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A B S T R A C T   

Background: Perfluoroalkyl substances (PFAS) are found in a wide range of consumer products. Exposure to PFAS 
in children and adolescents may be associated with alterations in thyroid hormones, which have critical roles in 
brain function. 
Objective: This study investigated the association between plasma concentrations of PFAS and serum levels of 
total triiodothyronine (T3), free thyroxine (T4), and thyroid-stimulating hormone (TSH) in adolescent males. 
Methods: In 2017–2019, 151 boys from the Environment and Childhood (INMA)-Granada birth cohort, Spain, 
participated in a clinical follow up visit at the age of 15–17 years. Plasma concentrations of ten PFAS (PFHxA, 
PFHpA, PFOA, PFNA, PFDA, PFUnDA, PFDoDA, PFTrDA, PFOS, and PFHxS) and serum thyroid hormones were 
measured in 129 of these boys. Linear regression analysis was performed to determine associations of individual 
PFAS with total T3, free T4, TSH, and free T4/TSH ratio, and quantile g-computation models were performed to 
assess the mixture effect. Additional models considered iodine status as effect modifier. 
Results: PFOS was the most abundant PFAS in plasma (median = 2.22 μg/L), followed by PFOA (median = 1.00 
μg/L), PFNA (median = 0.41 μg/L), and PFHxS (median = 0.40 μg/L). When adjusted by confounders (including 
age, maternal schooling, and fish intake), PFOA and PFUnDA were associated with an increase in free T4 (β [95% 
CI] = 0.72 [0.06; 1.38] and 0.36 [0.04; 0.68] pmol/L, respectively, per two-fold increase in plasma concen-
trations), with no change in TSH. PFOS, the sum of PFOA, PFNA, PFOS, and PFHxS, and the sum of long-chain 
PFAS were marginally associated with increases in free T4. Associations with higher free T4 and/or total T3 were 
seen for several PFAS in boys with lower iodine intake (<108 μ/day) alone. Moreover, the PFAS mixture was 
association with an increase in free T4 levels in boys with lower iodine intake (% change [95% CI] = 6.47 [–0.69; 
14.11] per each quartile increase in the mixture concentration). 
Conclusions: Exposure to PFAS, considered individually or as a mixture, was associated with an increase in free T4 
levels in boys with lower iodine intake. However, given the small sample size, the extent of these alterations 
remains uncertain.   

1. Introduction 

Perfluoroalkyl substances (PFAS) are man-made chemicals used in a 
wide range of commercial and industrial products, including fire- 

fighting foams, semiconductors, water- and oil-repellent textiles, 
leather, food contact materials, cosmetics, medical devices, biocides, 
pharmaceuticals, and paints (Glüge et al., 2020). Food, contaminated 
drinking water, and indoor air and dust are major routes of exposure to 
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PFAS in the general population (Cornelis et al., 2012; EFSA, 2020; Haug 
et al., 2011). Factors associated with internal levels of PFAS such as 
perfluorooctane sulfonate (PFOS) and perfluorononanoic acid (PFNA) in 
children include the intake of fast foods and snacks (Halldorsson et al., 
2008; Wu et al., 2015) and seafood (Dassuncao et al., 2018), the fre-
quency of wearing waterproof clothing (Wu et al., 2015), and the 
presence of PFAS in residential dust (Wu et al., 2015). PFAS are highly 
persistent in the environment and have been detected in adults and 
children from various countries (Bartolomé et al., 2017; Calafat et al., 
2007; Kannan et al., 2004; Lewis al., 2015). The half-life of PFAS in 
human serum can vary widely, being 3.5 and 4.8 years, respectively, for 
perfluorooctanoic acid (PFOA) and PFOS, and up to 7.3 years for per-
fluorohexane sulfonate (PFHxS) (Olsen and Zobel, 2007). In 2009, PFOS 
was added to the Stockholm Convention, a global treaty to eliminate or 
restrict the use of several persistent organic pollutants (Stockholm 
Convention, 2017), PFOA was added to the Convention in 2019 
(Regulation (EU) 2019/1021) but had been phased out in the European 
Union (EU) since 2008 (Commission Regulation (EU) 2017/1000). Thus, 
the use of PFOA is banned in the EU and the use of PFOS is only allowed 
for a few applications. Other PFAS such as PFHxS remain under review 
by the European Chemicals Agency (ECHA, 2019). 

