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A B S T R A C T   

Background: Per- and polyfluoroalkyl substances (PFAS) are a large family of persistent industrial chemicals with 
endocrine disrupting properties. 
Objectives: To examine biomarkers of reproductive function in young adult males according to current envi-
ronmental exposure to single and combined PFAS. 
Methods: The study population consisted of young men (n = 1041, age 18–21) from the Fetal Programming of 
Semen Quality (FEPOS) cohort. These men were recruited from pregnancies included in the Danish National 
Birth Cohort (DNBC) between 1996 and 2002. From 2017 to 2019, participants answered an online question-
naire, completed a clinical examination and provided a blood and a semen sample. Exposure to 15 PFAS was 
measured in plasma. Six compounds were quantified above the limit of detection in at least 80% of the par-
ticipants. We applied negative binomial regression and weighted quantile sum (WQS) regression models to assess 
associations between single and combined exposure to PFAS and measures of semen quality, testicular volume 
and reproductive hormones among the young men. 
Results: We found no consistent associations between plasma concentrations of PFAS, semen quality and 
testicular volume. Higher levels of single and combined PFAS were associated with slightly higher levels of 
follicle-stimulating hormone (FSH) (WQS 4% difference, 95% confidence interval: 0, 9). Perfluorooctanoic acid 
(PFOA) was the main contributor to this finding with positive signals also from perfluorodecanoic acid (PFDA) 
and perfluorohexane sulfonic acid (PFHxS). 
Discussion: We examined exposure to a range of common PFAS in relation to biomarkers of male reproductive 
function and found an association with higher levels of FSH among young men from the general population in 
Denmark. Further studies on especially combined exposure to PFAS are needed to expand our understanding of 
potential endocrine disruption from both legacy and emerging compounds in relation to male reproductive function.  

Abbreviations: BMI, body mass index; CAR, constitutive androstane receptor; CFT, calculated free testosterone; CV, coefficient of variation; DNBC, Danish National 
Birth Cohort; ER, estrogen receptor; FEPOS, Fetal Programming of Semen Quality; FSH, follicle-stimulating hormone; HPG, hypothalamic-pituitary-gonadal; LH, 
luteinizing hormone; LOD, limit of detection; PFAS, per- and polyfluoroalkyl substances; PFBS, perfluorobutane sulfonic acid; PFDA, perfluorodecanoic acid; 
PFDoDA, perfluorododecanoic acid; PFDS, perfluorodecane sulfonic acid; PFHpA, perfluoroheptanoic acid; PFHpS, perfluoroheptane sulfonic acid; PFHxA, per-
fluorohexanoic acid; PFHxS, perfluorohexane sulfonic acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonic acid; 
PFPeA, perfluoropentanoic acid; PFPeS, perfluoropentane sulfonic acid; PFTrDA, perfluorotridecanoic acid; PFUnDA, perfluoroundecanoic acid; PPAR, peroxisome 
proliferator-activated receptor; PXR, pregnane X receptor; SHBG, sex hormone-binding globulin; WHO, World Health Organization; WQS, weighted quantile sum. 
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1. Introduction 

They are known as Forever Chemicals (European Chemicals Agency, 
2021). Notorious for their remarkable environmental persistence, per- 
and polyfluoroalkyl substances (PFAS) remain as pollutants in ambient 
air, dust, soil and water long after their industrial synthesis (Interna-
tional Agency for Research on Cancer, 2017). Since the introduction of 
the first PFAS in the 1940s, this family of chemicals has expanded to 
cover more than 9000 individual compounds with a variety of common 
uses (National Institute for Occupational Safety and Health, 2021). 
Thus, PFAS are often found in electronic devices, coated cookware, food 
packaging, cosmetics, carpets and textiles, constituents of paints, lu-
bricants and firefighting foams (International Agency for Research on 
Cancer, 2017; Kotthoff et al., 2015; Srebny, 2021). The basic structure of 
these substances is a hydrophobic, fluorinated linear carbon chain with 
countless variations in the hydrophilic groups attached (Danish Envi-
ronmental Protection Agency, 2015). The unique strength of their 
carbon-fluorine bonds limits complete degradation through both biotic 
and abiotic pathways (Danish Environmental Protection Agency, 2015). 

