06, 0.21); 0.08 
(0.001, 0.16) 
β (95% CI) total T4 
(μg/dL): ref; 0.04 
(− 0.23, 0.31); 
− 0.25 (− 0.51, 
0.02); − 0.21 
(− 0.48, 0.06) 
β (95% CI) free T4 
(ng/dL): ref; − 0.002 
(− 0.03, 0.03); 
− 0.03 (− 0.06, 
0.001); − 0.02 
(− 0.05, 0.005) 
β (95% CI) TSH 
(μIU/mL): ref; 0.02 
(− 0.29, 0.33); 0.23 
(− 0.08, 0,54); 0.36 
(0.05, 0.67) 

Wang et al. (2022) Cross-sectional China 413 children 
(198 boys and 
215 girls) aged 
7–12 years 

Urinary [F] 
(mg/L): 0.78; 
1.46 

Fluoride ion selective 
electrode method 

Median (Q1-Q3) 
free T3 (pmol/L): 
6.49 (6.08, 6.93); 
6.59 (6.23, 7.15) 
Median (Q1-Q3) 
free T4 (pmol/L): 
18.39 (16.94, 
19.77); 17.30 
(16.07, 18.60) 
Median (Q1-Q3) 

Electrochemiluminescence 
method for thyroid hormones, 
and B-mode ultrasound for 
thyroid volume (Tvol) 

According to the data of 
children’s urinary iodine 
published annually by the 
Tianjin Health 
Commission, Beichen and 
Xiqing are not iodine 
malnutrition areas. 
Determination of iodine 
and fluoride levels in the 
study areas and 

Age, sex, and 
iodine status 
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Table 1 (continued ) 

Reference Study design Country Population 
characteristics at 
baseline 

Exposure 
categories 
(unit) 

Exposure assessment 
method 

Outcome Outcome assessment method Assessment of iodine 
status 

Adjustments 

TSH (μIU/mL): 2.90 
(2.24, 3.82); 2.75 
(2.13, 4.21) 
Median (Q1-Q3) 
Tvol (ml): 3.63 
(2.66, 4.44); 2.52 
(2.02, 3.27) 

population. 
Urinary iodine (μg/L): 
167.00; 159.20 

Xu et al. (2022) Cross-sectional China 424 children 
(226 boys and 
198 girls) aged 
7–12 years 

Urinary [F] 
(mg/L): 0.80; 
1.51 

Fluoride ion selective 
electrode method 

Mean (SD) total T3 
(nmol/L): 2.58 
(0.45); 2.59 (0.59) 
Mean (SD) total T4 
(nmol/L): 135.29 
(25.42); 134.13 
(26.20) 
Median (IQR) TSH: 
(μIU/L): 1.53 (1.18, 
2.05); 1.58 (1.28, 
2.03) 
Mean (SD) Tvol 
(cm3): 2.78 (1.11); 
3.16 (1.16) 

Radiation immunoassay (RIA) 
method for thyroid hormones, 
and B-mode ultrasound for 
thyroid volume (Tvol) 

Almost all children had 
appropriate iodine intake, 
which may be due to the 
diversity of food and the 
implementation of 
iodized salt policy. 
Determination of iodine 
and fluoride levels in the 
study areas and 
population. 
Urinary iodine (μg/L): 
351.70; 346.70 

Age, sex, and 
iodine status 

Yang et al. (2008) Cross-sectional China 1518 children 
aged 8–14 years 

Water [F] 
(mg/L): 0.50; 
2.97 
Urinary [F] 
(mg/L): 0.82; 
2.08 

Fluoride ion selective 
electrode method 

Mean (SD) total T3 
(μg/dL): 0.74 
(0.43); 0.76 (0.36) 
Mean (SD) total T4 
(ng/dL): 128.46 
(38.12); 147.83 
(88.31) 
Mean (SD) TSH 
(μIU/mL): 0.82 
(0.51); 3.37 (2.16) 
Goiter diagnosis 
(cases/ 
participants): 2/ 
416; 42/1102 

Radioimmunoassay (RIA) 
method for thyroid hormones 
and clinical examination 
according to national standards 
for endemic goiter control 