Both long (≥8 carbon compounds) and short (<8 carbon com-
pounds) chain PFAS may act as endocrine disrupting chemicals (Dia-
manti-Kandarakis et al., 2009; Gore, 2016), and some are also suspected 
of disrupting thyroid hormone homeostasis (Coperchini et al., 2017, 
2021). Thyroid homeostasis is controlled by the 
hypothalamus-pituitary-thyroid axis feedback mechanism, which de-
pends on interactions among thyroid stimulating hormone (TSH), 
thyroxin (T4), and triiodothyronine (T3). These hormones play critical 
roles in regulating different physiological functions, including meta-
bolism, circadian rhythm, reproductive function, and fetal and child 
nervous system development (Zoeller, 2007). Various epidemiological 
studies have assessed the association between PFAS exposure and thy-
roid hormone levels in adults, reporting varied results and suggesting 
that associations are dependent on the compound, dose, age, and sex 
(Blake et al., 2018; Bloom et al., 2010; Byrne et al., 2018; Ji et al., 2012; 
Kim et al., 2018; Knox et al., 2011; Lewis et al., 2015; Melzer et al., 
2010). However, there has been only limited research in children and 
adolescents, who are more sensitive than adults to thyroid-disrupting 
chemicals because their bodies and brains are still developing (Lan-
phear, 2015). In this way, Lin et al. (2013) found a positive association 
of serum PFNA concentrations with free T4 levels but not with TSH in 
adolescents and young Taiwanese adults. Likewise, Lopez-Espinosa et al. 
(2012) described slight positive associations of serum PFNA, PFOA, and 
PFOS with total T4 in children living near a petrochemical plant in the 
USA. In the same line, Caron-Beaudoin et al. (2019) observed that high 
serum PFNA concentrations were positively associated with free T4 
levels but not TSH in children and adolescents from a Native Community 
in Quebec. Finally, analysis of data from the U.S. National Health and 
Nutrition Examination Survey (NHANES) revealed positive associations 
of serum PFNA and PFOS with TSH in male adolescents and a negative 
association between PFOA and TSH in female adolescents (Lewis et al., 
2015). Overall, the role of PFAS as thyroid disrupting chemicals remains 
controversial, and there has been no consistent evidence of an associa-
tion between a given PFAS and human thyroid function (Coperchini 
et al., 2021). 

As part of the European Human Biomonitoring Initiative (HBM4EU), 
serum concentrations of 12 PFAS were measured in adolescents (12–18 
years) from nine countries, including Spain, in 2014–2021 (Richterová 
et al., 2023). Around 14% of the adolescents exceeded the EFSA 
health-based guidance value of 6.9 μg/L for the total serum concentra-
tion of PFOS, PFOA, PFNA, and PFHxS with significantly higher PFAS 
concentrations in boys versus girls and in subjects from Northern and 
Western Europe (Richterová et al., 2023). The aim of the present study 
was to assess the relationship of plasma concentrations of ten PFAS, 
including long and short chain compounds, with serum levels of total T3, 

free T4, and TSH in adolescent Spanish males aged 15–17 years. 

2. Material and methods 

2.1. Study population 

The Environment and Childhood (INMA) Project is a multicenter 
population-based birth cohort study designed to investigate the effect of 
environmental exposures and diet during pregnancy on fetal and child 
development in different parts of Spain (Guxens et al., 2012). The 
INMA-Granada birth cohort was established between 2000 and 2002 by 
recruiting 668 mother-son pairs at delivery in Granada province, Spain 
(Fernandez et al., 2007). Randomly selected pairs from the baseline 
cohort were contacted to request their participation in different clinical 
follow-ups at 4–5 (N = 220, 32.9%) and 9–11 years (N = 300, 44.9%). 
Those who attended both follow-up sessions (N = 269) were 
re-contacted and asked to participate in the most recent follow-up at the 
age of 15–17 years (2017–2019), from which 151 agreed to participate 
and underwent physical examination (Castiello et al., 2020). The 
follow-up visit included anthropometric and pubertal measures, ques-
tionnaire completion, and the collection of a non-fasting blood sample, 
which was obtained from 135 (89%) of the boys. Whole venous blood 
was collected from participants between 17:00 and 20:00 h and pro-
cessed to obtain plasma and serum samples, which were stored at − 80 
◦C until delivery to the Instituto de Investigación Biosanitaria de Granada 
(ibs.Granada), Granada, Spain, for analyses of PFAS exposure and thy-
roid hormones. The present study was conducted in 129 of the boys with 
available data on plasma PFAS and thyroid hormone levels. Further 
details on study participation were previously described (Castiello et al., 
2020; Suárez et al., 2021). The parents of all participants signed 
informed consent, and the study protocol was approved by the 
Biomedical Research Ethics Committee of Granada. No significant dif-
ferences in general characteristics were observed between boys included 
(N = 129) and not included (N = 26) in the present study (Supple-
mentary material, Table S1). 