In humans, systemic uptake of PFAS occurs mainly by ingestion and 
contributions from inhalation and dermal absorption are minor in non- 
occupational settings (Petersen et al., 2020). Elimination is slow with 
half-lives depending largely on the carbon chain length of the specific PFAS 
(e.g. 3.5 years for perfluorooctanoic acid, PFOA, and 4.8 years for per-
fluorooctane sulfonic acid, PFOS) (Danish Environmental Protection 
Agency, 2015; Han et al., 2012; Olsen et al., 2007). With a high binding 
affinity for albumin, PFAS linger in blood plasma (Ng and Hungerbuhler, 
2013). Many individual compounds can, however, be measured in a variety 
of different body tissues and fluids in humans, including semen (Ng and 
Hungerbuhler, 2013; Petersen et al., 2020). The ubiquitous presence of 
PFAS has been linked to a number of potentially severe health effects 
related to liver function, lipid metabolism, the immune system, kidneys and 
reproductive organs (Agency for Toxic Substances and Disease Registry, 
2020; European Chemicals Agency, 2021). For high exposure levels, studies 
in animals suggest impairment of male reproductive function through 
Leydig cell hyperplasia with lower production of testosterone, destabili-
zation of Sertoli cells, weakening of the blood-testis barrier and decreased 
survival of germ cells resulting in lower sperm concentrations (Bach et al., 
2016; International Agency for Research on Cancer, 2017; Pan et al., 2019; 
Tarapore and Ouyang, 2021; Zhao et al., 2014). Thus, toxicity may be 
mediated through endocrine disruption with alterations in either function 
or fate of hormone-producing or -responsive cells (Bonde et al., 2016; La 
Merrill et al., 2020). Regarding environmentally relevant exposure levels, 
findings on PFAS and male reproductive function from epidemiological 
studies seem far less clear (Costa et al., 2009; Den Hond et al., 2015; Huang 
et al., 2019; Joensen et al. 2009, 2013; Lewis et al., 2015; Louis et al., 2015; 
Luo et al., 2021; Olsen et al., 1998; Petersen et al., 2018; Raymer et al., 
2012; Sakr et al., 2007; Song et al., 2018; Specht et al., 2012; Toft et al., 
2012; Tsai et al., 2015). Previous risk assessments have widely focused on 
single substance exposure to a few legacy PFAS (Petersen et al., 2020; 
Rosato et al., 2022). In reality, exposure to chemicals rarely occurs in 
isolation (Rosato et al., 2022). The overall load of compounds each present 
in relatively low concentrations may determine the actual potential for 
disturbing male reproductive health (Hipwell et al., 2019). The aim of this 
study was, therefore, to examine potential associations between exposure 
to current levels of multiple PFAS, considering both single substances and 
combined exposure, in relation to measures of semen quality, testicular 
volume and reproductive hormones in young men. 

2. Materials and methods 

2.1. The FEPOS cohort 

The specific setup for the Fetal Programming of Semen Quality 
(FEPOS) cohort has been presented in previous publications (Hærvig 
et al. 2020a, 2020b). In brief, young men were recruited among sons of 

women participating in the Danish National Birth Cohort (DNBC). 
Women from across Denmark were enrolled in the DNBC during preg-
nancy contributing information on 49,653 sons conceived between 1996 
and 2002 (Olsen et al., 2001). Eligibility of adult sons for the FEPOS 
cohort was based on maternal participation in gestational blood sam-
pling and telephone interviews conducted around gestational weeks 16 
and 30 (Hærvig et al., 2020a; Olsen et al., 2001). 

From March 2017 to December 2019, we invited 5697 young adult 
sons for the FEPOS cohort through a secure digital mailbox system (e- 
Boks) (Hærvig et al., 2020a). We included young men from a narrow age 
spectrum (minimum age of 18 years and 9 months) in order to limit 
selection in participation based on knowledge of personal reproductive 
capacity (Larsen et al., 1998). Further, participants were required to live 
within reasonable distance of one of our study centres in Copenhagen or 
Aarhus. Criteria for exclusion were a history of cancer treatment, ster-
ilization or orchiectomy procedures. All 1058 participating men 
(response rate 19%) received thorough oral and written information 
prior to consenting for inclusion in the cohort. 

Each young man answered an extensive electronic questionnaire and 
completed a standardized clinical examination followed by collection of 
a blood and semen sample. All information collected from the men was 
entered directly into SurveyXact® (Ramboll, Denmark). In addition, we 
used the unique Danish 10-digit personal identification number (CPR 
number) for linkage of the men to further information on maternal age 
and parity at delivery of the son from the Danish Medical Birth Register 
(Bliddal et al., 2018). This register contains detailed records of all births 
in Denmark since 1973 (Bliddal et al., 2018). 

Considering the specific aim of this study, we excluded six men for 
not having both testicles in the scrotum at the time of their participation 
and an additional 11 men with no available PFAS measures. Thus, the 
final study population consisted of 1041 men. 