Determination of iodine 
and fluoride levels in the 
study areas and 
population. 
Water iodine (μg/L): 
128.6; 1100 

Age 

Yasmin et al. (2013) Cross-sectional India 145 subjects (43 
children, 54 men 
and 48 women) 

Water [F] 
(mg/L): 0.49; 
2.82 
Urinary [F] 
(mg/L): 0.32; 
0.70 
Serum [F] 
(mg/L): 0.05; 
0.09 

Fluoride ion selective 
electrode (Orion 9690) 

Mean (SE) total T3 
(pg/dL): 
Men: 1.12 (0.08); 
1.85 (0.12) 
Women: 1.14 
(0.09); 1.94 (0.12) 
Children: 0.65 
(0.05); 2.65 (0.22) 
Mean (SE) total T4 
(μg/L): 
Men: 9.59 (0.45); 
10.35 (0.78) 
Women: 10.44 
(0.80); 10.41 (0.82) 
Children: 9.25 
(0.63); 13.93 (0.92) 
Mean (SE) TSH 
(mIU/L): 

ELISA reader (ERBA Lisa scan 
EM) 

No assessment Age and sex 
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Table 1 (continued ) 

Reference Study design Country Population 
characteristics at 
baseline 

Exposure 
categories 
(unit) 

Exposure assessment 
method 

Outcome Outcome assessment method Assessment of iodine 
status 

Adjustments 

Men: 2.75 (0.47); 
2.42 (0.29) 
Women: 2.58 
(0.29); 2.64 (0.28) 
Children: 0.47 
(0.08); 3.63 (0.28) 

Zhang et al. (2015) Cross-sectional China 180 children 
aged 10–12 years 

Water [F] 
(mg/L): 0.63; 
1.40 
Urinary [F] 
(mg/L): 1.10; 
2.40 
Serum [F] 
(mg/L): 
0.06; 0.18 

Fluoride 
Ion selective electrode 
method (ion analyzer 
EA940) 

Mean (SD) total T3 
(ng/mL): 2.15 
(0.42); 2.22 (0.36) 
Mean (SD) total T4 
(ng/mL): 90.79 
(18.85); 85.65 
(16.80) 
Median (IQR) TSH 
(μIU/mL): 2.59 
(2.24–3.16); 3.11 
(2.60–4.09) 

Standard radioimmunoassay 
(RIA) 

None of the study areas 2 
sites was delimitated into 
endemic areas of iodine 
deficiency disorders. 

Age, sex, and 
iodine status 

Zulfiqar et al. (2019) Cross-sectional Pakistan 134 children 
aged 7–18 years 

Water [F] 
(ng/L): 0.54; 
4.66 
Urinary [F] 
(ng/L): 1.52; 
2.59 
Serum [F] 
(ng/L): 
0.05; 0.06 

Fluoride ion selective 
electrode (F-ISE) 

Mean (SD) free T3 
(pmol/L): 5.09 
(0.53); 5.06 (0.60) 
Mean (SD) free T4 
(pmol/L): 17.55 
(3.43); 18.30 (2.47) 
Mean (SD) TSH 
(mIU/L): 2.36 
(1.06); 3.20 (2.20) 

Competitive 
Radioimmunoassay (RIA) for T3 
and T4, and sandwich-type 
Immunoradiometric assay 
(IRMA) for TSH 

No assessment Age 

Zulfiqar et al. (2020) Cross-sectional Pakistan 190 children 
aged 7–18 years 

Water [F] 
(mg/L): 0.54; 
6.23 
Urinary [F] 
(mg/L): 1.52; 
3.38 
Serum [F] 
(mg/L): 
0.05; 0.21 

Fluoride ion selective 
electrode (F-ISE) 

Mean (SD) free T3 
(pmol/L): 5.09 
(0.53); 5.57 (1.01) 
Mean (SD) free T4 
(pmol/L): 17.55 
(3.43); 16.64 (3.78) 
Mean (SD) TSH 
(mIU/L): 2.36 
(1.06); 4.41 (2.29) 