2.2. Laboratory analysis 

A previously described methodology based on salt-assisted liquid- 
liquid extraction (SALLE) and dispersive liquid-liquid microextraction 
(DLLME) (Vela-Soria et al., 2020) was used to measure plasma levels of 
three short chain PFAS (perfluorohexanoic acid [PFHxA], per-
fluoroheptanoic acid [PFHpA], and PFHxS) and seven long chain PFAS 
(PFOA, PFOS, PFNA, perfluorodecanoic acid [(PFDA], per-
fluoroundecanoic acid [PFUnDA], perfluorododecanoic acid [PFDoDA], 
and perfluorotridecanoic acid [PFTrDA]). After placing 1 mL of plasma 
sample in a polypropylene centrifuge tube, 1 mL Milli-Q water and 5.0 
mL of acetonitrile were added, and the mixture was vortexed for 30 s. 
SALLE was then performed by adding a salt mixture of 600 mg NaCl, 
200 mg disodium hydrogen citrate, and 200 mg trisodium citrate, fol-
lowed by manual agitation for 60 s and centrifugation at 4000 rpm for 
10 min. The supernatant was transferred into a glass 7-mL vial, 
concentrated to 1 mL under nitrogen stream, and poured into a 15-mL 
screw cap glass test tube. The sample was then prepared for DLLME 
by adding 10 mL of 10% NaCl aqueous solution (w/v) at pH 2. Next, 
1500 μL of trichloromethane was rapidly injected by syringe, and the 
mixture was gently shaken for 40 s and then centrifuged for 5 min at 
4000 rpm. The entire sedimented phase volume was transferred into a 
clean glass vial, the organic phase was evaporated under a nitrogen 
stream, and the residue was dissolved with 100 μL of a mixture of 5 mM 
ammonium acetate (pH 4.5) and acetonitrile 30:70 (v/v) and then 
vortexed for 30 s, thereby preparing the sample for injection into the 
high-performance liquid chromatography-mass spectrometry 
(HPLC-MS/MS) system. HPLC-MS/MS analysis was performed with a 
NexeraXR LC-20A liquid chromatography system (Shimadztu, Japan) 
and 4500 QTRAP MS/MS4500 mass spectrometer (ABSciex, USA). A 
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Gemini C18 column (100 mm × 2 mm i.d., 3-μm particle) from Phe-
nomenex (Torrance, CA, USA) and a gradient mobile phase consisting of 
5 mM ammonium acetate aqueous solution with pH of 4.5 (solvent A) 
and acetonitrile (solvent B) were used for the chromatography. Com-
pounds were determined in negative ion mode. The tandem mass 
spectrometer was operated in selected reaction monitoring mode. The 
limits of detection (LOD) and quantification (LOQ) were 0.02 μg/L and 
0.05 μg/L, respectively, for all PFAS. 

Serum thyroid hormone measurements were performed by electro-
chemiluminescence immunoassay using a Roche® kit (Elecsys System, 
Roche Diagnostics). The ratio of FT4 to TSH was calculated by dividing 
FT4 (pmol/L) by TSH (mU/mL) as a marker of the negative feedback 
control mechanism of the hypothalamus-pituitary-thyroid axis. Limits of 
detection were 0.005 μIU/mL for TSH, 0.5 pmol/L for free T4, and 0.300 
nmol/L for total T3. Age-specific laboratory reference ranges (11–18 
years old) were 10.29–24.45 pmol/L for free T4; 1.23–3.23 nmol/L for 
total T3; and 0.32–3.0 μIU/mL for TSH (Iwaku et al., 2013). 

2.3. Covariate data 

The weight, height, and waist circumference of the boys were 
measured following standardized procedures (Castiello et al., 2020). 
Body mass index (BMI) was calculated as weight (kg) divided by the 
square of height (m2) and converted to age-specific z-scores based on 
World Health Organization growth reference standards for children 
aged 5–19 years (de Onis et al., 2007), classifying the boys as under-
weight (<-1 standard deviation [SD]), normal weight (±1 SD), over-
weight (>+1 SD, equivalent to BMI≥25 kg/m2 at 19 years), or obese 
(>+2 SD; equivalent to BMI≥30 kg/m2 at 19 years). Weight status was 
finally categorized into underweight/normal weight or overweight/-
obese. The waist-to-height ratio was also calculated by dividing waist 
circumference (cm) by height (cm), and abdominal obesity was defined 
as waist-to-height ratio≥0.5 (Browning et al., 2010). Tanner stages of 
genital development (G) and pubic hair growth (PH) were assessed by a 
pediatric endocrinologist and categorized as reaching sexual maturity 
(Tanner G = 5, Tanner PH = 5) or no (Castiello et al., 2023). Information 
was also obtained from questionnaire responses on the following cova-
riates: maternal schooling (primary [from age of 6–12 years], secondary, 
or university), and child passive smoking (living with a smoker, yes or 
no), alcohol intake (never; 1 beverage per month; 2 beverages per 
month; and ≥3 beverages per month), total fish intake (g/day), iodine 
intake (μg/day), history of physician-diagnosed thyroid disease (yes or 
no), and current or recent (<12 months) medication use. Information on 
fish intake was gathered from a validated semiquantitative food fre-
quency questionnaire (FFQ) completed by the adolescents, who were 
asked to report the average frequency of consumption for the specified 
serving or portion size for each food item of the FFQ, based on the 
previous year (Notario-Barandiaran et al., 2020, 2021). To estimate 
iodine intake, the published food composition tables of the US Depart-
ment of Agriculture (USDA) and other published sources for specific 
Spanish food and portion sizes were used. Average daily iodine intake 
was estimated by multiplying the frequency of consumption of each food 
item by iodine composition of the serving size specified in the FFQ and 
summed the results for all foods (Notario-Barandiaran et al., 2020). 

2.4. Statistical analysis 

Concentrations of PFAS below the LOD were assigned a value of LD/ 
√2 (Croghan and Egeghy, 2003). The total concentration of all PFAS 
analyzed (

∑
PFAS), the most abundant PFAS commonly found in human 

blood samples (
∑

4 PFAS=PFOA + PFOS + PFNA + PFHxS) (EFSA, 
2020), long chain PFAS (

∑
LC PFAS), and short chain PFAS (

∑
SC PFAS) 

were calculated as the sum of molar concentrations of the compounds 
based on molecular weight and were expressed as PFOA (or PFHxS in the 
case of 

∑
SC PFAS). 