2.2. Blood sample collection and PFAS analyses 

A VACUETTE® Safety Blood Collection Set with Holder (Greiner Bio- 
One GmbH, Kremsmünster, Austria) was used to draw blood samples 
from an antecubital vein in the young men. Samples were centrifuged with 
subsequent separation of plasma for storage in CryoTubes (Sarstedt, 
Nümbrecht, Germany) at − 80 ◦C until analysis. Maternal blood samples 
were collected from 1997 to 2000 primarily during the first trimester of 
pregnancy (95%) and plasma was subsequently stored at − 80 ◦C in the 
Danish National Biobank. All plasma samples were analysed between 2017 
and 2019 in two separate batches (550 samples in the first and 491 samples 
in the second batch for the men, 521 samples in the first and 334 samples in 
the second batch for the mothers) at the Division of Occupational and 
Environmental Medicine at Lund University, Sweden. Analyses of PFAS 
followed previously described procedures (Noren et al., 2021). In short, 
samples (100 μl) were thawed and vortexed with subsequent precipitation 
of proteins using acetonitrile by vigorous shaking. Aliquots were analysed 
using liquid chromatography triple quadrupole linear ion trap mass spec-
trometry (LC/MS/MS, QTRAP 5500, AB Sciex, Framingham, MA, USA). 
While we were able to measure 15 individual PFAS, our criterion for in-
clusion in analyses was a concentration above the limit of detection (LOD) 
in at least 80% of plasma samples from the young men. A full overview of 
the six included PFAS (perfluorohexane sulfonic acid (PFHxS), PFOA, 
PFOS, perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA) and 
perfluoroundecanoic acid (PFUnDA)) with LODs for the two batches is 
presented in Table 1. Values below the LOD were assigned the value of LOD 
divided by the square root of two (n < 5). Coefficients of variation (CVs) 
ranged from 5 to 10% for samples in the first batch and 2–13% for samples 
in the second batch. The laboratory participates in the Erlangen Round 
Robin inter-laboratory control program and has qualified as a European 
Human Biomonitoring Initiative (HBM4EU) laboratory for the analysis of 
PFAS. 
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2.3. Semen sample collection and analyses 

All participants received a sterile polypropylene sample kit with 
detailed instructions for collection of semen (Hærvig et al., 2020a). 
Samples were collected at home or at one of the two study centres in 
Copenhagen and Aarhus with a recommended 2–4 days of abstinence 
since last ejaculation (Hærvig et al., 2020a). Semen analyses were 
initiated as quickly as possible (83.6% of samples within 1 h and 99.6% 
within 2 h of ejaculation) by two trained laboratory technicians (one at 
each study centre). We recorded specific abstinence time and potential 
spillage (yes/no) for each sample. Semen volume was measured by 
weight (1 g = 1 mL) in pre-weighed containers. Additional processing 
and detailed measurements of sperm concentration, total sperm count 
(semen volume × sperm concentration), motility and morphology were 
standardized according to the 2010 guidelines from the World Health 
Organization (WHO) (WHO, 2010). Our laboratory procedures were 
validated through systematic internal comparisons and an external 
quality control program with the Reproductive Medicine Centre in 
Malmö, Sweden (Hærvig et al., 2020a). Thus, CVs for the FEPOS and 
reference laboratory results were 18.4% and 17.6% for sperm concen-
tration and 12.7% and 38.6% for motility in January 2018 based on five 
samples. 

2.4. Testicular measurement 

With careful instructions given during the clinical examination, par-
ticipants measured their own testicular volume, one testicle at a time, using 
a Prader orchidometer with 12 volumetric ellipsoids (Hærvig et al., 2020a). 
The measuring range of the orchidometer was 1–25 mL and testicles 
exceeding the largest orchidometer bead size were registered to have the 
maximum volume. This self-measurement method has been validated 
previously among Danish men (Ramlau-Hansen et al., 2007). 

2.5. Reproductive hormones 

Reproductive hormones were analysed in plasma from the young 
men at the Department of Clinical Biochemistry at Aarhus University 
Hospital, Aarhus, Denmark. Concentrations of testosterone and estradiol 
were measured using liquid chromatography-tandem mass spectrometry 
(LC-MS/MS) (AB Sciex 6500 QTRAP®, Framingham, MA, USA). The CVs 
were 7% at 14.1 nmol/L for testosterone and 7.5% at 106 pmol/L for 
estradiol. LODs were 0.12 nmol/L for testosterone and 15 pmol/L for 
estradiol. Calculated free testosterone (CFT) was assessed based on the 
formula by Vermeulen et al. (1999) with a set albumin concentration of 
43 g/L (Vermeulen et al., 1999). Immunoassays (Cobas® 8000 e602; 
Roche Diagnostics, Mannheim, Germany) were applied in measure-
ments of follicle-stimulating hormone (FSH), luteinizing hormone (LH) 
and sex hormone-binding globulin (SHBG) with CVs of 2.5–2.8%, 
0.7–1.2% and 1.1–1.7%, respectively. The LODs were 0.1 IU/L for FSH 
and LH and 0.350 nmol/L for SHBG. Values below the LOD were 
assigned the value of LOD divided by the square root of two. 