Competitive 
Radioimmunoassay (RIA) for T3 
and T4, and sandwich-type 
Immunoradiometric assay 
(IRMA) for TSH 

No assessment Age 

Abbreviations: β = mean difference; CI 95% = confidence interval at 95%; Ecobody index = Tvol/body surface area (mL/m2); F = fluoride; [F] = fluoride concentration; IQR = interquartile range; Q = quartile; NR = not 
reported; ref = reference; SD = standard deviation; SE = standard error; T3 = triiodothyronine; T4 = thyroxine or tetraiodothyronine; TSH = thyroid-stimulating hormone; Tvol = thyroid volume; 1 Such information has 
been considered in the study but the related data were not suitable for inclusion in the analyses due to missing units of measurement of outcome. 

I. Iam
andii et al.                                                                                                                                                                                                                                



Environmental Research 242 (2024) 117759

13

except for total T4, for which the summary mean differences were 0.82, 
− 0.17, − 0.51 μg/dL for drinking water (n = 4), urinary (n = 5), and 
serum (n = 1) fluoride exposure, respectively. Finally, there was some 
evidence of publication bias regarding thyroid hormones, both free and 
total (Supplementary Figs. S9–S12). 

We also computed study-specific and summary mean differences of 
TSH and thyroid hormones in adults (≥19 years), comparing the highest 
versus the lowest fluoride categories and according to the type of 
exposure assessment method, which are shown in Supplementary 
Figs. S13–S16. TSH mean difference was 0.82 μIU/mL for water fluoride 
(n = 4), 0.89 μIU/mL for urinary fluoride (n = 3), 0.53 μIU/mL for serum 

fluoride (n = 3) and 2.00 μIU/mL for daily fluoride intake (n = 1), while 
differences for thyroid hormones across exposure categories were 
considerably lower. Total T3 mean differences were − 0.12 ng/mL (n =
3), − 0.17 ng/mL (n = 2), − 0.17 ng/mL (n = 2) for water, urinary and 
serum fluoride, respectively, while calculation of study-specific and 
summary mean differences of free T3 could not be performed due to 
limited data availability. Moreover, summary total T4 mean differences 
were close to zero for water (n = 3), urinary (n = 3), and serum fluoride 
(n = 2), while for daily fluoride intake (n = 1) was 0.35 μg/day. Data on 
free T4 in adults were reported only by Hall et al. (2023), resulting in 
summary mean differences close to zero. The study-specific and 

Fig. 2. Forest plot of the included studies regarding differences of TSH (μIU/mL) in children according to the highest and the lowest fluoride (F) exposure category 
(mg/L). The squares represent mean differences (MD) between the highest and the lowest exposure category and horizontal lines their standard errors (SE). The LowF 
and HighF columns report mean TSH values in the lowest and the highest fluoride exposure category, respectively. The area of each square is proportional to the 
weight of the study in the meta-analysis. The diamonds represent the summary mean difference, and the solid vertical line represents null value. Inverse-variance 
estimation method used for study weighting. 
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summary mean differences of TSH and thyroid hormones in adults, 
considering only “Low” and “Some concerns” risk of bias studies (n = 2), 
are displayed in Supplementary Fig. S17 and one of the studies in this 
forest plot is the one published by Hall et al. (2023), which is the only 
study in our meta-analysis having a cohort design and pregnant women 
as the studied population. Regarding publication bias for TSH in adults 
(Supplementary Fig. S18), there seemed to be some evidence of publi
cation bias. 