Data were missing on passive smoking for two participants, on 

alcohol, fish, and iodine intake for four, and on maternal schooling for 
eight. Missing data were imputed by using the mode for categorical 
covariates (passive smoking, alcohol intake, and maternal schooling) 
and the median for continuous variables (fish and iodine intake). The 
association between the concentrations of each PFAS and each thyroid 
parameter (total T3, free T4, TSH, and free T4/TSH) was assessed using 
linear regression analysis. Concentrations of PFAS, TSH, and free T4/ 
TSH ratio showed a non-normal distribution and were natural log- 
transformed (ln) before inclusion in models. Total T3 and free T4 were 
normally distributed and modeled untransformed. 

Confounders were selected a priori among the above-reported 
covariates using a directed acyclic graph (DAG) (Textor et al., 2011) 
(Figure S1) that included adolescent age (in years, continuous), 
maternal schooling (primary, secondary, or university), and fish intake 
(ln-transformed). Models were adjusted for fish intake as a relevant 
source of both PFAS exposure and iodine (Carlsen et al., 2018; Menzel 
et al., 2021), which is in turn essential for thyroid hormone biosynthesis. 
Further regression analyses were conducted by categorizing PFAS 
exposure in tertiles. All linear regression models were checked for 
normality and homoscedasticity of residuals, and outliers. Regression 
coefficients of models of ln(PFAS) on total T3 or free T4 were trans-
formed to represent the average change in total T3 or free T4 associated 
with a two-fold increase in the concentration of each PFAS compound or 
group. For TSH and free T4/TSH, regression coefficients were trans-
formed to represent the percentage change (%) in TSH or free T4/TSH 
associated with a two-fold increase in the concentration of each PFAS 
compound or group, calculated as the complement of the exponentiated 
regression coefficient [(expβ-1) x 100]. Results of models based on PFAS 
tertiles are expressed as the difference in hormone level or the per-
centage change relative to the first tertile of PFAS exposure. 

Quantile g-computation was used to assess the combined effect of 
PFAS on thyroid hormones. Quantile g-computation estimates the joint 
effect using a parametric generalized linear model that simultaneously 
increases all exposures by one tertile (Keil et al., 2020). Advantages of 
this method include the possibility of assessing individual 
exposure-effect relationships within the mixture in opposite directions, 
producing an unbiased estimate of the overall joint effect, and its use-
fulness for small sample sizes (Eick et al., 2021; Keil et al., 2020). The 
functioning of quantile g-computation is based on the categorization of 
urinary biomarkers of exposure to phenols, metals, and pesticides into 
quartiles. Each biomarker is given a negative or positive weight. If the 
individual compound shows a different direction of the effect, the 
weight is interpreted as the proportion of the partial effect in a negative 
or positive direction. 

We examined the potential effect modification by iodine intake 
through stratification of single-exposure and mixture effect models by 
using the median of iodine intake (i.e., 108 μg/day). Finally, associations 
were examined after excluding boys who had ever been diagnosed with 
thyroid disease (N = 3 hyperthyroidism; N = 2 hypothyroidism) and/or 
received thyroid medication (N = 1), finding no major differences (re-
sults not shown). The significance level was established at 0.05. SPSS 
version 28 (IBM, Chicago, IL) and R version 4.1.2, package “qgcomp” 
(https://cran.r-project.org/web/packages/qgcomp/index.html) were 
used for statistical analyses. 

3. Results 

Participants had a mean age of 16.2 years; 38% had mothers with 
primary schooling, 70% resided in an urban area, 42% were passive 
smokers, 12% consumed at least 2 alcoholic beverages per month; 28% 
had overweight or obesity, and 23% had a weight-to-height ratio ≥0.50. 
All boys were in pubertal stage 4 or 5, 45% were in stage G5 and 61% in 
stage PH5. Average fish and iodine intakes were 79.8 g/day and 104.6 
μg/day, respectively (Table 1). 

All plasma samples had detectable concentrations of PFHpA, PFOA, 
PFNA, PFDA, PFUnDA, PFOS, and PFHxS, while PFDoDA was below the 
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LOD in 10.7% of samples, and PFHxA and PFTrDA was below in 13.8% 
of samples (Table 2). PFOS was the PFAS with the highest concentration 
(median = 2.224 μg/L), which was more than two-fold higher than the 
concentration of PFOA (median = 0.997 μg/L) and five-fold higher than 
the concentrations of PFNA and PFHxS (median = 0.408 and 0.398 μg/L, 
respectively). There was a higher total concentration of LC PFAS than of 
SC PFAS (median = 3.93 vs. 1.04 μg/L). In general, positive correlations 

were observed between PFAS; however, PFHxA was only weakly 
correlated with PFOA and PFUnDA and was inversely correlated with 
PFTrDA (Fig. 1). Median total T3 and free T4 values were 2.15 nmol/L 
and 16.20 pmol/L, respectively, and median TSH and free T4/TSH ratio 
values were 1.84 mU/mL and 9.06, respectively. None of the partici-
pants had total T3, free T4, or TSH levels outside the age-specific pe-
diatric range (Table 3). 