2.6. Statistical analyses 

First, we examined plasma concentrations of PFAS through calcula-
tion of medians and percentiles for the men. Further, correlation pat-
terns between plasma concentrations of individual PFAS were described 
using Spearman’s ρ. We analysed distributions of basic covariates and 
outcome variables for the entire FEPOS cohort according to tertiles of 
PFAS plasma levels. 

Several outcome variables violated distributional assumptions for 
standard or transformed (log, ln, square root) linear regression analysis 
and contained values of zero. We achieved the best model fit using a 
negative binomial regression model for analyses of associations for 
single substance PFAS. PFAS levels were examined both as continuous 
and categorical variables. Thus, we estimated percentage differences 
across groups divided into tertiles of PFAS plasma levels (n = 347 in 
each of the low, medium and high PFAS groups). For semen quality 
outcomes, the number of men included in analyses depended on delivery 
of a semen sample (5 men excluded for lacking a sample), spillage (178 
men excluded from analyses of total sperm count and semen volume), 
azoospermia (16 men excluded from analyses of motility and 
morphology) and unavailable data (6 men excluded from analyses of 
morphology). In analyses of testicular volume and reproductive hor-
mones, <5 men were excluded due to lacking outcome measures. 

We assessed associations for combined PFAS using a weighted 
quantile sum (WQS) approach (Carrico et al., 2015). First, we ranked 
concentrations of all PFAS in quartiles. Next, data were split randomly 
into a training dataset with 40% of the men and a validation dataset with 
the remaining 60% of the men (Renzetti et al., 2020). From the training 
dataset, an index of PFAS weighted by the strength of the univariate 
exposure-outcome association was constructed empirically through the 
use of bootstrapped samples (B = 200) (Czarnota et al., 2015). A se-
lection threshold (τ) equal to the inverse of the number of included PFAS 
(i.e. 1/6) was applied in order to discriminate influential contributors 
among the PFAS from those with no or limited associations (Carrico 
et al., 2015). For the WQS to address issues with dimensionality and 
collinearity, weights are constrained to values in the interval between 
0 and 1 and to sum up to 1 (Carrico et al., 2015). Further, associations 
are focused in a single direction to avoid reversal between vectors of 
opposite signs and hereby increase interpretability of results (Carrico 
et al., 2015). 

The overall significance of the WQS was subsequently assessed using 
the validation dataset. We applied a Gaussian distribution in our WQS 
analyses, as no convergence could be obtained with a negative binomial 
distribution. The distributional assumptions were tested afterwards by 
applying the constructed WQS indices in a negative binomial regression 
model. Our resulting measures of association are, therefore, presented as 
percentage differences with 95% confidence intervals (CIs) from the 
negative binomial regression analyses. 

We adjusted regression estimates for several potential confounders 
and precision variables selected a priori based on the existing literature 
and directed acyclic graphs (Greenland et al., 1999). Body mass index 

Table 1 
Limits of detection for and distributions of PFAS plasma concentrations among the 1041 young men in the FEPOS cohort.  

Abbreviation Chemical name Carbon chain length Limit of detection (ng/mL) % > LOD PFAS concentration (ng/mL) 

Batch 1 Batch 2 5th percentile Median 95th percentile 

PFHxS Perfluorohexane sulfonic acid 6 0.02 0.04 100 0.17 0.32 0.60 
PFOA Perfluorooctanoic acid 8 0.02 0.03 100 0.66 1.20 2.18 
PFOS Perfluorooctane sulfonic acid 8 0.02 0.05 100 2.06 3.86 7.76 
PFNA Perfluorononanoic acid 9 0.02 0.01 100 0.26 0.46 0.87 
PFDA Perfluorodecanoic acid 10 0.02 0.01 100 0.10 0.18 0.34 
PFUnDA Perfluoroundecanoic acid 11 0.02 0.01 100 0.04 0.10 0.24 