Finally, in Supplementary Fig. S19, we report the forest plot of the 2 
studies regarding differences of TSH and thyroid hormones in the 

general population (without distinction between children and adults), 
according to the highest and the lowest fluoride exposure category, 
stratified by exposure and outcome. Considering the analyses for thyroid 
diseases (Supplementary Fig. S20), summary RRs for goiter in children 
was well above unity, i.e., 1.79 (95% CI: 1.18; 2.73) for the highest 
versus the lowest drinking water fluoride category (n = 3), and 7.93 
(95% CI: 1.93; 32.59) for urinary fluoride (n = 1). RRs for thyroid dis
ease in adults were computed only for water fluoride exposure due to 
lack of data for other exposure types, and were 7.38 (95% CI: 1.17; 
46.53) for goiter (n = 1) and 1.62 (95% CI: 1.36; 1.93) for 

Fig. 3. Dose-response meta-analysis of TSH concentrations and exposure to fluoride (F) from drinking water (n = 13), urinary fluoride (n = 15) and serum fluoride 
(n = 8) in children. TSH difference curve (black solid line) with 95% confidence interval (grey area). 
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hypothyroidism (n = 1). Regarding the studies that considered both 
adults and children as population, without any distinction, the RR for 
goiter with exposure to fluoride in water (n = 4) was 2.63 (95% CI: 0.63; 
10.91), while a RR of 0.09 (95% CI: 0.07; 0.11) was reported in the only 
study addressing ‘unspecified’ thyroid condition. Similar positive results 
were also observed excluding studies with the highest risk of bias, i.e., 
“High” and “Very high” risk of bias studies (Supplementary Fig. S21). 

The dose-response meta-analysis based on a non-linear restricted 
cubic spline regression model was only conducted for studies assessing 
TSH levels (Fig. 3) and total T3 and T4 (Fig. 4) in children, given the 

limited number of studies available for other age groups and for other 
endpoints. The dose-response curve for water fluoride exposure (n = 13) 
showed no change in TSH concentrations in the lowest exposure range, 
while at a drinking water fluoride concentration around 2.0 mg/L, TSH 
levels started to increase, with a positive and approximately linear 
pattern. Compared with the analysis based on water fluoride concen
trations, the shapes of the dose-response curves based on both urinary 
(n = 15) and serum fluoride (n = 8) showed moderately different pat
terns. TSH levels were positively associated with fluoride already at very 
low exposure and up to 2.5 mg/L for urinary and 0.2 mg/L for serum, 

Fig. 4. Dose-response meta-analysis of total T3 (n = 6) and total T4 (n = 6) concentrations and exposure to fluoride (F) from drinking water in children. Difference 
curve (black solid line) with 95% confidence interval (grey area). 
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when both curves started to flatten, with even an indication of a 
downward pattern for urinary fluoride. The dose-response curves for 
total T3 (n = 6) and total T4 (n = 6) concentrations in children exposed 
to fluoride from drinking water are displayed in Fig. 4. Fluoride expo
sure was negatively associated with T3 and T4 concentrations already at 
very low levels and up to 2.0 mg/L, when the T3 curve started to flatten, 
while for T4 there was an upward pattern, resulting in a U-shaped curve. 

We also performed sensitivity analyses excluding the studies 
belonging to the two categories with the highest risk of bias, i.e., “High” 
and “Very high”. Such subgroup analyses for TSH in children (Fig. 5) 

revealed some changes in the shape of the spline curves for all the three 
indicators of fluoride exposure. The curve for water fluoride had a less 
steep slope, as well as a slightly higher threshold level (2.5 mg/L instead 
than the around 2.0 mg/L of the overall analysis), above which TSH 
started to increase. Conversely, the curve based on urinary fluoride 
flattened above 2.5 mg/L of the biomarker but lacked a downward in
flection, and the one for serum fluoride had an almost linear, positive 
pattern. Fig. 6 displays sensitivity analyses with “Low” and “Some 
concerns” risk of bias studies for total T3 (n = 4) and total T4 (n = 4) 
concentrations in children exposed to fluoride from drinking water. Both 