In single-exposure models, PFOA and PFUnDA were associated with 
slight increases in free T4 (β [95% CI] = 0.72 [0.06; 1.38] and 0.36 
[0.04; 0.68] pmol/L, respectively, per two-fold increase in plasma 
concentrations). In addition, PFOS, the sum of PFOA, PFNA, PFOS, and 
PFHxS (

∑
4 PFAS), and the sum of LC PFAS were marginally associated 

with increases in free T4 (β [95% CI] = 0.42 [–0.08; 0.93], 0.54 [–0.03; 
1.13], and 0.57 [–0.09; 1.23] pmol/L, respectively) (Table 4). No as-
sociation was observed for total T3 or TSH (Table 4). Stratification by 
iodine status revealed that associations were mostly significant in boys 
with iodine intake <108 μ/day (Table S2). Thus, PFOA and 

∑
4 PFAS 

were associated with a slight increase in total T3, and PFNA, PFUnDA, 
∑

4 PFAS, and 
∑

LC PFAS with an increase in free T4 in boys with lower 
iodine intake alone (e.g., free T4 increased by 1.09 and 0.95 pmol/L, 
respectively, per two-fold increase in 

∑
4 PFAS and 

∑
LC PFAS) 

(Table S2). 
Analysis based on PFAS tertiles did not show a clear trend towards 

higher thyroid hormone levels with increasing PFAS exposure. None-
theless, second-tertile concentrations of PFOA and 

∑
LC PFAS were 

associated with a slight increase in total T3 (β [95% CI] = 0.17 [0.03; 
0.32] and 0.16 [0.02; 0.29], respectively); second tertile of 

∑
4 PFAS 

with an increase in free T4 (β [95% CI] = 1.07 [0.13; 2.01]); third ter-
tiles of PFOA and PFHxS with an increase in free T4; and third tertile of 
PFHxS with a decrease in TSH (Table S3). Analysis of residuals and 
outliers indicated that linear regression assumptions are met (data not 
shown). 

In the quantile g-computation model, the mixture was not associated 
with thyroid parameters when considering the total sample of boys 
(Table 5 and Fig. 1). However, after stratification by iodine intake, there 
was a suggestive positive association between the PFAS mixture and free 
T4 levels in boys with lower iodine intake (% change [95% CI] = 6.47 
[–0.69; 14.11] per each quartile increase in the mixture concentration) 
(Table 5), with PFTrDA, PFNA, PFOS, and PFHxS contributing most to 
this effect (Fig. 2). 

4. Discussion 

This cross-sectional study on the association of plasma PFAS con-
centrations with thyroid hormone parameters in adolescent males found 
that higher PFOA, PFUnDA, PFOS, 

∑
4 PFAS, and 

∑
LC PFAS concen-

trations were associated with a slight increase in free T4 that ranged 
from 0.36 to 0.72 pmol/L per two-fold increase in plasma concentra-
tions. In addition, it was observed that these and other PFAS biomarkers, 
including PFNA and PFHxS, and the PFAS mixture were positively 
associated with free T4 and/or total T3 in boys with lower iodine intake 
alone. These results suggest that exposure to environmentally relevant 
concentrations of PFAS may be associated with subtle alterations in the 
thyroid hormone levels of adolescents, notably an increase in free T4, 
and that this association is modified by their iodine status. Thyroid 
hormone levels were within normal reference ranges and may not be of 
clinical significance. Nevertheless, the thyroid-disrupting effects of 
PFAS in adolescents may have a significant impact on their health, given 
the major role played by thyroid hormones in growth, metabolism, and 
brain maturation and in behavior and mood (Anderson, 2001; Bauer 
et al., 2003). 

PFOS was the most abundant PFAS in the present plasma samples, 
and concentrations were in the range recently reported in sera from 
European teenagers (median = 2.22 μg/L in plasma vs. geometric mean 
[GM] = 2.13 μg/L in serum) (Richterová et al., 2023). Plasma PFOA, 
PFNA, and PFHxS concentrations were also similar to those observed in 

Table 1 
Characteristics of 129 adolescents from the INMA-Granada cohort.  

Variables n (%) or mean ± SD 

Adolescent age (years) 16.2 ± 0.42 
Maternal schooling 

Primary 49 (38.0) 
Secondary 48 (37.2) 
University 32 (24.8) 

Passive smoking 54 (41.9) 
Alcohol intake 50 (36.8) 

Never 79 (61.2) 
1 beverage/month 35 (27.1) 
2 beverage/month 7 (5.4) 
≥3 beverage/month 8 (6.2) 

Weight statusa 

Underweight/normal weight 93 (72.1) 
Overweight/obese 36 (27.9) 

Waist-to-height ratio≥0.50 30 (23.3) 
Puberty development 

Stage G5 58 (45.0) 
Stage PH5 79 (61.2) 

Total fish intake (g/day) 79.8 ± 83.7 
Iodine intake (μg/day) 140.6 ± 102.9  

a Based on age-specific z-scores based on World Health Organization 
growth reference standards. 

Table 2 
Plasma concentrations of PFAS (μg/L) in 129 adolescent males.  