LOD, Limit of detection; PFAS, Per- and polyfluoroalkyl substances. 
Medians and other percentiles are displayed as pseudo percentiles based on five adjacent values. 
PFAS present in concentrations above the LOD in at least 80% of samples are listed above. The remaining PFAS analysed were PFBS, PFPeA, PFPeS, PFHxA, PFHpA, 
PFHpS, PFDS, PFDoDA and PFTrDA. 
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(BMI, < 18.5 kg/m2, 18.5–24.9 kg/m2, 25–29.9 kg/m2, >30 kg/m2) and 
smoking status (never, former, occasional or daily smoker) for the men 
were included as categorical variables. Family occupational status was 
included as the highest grade of employment among the parents during 
pregnancy. Here, we applied four categories based on educational re-
quirements (high grade professional, low grade professional, skilled 
worker/unskilled worker, student/economically inactive) adapted from 
the Danish International Classification of Occupations (DISCO-88) and 
the International Standard Classification of Education (Danmarks Sta-
tistik, 1996). Information on maternal smoking was self-reported during 
pregnancy and divided into non, light and heavy smoking (0 ciga-
rettes/day, ≤ 10 cigarettes/day, > 10 cigarettes/day, respectively). 

Our applied precision variables included abstinence time (contin-
uous, days), spillage (yes/no; for sperm concentration, motility and 
morphology) and minutes from ejaculation to analysis (for motility) for 
the semen parameters. Testicular volume was adjusted for abstinence 
time (continuous, days), while reproductive hormone concentrations 
were adjusted for the specific time of day for blood sampling (<12 noon, 
12–18 p.m., > 18 p.m.). Finally, all outcomes were adjusted for batch 
number for PFAS analyses (1 or 2). 

In our first sub-analysis, we added adjustment for self-reported, 
previous or current urogenital disorders (cryptorchidism, hypospadias, 
phimosis, mumps orchitis, hydrocele, varicocele and torsion of testis) 
among the young men. Information on urogenital disorders was 
included as an additional precision variable due to a potential impact on 
especially semen quality. In our second sub-analysis, we adjusted for 
maternal PFAS concentrations during pregnancy to isolate associations 
for exposures in adulthood from those in fetal life (n = 855, based on 
availability of maternal plasma samples collected in early pregnancy) 
(Hærvig et al., 2022). 

All estimates were based on information from at least five individuals 
(e.g. calculated pseudo medians and percentiles) according to national 
data protection regulations. Statistical analyses were performed using 
Stata V. 17 (StataCorp, College Station, TX, USA) and R (RStudio 2021; 
PBC, Boston, MA, USA). 

3. Results 

Among the 1041 men in our cohort, the median (5th-95th pseudo 
percentile) plasma concentrations of PFOA and PFOS, the primary PFAS, 
were 1.20 ng/mL (0.66–2.18 ng/mL) and 3.86 ng/mL (2.06–7.76 ng/ 
mL), respectively. A full overview of the PFAS plasma levels among the 
men is presented in Table 1. Correlations between plasma concentra-
tions of the individual PFAS varied widely from no or negligible to very 
strong (Table 2). PFOS concentrations were strongly correlated with 
PFHxS, PFNA, PFDA and PFUnDA (Spearman’s ρ of 0.71, 0.77, 0.76 and 
0.65, respectively). Concentrations of PFNA, PFDA and PFUnDA were 
also strongly correlated. The concentration ranges for all the PFAS ter-
tiles are shown in Supplementary Table S1. 

In Table 3, basic characteristics are presented for the entire FEPOS 
cohort and according to tertiles of PFOS plasma levels. The percentage of 
smokers was lower among the men with high PFOS levels. Similarly, 
maternal smoking during pregnancy was less prevalent for this group. 
The men with low PFOS levels were more frequently from the Copen-
hagen region and had the lowest proportion of families with high 
occupational status (Table 3). Finally, blood samples were less 
frequently morning and first batch (PFAS) samples for the men with low 
PFOS levels. Outcome distributions are presented for the study popu-
lation in total and according to tertiles of PFOS levels in Supplementary 
Table S2. 

Table 2 
Spearman correlations for PFAS plasma concentrations among the 1041 young 
men in the FEPOS cohort.   

PFHxS PFOA PFOS PFNA PFDA 

PFOA 0.47     
PFOS 0.71 0.41    
PFNA 0.60 0.55 0.77   
PFDA 0.53 0.39 0.76 0.82  
PFUnDA 0.44 0.13 0.65 0.66 0.79 

PFAS, Per- and polyfluoroalkyl substances. 

Table 3 
Characteristics of the FEPOS cohort according to plasma PFOS concentrations 
among the 1041 young men.    