Fig. 5. Dose-response meta-analysis of TSH concentrations and exposure to fluoride (F) from drinking water (n = 8), urinary fluoride (n = 11) and serum fluoride (n 
= 5) in children, only with “Low” and “Some concerns” risk of bias studies. TSH difference curve (black solid line) with 95% confidence interval (grey area). 
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spline curves seem to have similar shapes to the ones from the overall 
analyses, which can be explained by the small number of studies 
excluded due to high risk of bias. With reference to study-specific dose- 
response curves for TSH concentrations in children (Supplementary 
Fig. S22), the dose-dependent patterns for water fluoride exposure 
showed substantial homogeneity, with comparable trends among them 
and for the overall curve, with only a few lines (n = 5) exceeding the 
confidence interval of the summary estimate. Conversely, analyses for 
both urinary and serum fluoride showed high heterogeneity, with 
different shapes and trends, and few of the urinary fluoride study- 

specific lines included within the confidence interval of the overall 
curve. Similarly, the study-specific lines for total T3 concentration in 
children exposed to fluoride in drinking water (Supplementary Fig. S23) 
showed high heterogeneity while those for total T4 had U-shape trends, 
but with different depths of their nadirs. For both analyses, no study- 
specific line was outside the confidence interval. 

4. Discussion 

In this systematic review and dose-response meta-analysis on thyroid 

Fig. 6. Dose-response meta-analysis of total T3 (n = 4) and total T4 (n = 4) concentrations and exposure to fluoride (F) from drinking water in children, only with 
“Low” and “Some concerns” risk of bias studies. Difference curve (black solid line) with 95% confidence interval (grey area). 
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function as related to fluoride exposure, we found a clear pattern of 
association between fluoride content in drinking water consumed by the 
study participants and their circulating TSH concentrations. However, 
this occurred only above 2 mg/L of water fluoride (2.5 mg/L when the 
studies with the best quality were considered), thus confirming the hy
pothesis of a non-linear, dose-dependent pattern of association, some
thing suggested to occur also for the adverse effects of drinking water 
fluoride on children’s intelligence quotient (Veneri et al., 2023b). 
However, in the current pooled analysis on thyroid function, the 
removal of studies with the lowest methodological quality had a limited 
impact on the results, suggesting that the effect of biases on the thyroid 
effect estimates was not relevant. This positive but non-linear relation 
between exposure to fluoride through drinking water and circulating 
TSH concentrations was remarkably consistent across the many studies 
carried out about this association and included in this dose-response 
analysis (Andezhath et al., 2005; Hosur et al., 2012; Khandare et al., 
2017, 2018; Kumar et al., 2018; Shaik et al., 2019; Singh et al., 2014; 
Wang et al., 2020; Yang et al., 2008; Yasmin et al., 2013; Zhang et al., 
2015; Zulfiqar et al., 2019, 2020), further strengthening the possibility 
of a causal link. 

Conversely, studies on TSH as related to biomarkers of fluoride 
exposure, i.e., urinary and serum fluoride, did not yield a pattern of 
association similar to that for water fluoride. The shape of the curve 
indicates a no-threshold positive association starting from the lowest 
exposure levels, and flattening at the highest exposure range, with the 
exception of studies of the highest methodological quality based on 
serum fluoride, for which the pattern of association was almost linear. 
Such discrepancies between fluoride exposure through drinking water 
and biomarkers could be due to different reasons, including the lower 
number of studies available for serum fluoride, possible differences 
among the analytical methods used in the included studies, or more 
importantly the lower reliability of studies based on biomarkers in 
reflecting real internal exposure (particularly for urinary fluoride), due 
to individual changes in fluoride absorption, metabolism and excretion. 
In addition, assessing fluoride exposure through a long-term, stable, and 
major determinant of intake, such as fluoride in drinking water, could be 
more reliable than considering more unstable and short-term indicators 
like urinary and serum fluoride levels (Hall et al., 2023), unless for very 
high exposures, when biomarkers tend to be considerably associated 
with the environmental sources of exposure. In fact, while residential 
drinking water fluoride level and water consumption tend to be sub
stantially stable over time, fluoride intake with foods, beverages, or 
dental products can considerably vary. This may induce non-differential 
misclassification of antecedent exposure when using short-term bio
markers, biasing the risk and effect estimates towards the null. De
mographic factors such as age and sex, lifestyle factors such as smoking, 
alcohol consumption and regular tooth-brushing, and dietary and 
metabolic factors influencing fluoride absorption and metabolism may 
also modify the association between fluoride exposure (as that occurring 
through drinking water or other sources) and biomarkers such as serum 
and urinary fluoride concentrations (Kishor et al., 2023; Maguire and 
Zohoori, 2013; Riddell et al., 2021). This is also reflected by the null or 
low correlation between fluoride exposure and fluoride biomarkers 
found in some of the studies (Carwile et al., 2020; Lavalle-Carrasco et al., 
2023; Saad et al., 2022; Zohoori et al., 2019). Overall, the limitations of 
biomarkers (unless based on repetitive samples) in adequately reflecting 
long-term fluoride exposure could explain the different patterns of the 
dose-response associations for individual studies based on urinary or 
serum fluoride concentrations, as compared to the substantially homo
geneous dose-response curves across studies on drinking water fluoride 
levels, and the different results for the various exposure indicators 
within single epidemiologic studies (Hall et al., 2023; Malin et al., 2018; 
Riddell et al., 2019; Yu et al., 2018b) as does the current meta-analysis. 
Interestingly, a dose-response pattern comparable to that found in our 
pooled analysis emerged from a Chinese cross-sectional study (Yu et al., 
2018b) assessing the relation of water and urinary fluoride with dental 