PFAS  %>

LD 
25th 
percentile 

Median 75th 
percentile 

PFHxA Perfluorohexanoic 
acid 

86.2 0.046 0.110 0.230 

PFHpA Perfluroheptanoic acid 100 0.084 0.139 0.236 
PFOA Perfluorooctanoic acid 100 0.805 0.997 1.338 
PFNA Perfluorononanoic 

acid 
100 0.271 0.408 0.715 

PFDA Perfluorodecanoic 
acid 

100 0.170 0.218 0.267 

PFUnDA Perfluoroundecanoic 
acid 

100 0.134 0.250 0.382 

PFDoDA Perfluorododecanoic 
acid 

89.3 0.043 0.061 0.089 

PFTrDA Perfluorotridecanoic 
acid 

86.3 0.040 0.069 0.119 

PFOS Perfluorohexane 
sulfonic acid 

100 1.626 2.224 3.079 

PFHxS Perfluorooctane 
sulfonic acid 

100 0.244 0.398 0.819 

Sum of PFASa 

∑
4 
PFASb 

PFOA + PFOS + PFNA 
+ PFHxS 

– 3.238 4.316 5.765 

∑
SC 
PFASc 

PFHxA + PFHpA +
PFHxS 

– 0.603 1.040 1.782 

∑
LC 
PFASd 

PFOA + PFOS + PFNA 
+ PFDA +

– 3.145 3.926 5.224 

PFUnA + PFDoA +
PFTrDA 

– 

∑
PFAS Sum of all 10 PFAS – 4.028 5.263 7.171 

LD: Limit of detection. 
a Sum of the molar concentrations of PFAS based on molecular weight and 

expressed as PFOA (or PFHxS in the case of 
∑

SC PFAS). 
b Most abundant PFAS in human serum (EFSA, 2020). 
c Long-chain PFAS. 
d Short-chain PFAS. 
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the teenagers (GM = 0.97, 0.30, and 0.41 μg/L in serum, respectively) 
(Richterová et al., 2023). However, plasma concentrations of PFOA, 
PFNA, PFDA, PFOS, and PFHxS were around two-fold lower than 
observed in serum samples collected from Spanish adults in 2009–2010 
(Bartolomé et al., 2017), suggesting a decline in PFAS exposure over the 
past decade due to their regulation in the EU and other countries. 
Overall, the present data corroborate recent findings from the HBM4EU 
Project indicating generalized exposure to legacy and newer PFAS 
among European teenagers. 

Epidemiological studies have shown that exposure to individual 
PFAS has varied effects on thyroid hormones, with differences in their 
magnitude and direction. However, studies in children and adolescents 
provide some evidence of a positive association between serum PFNA 
and higher total or free T4 levels (Caron-Beaudoin et al., 2019; Lin et al., 
2013; Lopez-Espinosa et al., 2012), and this association was stronger in 
males in two of these studies (Caron-Beaudoin et al., 2019; Lin et al., 
2013). In the present sample of boys, PFNA was not associated with 
thyroid hormones in the main analysis, but stratification by iodine 
intake revealed a significant positive association between PFNA and free 
T4 and a suggestive positive association with total T3 in subjects with 
lower iodine intake. Despite the between-study variations in the age of 
participants, which was 12–30 years in Lin et al. (2013), 1–17 years in 
Lopez-Espinosa et al. (2012), and 6–19 years in Caron-Beaudoin et al. 

(2019), our findings are in partial agreement with these results. The 
associations of PFOS and PFOA with higher free T4 (and higher total T3 
for second-tertile PFOA) observed in the main analysis are in line with 
the positive association of serum PFOA and PFOS with total T4 reported 
by Lopez-Espinosa et al. (2012) in a large sample of children living near 
a Teflon manufacturing facility exposed to high PFOA levels. Strikingly, 
PFOA and PFOS levels in North American children were nearly 30- and 
10-fold higher, respectively, than in the present boys. However, no as-
sociation was found between PFOA or PFOS and T4 or T3 levels in other 
studies of children or adolescents (Caron-Beaudoin et al., 2019; Lewis 
et al., 2015; Lin et al., 2013). To our knowledge, this is the first report 
that links PFUnDA, a 11-carbon compound that has been used as an 
alternative to the 8-carbon compounds PFOS and PFOA in the fluo-
ropolymer industry, to thyroid function in children or adolescents. 
Several studies in pregnant women reported inverse association between 
maternal PFUnDA and thyroid hormones (Boesen et al., 2020), but 
findings in children are not comparable to those in pregnant women. In 
the present study, the increase in free T4 or total T3 was not accompa-
nied by a decrease in TSH, and previous studies in children have also 
failed to find an association between PFAS exposure and TSH levels 
(Caron-Beaudoin et al., 2019; Lopez-Espinosa et al., 2012; Lewis et al., 
2015; Lin et al., 2013). There was a suggestive inverse association of 
TSH with PFHxA, and suggestive positive associations with PFHxS and 
∑

4 PFAS in boys with higher iodine intake, but these results may be 
spurious and should be taken with caution. 

Altered thyroid hormone levels following prenatal and postnatal 
exposure to PFAS have been found in experimental animal studies 
(Coperchini et al., 2021). For instance, increased T4 and T3 levels were 
observed in zebrafish larvae after exposure to PFDoDA (Zhang et al., 
2018), while serum levels of PFAS, particularly PFOS, were significantly 
higher in hyperthyroid versus non-hyperthyroid cats (D Wang et al., 
2018a,b). In vitro models reported several effects of legacy and newer 
PFAS on thyroid function, including cytotoxicity and genotoxicity in 
thyroid cells and interference with thyroid hormone synthesis, thyroid 

Fig. 1. G-computation models for the mixture effect of PFAS on thyroid parameters among adolescent males (N = 129). Dark-colored bars refer to chemicals with an 
effect in the same direction to the overall effect. Grey-colored bars refer to chemicals with an effect in the opposite direction to the overall effect. 