PFOS concentration tertiles 

Total Low Medium High 

Young men 
Eligible men, n 1041 347 347 347 
Age (years), median 
(P5%, P95%) 

19.2 
(18.8, 
20.2) 

19.3 
(18.8, 
20.1) 

19.2 (18.8, 
20.4) 

19.1 
(18.8, 
20.1) 

Body Mass Index, 
median (P5%, P95%) 

22.0 
(18.0, 
28.0) 

22.1 
(18.2, 
29.0) 

22.3 (18.1, 
28.3) 

21.8 
(17.7, 
27.1) 

Smoking (yes), n (%) 406 (39) 148 (43) 151 (44) 107 (31) 
Alcohol drinking at least 
weekly, n (%) 

558 (54) 173 (50) 193 (56) 192 (55) 

Urogenital disorder, n 
(%) d 

183 (18) 61 (18) 65 (19) 57 (16) 

Mothers 
Age at index birth, mean 
(SD) 

31.0 (4.2) 30.6 (4.2) 30.9 (4.2) 31.5 (4.1) 

Parity (1st birth), n (%) 457 (44) 141 (41) 159 (46) 157 (45) 
Body Mass Index, 
median (P5%, P95%) a 

22.1 
(18.3, 
29.5) 

22.2 
(18.1, 
30.9) 

22.2 (18.8, 
29.1) 

21.7 
(18.3, 
29.5) 

Smoking, n (%) b 237 (23) 96 (28) 71 (20) 70 (20) 
Alcohol drinking weekly 
≥1 unit, n (%) b 

496 (48) 158 (46) 165 (48) 173 (50) 

High grade family 
occupational status, n 
(%) c 

354 (34) 95 (27) 129 (37) 130 (37) 

Clinical examinations 
Abstinence time (days), 
median (P5%, P95%) 

2 (0.5, 
4.5) 

2 (0.5, 
5.0) 

2 (0.5, 4.0) 2 (0.5, 
5.0) 

Spillage (yes), n (%) 178 (17) 60 (17) 51 (15) 67 (19) 
≤ 1 h to sample analysis, 
n (%) e 

861 (83) 294 (85) 285 (82) 282 (81) 

Sampling site (clinic), n 
(%) 

896 (86) 304 (88) 297 (86) 295 (85) 

Region (Copenhagen), n 
(%) 

814 (78) 303 (87) 272 (78) 239 (69) 

Time of blood sampling 
(morning), n (%) 

375 (36) 111 (32) 134 (39) 130 (37) 

Batch number for PFAS 
analyses (1), n (%) 

550 (53) 130 (37) 187 (54) 233 (67) 

PFOS, Perfluorooctane sulfonic acid; PFAS, Per- and polyfluoroalkyl substances; 
P, Percentile; SD, Standard deviation. 
The PFOS concentration tertiles ranged from 1.18 to 3.27 ng/mL (low), 
3.29–4.57 ng/mL (medium) and 4.60–25.50 ng/mL (high). Ranges, medians and 
percentiles are displayed as pseudo estimates based on five adjacent values. 

a Current or previous disorder potentially related to reproductive function. 
b Pre-pregnancy body mass index (kg/m2). 
c In the first trimester. 
d Based on the highest grade of either maternal or paternal occupational status 

during pregnancy. 
e Time from ejaculation to sample analysis. 
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3.1. Single substance exposures 

In regression analyses for the individual PFAS, there were no 
consistent associations with measures of semen quality or testicular 
volume. Results for PFOA and PFOS are shown in Table 4, while esti-
mates for the remaining PFAS are listed in the Supplementary Tables S3- 
S6. Regarding the reproductive hormones, higher concentrations of 
especially PFOA and PFDA were associated with slightly higher levels of 
FSH (Table 4 and Supplementary Table S5, respectively). 

3.2. Combined exposures 

Table 5 presents the overall measures of association between com-
bined PFAS exposures and reproductive parameters from the WQS 
regression analyses. Here, associations focused in negative or positive 
directions are shown together. The percentage differences were rela-
tively small for all outcomes, and there were no clear indications of 
associations for semen parameters or testicular volume. Combined 
exposure to PFAS was associated with slightly higher plasma concen-
trations of FSH (Table 5). According to the index weights from the WQS 
model, the main contributors to this association were PFOA and PFHxS 
(56% and 30% in the adjusted model for a positive association, 
respectively) (Fig. 1). 

In our sub-analyses, adjustment for urogenital disorders or fetal 
exposure to PFAS did not change results substantially (data not shown). 

4. Discussion 

Using a large Danish birth cohort, we examined single and combined 
PFAS exposures and found little association with measures of semen 
quality and testicular volume in young adulthood. Higher levels of PFAS 
were associated with a slightly higher plasma concentration of FSH. 
According to analyses of both single and combined PFAS, PFOA was the 
strongest contributor to this finding with more vague positive signals 
from PFDA and PFHxS. 