fluorosis, where a threshold was identified of slightly less than 1 mg/L of 
water fluoride before detecting a positive association, while the asso
ciation started already at the lowest urinary fluoride concentrations 
(from 0.01 mg/L). Consistently, in a recently published cross-sectional 
analysis of a cohort study in Canada (Hall et al., 2023), no linear asso
ciation emerged between urinary fluoride and risk of hypothyroidism, 
while such association was positive with fluoride intake through bev
erages (OR: 1.25; 95% CI: 0.99–1.57), and particularly with drinking 
water fluoride concentrations (OR: 1.65; 95% CI: 1.04–2.60). 

Despite the strong association between fluoride exposure and TSH, 
we were unable to confirm such a clear association (expected on the 
opposite direction) for circulating thyroid hormones, either total or free. 
This may have been due to the limited number of studies that precluded 
a reliable analysis through a spline-based non-linear model, or to the 
real absence of such effects, despite the forest plot indicated some slight 
changes, mostly a decrease, in the circulating concentrations of these 
hormones. In addition, such possible effects on circulating thyroid 
hormones should be better appreciated at the individual level, particu
larly in subjects characterized by subtle thyroid hormone deficiency or 
located at the lowest range of such levels, these likely being the in
dividuals most susceptible to fluoride-induced adverse effects on thyroid 
function. Finally, it cannot be excluded that different analytical methods 
for thyroid hormones might have affected comparisons across studies. 

With reference to thyroid disease risk, we could retrieve too few 
studies for a dose-response meta-analysis. Results of such studies (Bar
berio et al., 2017; Day and Powell-Jackson, 1972; Eltom et al., 1984; 
Hong et al., 2008; Jooste et al., 1999; Lathman and Grech, 1967; 
Peckham et al., 2015; Siddiqui, 1960; Yang et al., 2008), either in 
children or in adults or in mixed populations, generally indicated a 
higher (in some cases much higher) risk of goiter, hypothyroidism, or 
thyroid diseases overall considered, with the exception of the few ob
servations in the mixed population, showing a very inconsistent overall 
picture. Overall, the evidence available for thyroid disease risk as 
associated with fluoride exposure is too limited to draw conclusions, 
though there is a general indication of detrimental effects of exposure to 
the highest levels of fluoride occurring in the included studies. This 
appears also supported by biological plausibility, since laboratory and 
animal studies have suggested that excess fluoride exposure may 
decrease thyroid hormone synthesis and increase circulating TSH levels 
(Skórka-Majewicz et al., 2020). Fluoride may damage the proper func
tioning of the thyroid, interfering with Na/K-ATPase and with iodo
thyronine deiodinase, disrupting sensitive G-proteins of hormone 
receptors, mimicking TSH, and impairing T4 conversion into to T3, 
through effects on the enzymes catalyzing deiodination i.e., iodothyr
onine deiodinases (Bürgi et al., 1984; Hong-liang et al., 2014; Peeters 
and Visser, 2000; Shashi and Singla, 2013; Skórka-Majewicz et al., 2020; 
Spittle, 2016; Strunecka and Strunecky, 2020; Susheela and Toteja, 
2018; Waugh, 2019). Fluoride could also damage thyroid cells by 
determining mitochondrial swelling and disintegration, and by inducing 
DNA-RNA damage (Peeters and Visser, 2000; Wei et al., 2022). It may 
also have adverse effects on thyroid cells and thyroid follicular 
morphology, altering thyroid structure (Liu et al., 2016; Sarkar and Pal, 
2014; Yu et al., 2018a). 