Table 3 
Serum thyroid parameters.  

Thyroid hormones Median 5th-95th percentile Range 

Total T3 (nmol/L) 2.15 1.61–2.73 1.48–3.00 
Free T4 (pmol/L) 16.20 13.10–19.62 7.8–22.11 
TSH (μIU/mL) 1.84 0.81–3.89 0.63–4.69 
Free T4/TSH 9.06 4.23–21.15 3.51–32.6 

Reference values (11–18 years): Total T3: 1.23–3.23 nmol/L; free T4: 
10.29–24.45 pmol/L; TSH: 0.6–5.8 μIU/mL. 
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peroxidase (TPO) function, iodine uptake, and thyroid hormone trans-
port and clearance (Coperchini et al., 2021; Weiss et al., 2009; Yu et al., 
2009, 2011). Thus, Kim et al. (2021) suggested that PFUnDA and 

PFTrDA cause transcriptional changes of thyroid regulating genes that 
may increase thyroid hormone synthesis (Kim et al., 2021), which could 
explain the positive association between PFUnDA and free T4. 

Overall, direct comparisons with previous findings on the effects of 
PFAS on thyroid hormones in children and adolescents are hampered by 
differences in the age of participants, their PFAS concentrations, and/or 
the types of thyroid hormones measured. For instance, regarding age, 
levels of free T4, free T3, and TSH are generally higher in younger 
children than in older children, with a gradual decline in concentrations 
as adult age is approached (Taylor et al., 2023). In addition, complex 
mechanisms are involved in thyroid homeostasis, and PFAS has been 
reported to interfere with this endocrine system at several levels 
(Coperchini et al., 2021). 

When stratified by iodine intake, single-exposure and g-computation 
models suggested that exposure to individual PFAS and their mixture 
may increase levels of free T4 only in boys with lower iodine intake. In a 
mother-child cohort study, iodine deficiency did not modify the asso-
ciation between maternal serum PFAS and thyroid hormones (Lebeaux 
et al., 2020), while serum PFOA, PFOS, PFNA, and PFHxS were posi-
tively associated with free T3, total T3, and TSH in adults from the 
NHANES with high TPO antibody and low urinary iodine levels 
(Webster et al., 2016). According to Webster et al. (2014), effect 
modification by iodine status contribute to the “multiple hit hypothesis”, 
a theory that thyroid function may be more susceptible to disruption by 
chemicals such as PFAS if the system is already impacted by multiple 
stressors. Although iodine deficiency is still present in some parts of 
Europe, recent data suggest that the iodine status of the population is 
optimal in the Southern region of Spain (Andalusia) where the 
INMA-Granada cohort was established, with higher urinary iodine 
concentrations in schoolchildren than in adults (Ittermann et al., 2020). 
Nevertheless, the median iodine intake of the present sample of ado-
lescents was below the recommended level of 120 μg/day, possibly due 
to low fish intake in the study sample (mean = 80 g/day) while un-
derestimation of iodine intake cannot be ruled out. Further studies using 
robust mixture models in larger populations are required to corroborate 
these findings. 

The main strengths of this study include the evaluation of ten 
different PFAS with high detection frequencies, the performance of 
mixture effect analysis, examination of the association between PFAS 
and thyroid hormones in a novel population, and assessment of effect 
modification by iodine status. The cross-sectional design of the study is a 
major limitation, preventing evaluation of the potential causality of the 
association between PFAS exposure and thyroid hormone levels. The 
small sample size may have resulted in imprecise estimates of the effect 
size, thus preventing the ascertainment of the extent to which PFAS 
exposure altered thyroid hormone levels. Additionally, it is unclear 
whether the associations observed in single-exposure models represent 
cause-effect relationships or result from the performance of multiple 
comparisons (i.e., 10 PFAS x 3 thyroid hormones = 30 effective com-
parisons). However, the mixture analysis corroborated the effect 
observed in single-exposure models. Furthermore, the sex-specific in-
fluence of PFAS on thyroid hormones could not be assessed in the INMA- 
Granada cohort, which contains only boys. 

5. Conclusions 

This study found a wide presence of legacy and newer PFAS in 
plasma samples from Spanish adolescent males and observed that higher 
concentrations of some PFAS (including PFOA PFOS, and PFUnDA) and 
the PFAS mixture were associated with a mild increase in thyroid hor-
mone levels, particularly higher free T4 levels in boys with lower iodine 
intake. Larger longitudinal studies are needed to confirm the associa-
tions observed and to improve understanding of the effects of PFAS on 
thyroid function in young populations. 

Table 4 
Single-exposure modelsa for the association between plasma concentrations of 
PFAS and thyroid parameters.  