In clinical assessments, an isolated elevation in FSH may signal 
damage to the germ cell epithelium in the seminiferous tubules; more 
specifically the Sertoli cells (Esteves et al., 2011). The observed eleva-
tion in FSH among the highly exposed men in our cohort was, never-
theless, discrete and should be interpreted with appropriate caution. It 
may simply be a chance finding. In a recent study by Luo et al. (2021), 
FSH levels showed a similar, slightly positive association with exposure 
to single (PFOA, PFDA and PFHxS) and mixed PFAS in Chinese men (n =
902) (Luo et al., 2021). Exposure levels among these men from Shanghai 
(mean age 31.3 years, median plasma concentration of PFOA 25.08 
ng/mL, PFDA 2.77 ng/mL and PFHxS 1.51) were, however, much higher 
than those measured in the FEPOS cohort (Luo et al., 2021). Providing 
information on a range of different exposure levels and contrasts, the 
evidence emerging from additional smaller studies is, at this point, 
marred by inconsistencies (Den Hond et al., 2015; Joensen et al. 2009, 
2013; Olsen et al., 1998; Petersen et al., 2018; Raymer et al., 2012; 
Specht et al., 2012; Tsai et al., 2015). 

Previous studies have also documented blood levels of PFAS among 

Table 4 
Negative binomial regression analyses of reproductive parameters according to plasma concentrations of PFOA and PFOS among the 1041 young men in the FEPOS 
cohort.  

Parameter Model PFOA concentration PFOS concentration 

Tertiles a  Tertiles a  

Medium High Continuous Medium High Continuous 

% diff (95% CI) % diff (95% CI) % diff (95% CI) % diff (95% CI) % diff (95% CI) % diff (95% CI) 

Sperm concentration, 106/mL Crude − 5 (− 17, 9) − 11 (− 22, 1) − 8 (− 18, 2) − 3 (− 15, 11) − 2 (− 14, 11) 1 (− 1, 2)  
Adjusted 0 (− 12, 14) − 4 (− 12, 9) − 1 (− 11, 10) − 4 (− 16, 9) − 1 (− 13, 13) 1 (0, 2) 

Semen volume, mL Crude − 2 (− 10, 6) − 2 (− 10, 6) − 2 (− 8, 5) − 1 (− 8, 7) 5 (− 2, 14) 1 (− 1, 3)  
Adjusted − 3 (− 10, 5) − 3 (− 10, 6) − 2 (− 8, 4) 2 (− 5, 9) 5 (− 3, 14) 1 (− 1, 3) 

Total sperm count, 106 Crude − 8 (− 22, 7) − 12 (− 24, 3) − 6 (− 17, 6) − 7 (− 20, 8) 2 (− 12, 19) 1 (− 3, 4)  
Adjusted − 5 (− 7, 8) − 2 (− 15, 12) 2 (− 9, 15) − 1 (− 13, 13) 8 (− 7, 24) 1 (− 2, 4) 

Motility, % non-progressive/immotile Crude − 5 (− 10, 1) − 4 (− 10, 2) − 4 (− 9, 1) − 7 (− 12, − 1) − 8 (− 13, − 2) 0 (− 1, 0) 
Adjusted − 1 (− 7, 5) 0 (− 6, 7) − 1 (− 6, 5) − 5 (− 11, 1) − 6 (− 11, 1) 0 (− 1, 1) 

Morphology, % normal Crude 6 (− 4, 17) 0 (− 10, 11) 0 (− 9, 10) − 2 (− 11, 9) 1 (− 9, 11) 0 (− 1, 1)  
Adjusted 5 (− 5, 16) − 1 (− 12, 11) − 1 (− 10, 9) − 3 (− 13, 8) 0 (− 10, 11) 0 (− 1, 1) 

Average testicular volume, mL Crude 0 (− 5, 5) − 1 (− 6, 4) 0 (− 1, 0) 0 (− 5, 5) − 1 (− 6, 4) 0 (− 1, 0)  
Adjusted 1 (− 4, 7) 2 (− 3, 8) 0 (− 1, 1) 1 (− 4, 7) 2 (− 3, 8) 0 (− 1, 1) 

Testosterone, nmol/L Crude − 1 (− 6, 3) 0 (− 4, 5) 0 (− 4, 4) − 3 (− 8, 1) 1 (− 3, 6) 0 (0, 1)  
Adjusted − 2 (− 6, 3) − 1 (− 6, 4) − 1 (− 5, 3) − 3 (− 7, 1) 1 (− 4, 6) 0 (0, 1) 

CFT, pmol/L Crude − 1 (− 6, 3) 1 (− 3, 6) 0 (− 4, 4) − 4 (− 9, 0) 0 (− 4, 4) 0 (− 1, 1)  
Adjusted − 2 (− 4, 2) 0 (− 5, 4) − 1 (− 5, 3) − 5 (− 9, 0) − 1 (− 5, 4) 0 (− 1, 0) 