We must outline a few limitations of our assessment. First, some the 
epidemiologic studies did not provide the data to assess the dose- 
response relation between fluoride exposure and thyroid function and 
disease (for instance reporting only linear regression coefficients for the 
overall association). Secondly, it is known that both excess and deficient 
iodine intake may affect thyroid function and morphology, as well as 
could interact with fluoride in modifying the impact of both elements 
(Jiang et al., 2016; Malin et al., 2018). However, such potential con
founding effect and interactions have not been generally addressed in 
the included studies, with some exceptions. Some studies investigated 
subjects with homogeneous iodine exposure while others determined 
iodine exposure in the same categories of fluoride exposure, most of 
which finding changes in the same direction of iodine and fluoride 
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levels. Only one study (Du et al., 2021) adjusted for urinary iodine in the 
multivariable analysis, finding no association between urinary fluoride 
and TSH. In addition, there is some evidence of susceptibility of preg
nant women to fluoride-induced hypothyroidism but based on one study 
only (Hall et al., 2023). More data are clearly required to better inves
tigate the relation between fluoride exposure and thyroid function and 
disease risk, considering the overall nutritional status in relation to 
iodine and other trace elements as well as environmental pollutants 
possibly associated with thyroid function and disease (Chamot et al., 
2023; Ge et al., 2023; Kim et al., 2022; Loomba et al., 2020; Urbano 
et al., 2022a, 2022b). In addition, fluoride toxicity on thyroid function, 
disease risk, and morphology could theoretically be enhanced in in
dividuals carrying some functional alterations and impairment of the 
gland, or at an early stage of thyroid disease, and such a possible higher 
susceptibility should be investigated in-depth in epidemiologic and 
clinical studies. Genetic factors should also be taken into consideration 
when assessing the risk of any environmental exposure, including fluo
ride (Chakraborty et al., 2022; Cui et al., 2018; González-Casamada 
et al., 2022), and the availability of data with reference to fluoride 
overexposure and its effects on the thyroid gland is unfortunately very 
poor, being limited to few studies with inconclusive results (Wang et al., 
2022; Xu et al., 2022; Zhang et al., 2015). Finally, since all the included 
studies are observational, the potential impact of unmeasured con
founding cannot be ruled out, adding caution to the interpretation of the 
individual studies and of our pooled analysis. However, most of the 
studies appear to have considered major factors affecting TSH levels, 
such as age and sex (Xing et al., 2021). 

Our findings are of considerable public health relevance given the 
importance of thyroid function for human health (including cognitive 
neurodevelopment), and the rather frequent occurrence of high fluoride 
concentrations in groundwaters in several regions of the world, 
including Africa (Rift Valley like Tanzania, Kenya and Ethiopia), Asia, 
and America. The World Health Organization (WHO) has estimated that 
around 260 million people inhabit locations having excessive fluoride 
levels in drinking water (>1.5 mg/L) globally (Jha and Tripathi, 2021). 
Our findings are also relevant to the public health issue of water fluo
ridation in order to prevent dental disease and caries in particular, given 
the uncertainties and the controversies surrounding this topic and the 
need of a comprehensive risk assessment of such type of intervention 
(Till and Green, 2021). 

In conclusion, our systematic review and dose-response meta-anal
ysis showed that at the highest levels of naturally occurring fluoride 
exposure there are detrimental effects on thyroid function and possibly 
thyroid disease risk, whose most evident and consistent finding is a dose- 
dependent increase in TSH concentrations associated with consumption 
of drinking water above 2.5 mg/L of fluoride. 
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