PFAS Total T3 Free T4 TSH Free T4/TSH 

β (95% CI) β (95% CI) % change 
(95% CI) 

% change (95% 
CI) 

PFHxA − 0.00 
(− 0.03; 0.03) 

0.06 (− 0.15; 
0.27) 

− 2.72 (− 7.31; 
1.39) 

3.51 (− 0.69; 
7.89) 

PFHpA − 0.01 
(− 0.06; 0.03) 

− 0.14 
(− 0.46; 0.17) 

0.00 (− 6.67; 
6.41) 

− 0.69 (− 7.31; 
6.41) 

PFOA 0.06 (− 0.03; 
0.15) 

0.72 (0.06; 
1.38)** 

− 5.37 
(− 17.57; 7.89) 

10.90 (− 2.72; 
27.32) 

PFNA 0.02 (− 0.03; 
0.08) 

0.18 (− 0.21; 
0.57) 

2.80 (− 4.72; 
11.67) 

− 1.37 (− 9.21; 
6.41) 

PFDA 0.04 (− 0.04; 
0.12) 

− 0.08 
(− 0.66; 0.50) 

3.51 (− 7.95; 
16.39) 

− 3.39 (− 14.67; 
8.63) 

PFUnDA 0.00 (− 0.04; 
0.05) 

0.36 (0.04; 
0.68)** 

2.09 (− 4.72; 
9.38) 

0.00 (− 6.02; 
7.14) 

PFDoDA 0.00 (− 0.05; 
0.05) 

0.01 (− 0.28; 
0.40) 

4.95 (− 2.05; 
12.45) 

− 4.06 (− 10.45; 
2.80) 

PFTrDA − 0.01 
(− 0.05; 0.03) 

− 0.08 
(− 0.37; 0.20) 

2.09 (− 3.39; 
8.63) 

− 2.72 (− 8.58; 
3.51) 

PFOS 0.03 (− 0.04; 
0.10) 

0.42 (-0.08; 
0.93)* 

3.51 (− 6.67; 
14.80) 

− 0.69 (− 11.07; 
10.14) 

PFHxS 0.03 (− 0.01; 
0.07) 

0.13 (− 0.14; 
0.41) 

4.23 (− 1.37; 
10.90) 

− 3.39 (− 9.21; 
2.09) 

∑
4 PFAS 0.06 (− 0.02; 

0.14) 
0.54 (-0.03; 
1.13)* 

4.23 (− 7.31; 
18.01) 

− 0.69 (− 12.29; 
11.67) 

∑
SC 
PFAS 

0.02 (− 0.03; 
0.07) 

0.01 (− 0.35; 
0.36) 

0.69 (− 6.02; 
8.63) 

− 0.69 (− 7.95; 
6.41) 

∑
LC 
PFAS 

0.04 (− 0.05; 
0.14) 

0.57 (-0.09; 
1.23)* 

2.09 (− 11.07; 
17.20) 

2.09 (− 11.68; 
17.20) 

∑
PFAS 0.05 (− 0.04; 

0.14) 
0.46 (− 0.17; 
1.08) 

2.09 (− 10.45; 
16.39) 

0.69 (− 11.68; 
15.59) 

Models are adjusted by adolescent age (years), maternal schooling (primary, 
secondary, or university), and (log) total fish intake. 
Regression estimates were transformed to represent the average change (total 
T3, free T4) or percentage change (TSH, free T4/TSH) in thyroid parameter 
associated with a two-fold increase in PFAS concentration. 
**p < 0.05; *p < 0.10. 

a Each PFAS compound or group was separately modeled with each thyroid 
parameter. 

Table 5 
Plasma PFAS mixture effect on thyroid parameters.  

Thyroid parameters % change 95% CI 

Total sample (N = 129) 
Total T3 2.02 − 3.93; 7.25 
Free T4 2.02 − 2.96; 7.25 
TSH − 0.99 − 15.64; 16.18 
Free T4/TSH 3.05 − 12.19; 22.14 
Iodine intake <108 μg/L (N = 64) 
Total T3 4.29 − 3.62; 12.91 
Free T4 6.47 − 0.69; 14.11* 
TSH 2.78 − 19.21; 30.73 
Free T4/TSH 3.50 − 18.12; 31.21 
Iodine intake ≥108 μg/L (N = 65) 
Total T3 − 0.17 − 7.38; 7.25 
Free T4 − 0.99 − 8.37; 6.60 
TSH − 2.09 − 21.53; 22.14 
Free T4/TSH 1.10 − 19.01; 26.24 

Mixture components: PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnDA, PFDoDA. 
PFTrDA, PFOS, and PFHxS. 
All models are adjusted by adolescent age, maternal schooling, and total fish 
intake. 
Estimates are expressed as percentage of change in thyroid hormone parameter. 
Pear each quartile increase in the mixture concentration. 
*p < 0.10. 
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Fig. 2. G-computation models for the mixture effect of PFAS on thyroid parameters by iodine intake: a) lower iodine intake (<108 μg/day, N = 64); b) higher iodine 
intake (≥108 μg/day, N = 65). Dark-colored bars refer to chemicals with an effect in the same direction to the overall effect. Grey-colored bars refer to chemicals with 
an effect in the opposite direction to the overall effect. 
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