Estradiol, pmol/L Crude 0 (− 8, 9) 5 (− 3, 13) 5 (− 3, 12) − 5 (− 13, 3) − 1 (− 9, 8) 0 (− 1, 2)  
Adjusted − 4 (− 12, 5) − 3 (− 11, 5) − 2 (− 9, 5) − 8 (− 15, 0) − 5 (− 13, 4) 0 (− 1, 1) 

FSH, IU/L Crude 3 (− 6, 12) 13 (1, 27) 7 (0, 15) − 3 (− 13, 8) 1 (− 11, 14) 0 (− 1, 1)  
Adjusted 4 (− 5, 14) 15 (0, 31) 8 (0, 17) − 3 (− 13, 8) 1 (− 9, 13) 0 (− 1, 2) 

LH, IU/L Crude 4 (− 2, 9) 6 (− 1, 13) 2 (− 2, 7) 0 (− 6, 7) 0 (− 7, 7) 0 (− 1, 1)  
Adjusted 3 (− 2, 9) 6 (− 2, 15) 2 (− 3, 7) 0 (− 6, 7) 0 (− 6, 7) 0 (0, 1) 

SHBG, nmol/L Crude 0 (− 6, 5) − 2 (− 8, 4) − 1 (− 6, 4) 1 (− 4, 7) 2 (− 4, 8) 0 (− 1, 1)  
Adjusted 0 (− 5, 5) − 2 (− 8, 4) 0 (− 5, 6) 2 (− 3, 8) 2 (− 4, 9) 0 (− 1, 1) 

PFOA, Perfluorooctanoic acid; PFOS, Perfluorooctane sulfonic acid; CFT, Calculated free testosterone; FSH, Follicle-stimulating hormone; LH, Luteinizing hormone; 
SHBG, Sex hormone-binding globulin; diff, difference. 
For semen parameters, exclusions were based on lack of a semen sample (n = 5), spillage (n = 178, semen volume and total sperm count), azoospermia (n = 16, motility 
and morphology) and unavailability of data (n = 6, morphology). For testicular volume and reproductive hormones, <5 men were excluded for lacking measures. 
Adjusted models included covariates for batch for PFAS analyses, body mass index, smoking status, maternal smoking and family occupational status during preg-
nancy. Semen parameters were also adjusted for abstinence time, spillage and time from ejaculation to analysis (motility). Testicular volume was adjusted for 
abstinence time, while reproductive hormones were adjusted for time of day for blood sampling. Men with missing information on covariates (n = 9) were excluded in 
adjusted models. 

a The low tertile of plasma concentration served as reference for the medium and high tertiles. 
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young men from the general population in Denmark in 2003 and 
2008–2009 (Joensen et al. 2009, 2013). Median serum concentrations 
were 4.9 and 3.0 ng/mL for PFOA, and 24.5 and 7.8 ng/mL for PFOS, 
respectively (Joensen et al. 2009, 2013). Albeit inter-laboratory vari-
ability may account for minor differences across studies, the overriding 
tendency is a clear and dramatic decline in levels for five of the six PFAS 
included in our analyses when comparing earlier measurements to the 
median plasma concentrations in the present cohort (2017–2019). For 
PFUnDA, concentrations have remained low over the past decades 
(Joensen et al. 2009, 2013). The serum to plasma ratio for routinely 
measured PFAS is 1:1 (Ehresman et al., 2007). 

Since the production of especially PFOS and related precursors 
peaked around year 2000, several common PFAS have been listed as 
Substances of Very High Concern under the Stockholm Convention and 
subjected to extensive restrictions regarding use in the European Union 
(Danish Environmental Protection Agency, 2013). These restrictions 
correspond well with the gradually lower blood levels observed over the 
past decades in Denmark (Joensen et al. 2009, 2013). 

The remaining exposure to legacy PFAS may reflect both their 
persistence in the environment, continued emissions from areas without 
restrictions and lingering presence in many everyday products (Danish 
Environmental Protection Agency, 2013). The strong correlations be-
tween plasma concentrations for many of the long-chained PFAS in our 
cohort serve as indications of their shared sources and elimination 
pathways (Carrico et al., 2015). Compounds with longer carbon chains 
generally have longer elimination half-lives and, thus, a higher potential 
for accumulation (Xu et al., 2020). Ultimately, correlations in concen-
trations of different chemicals render assessment of associations for 
combined exposures crucially important (Czarnota et al., 2015). Three 
studies have previously attempted to address combined exposure to 
PFAS in relation to semen quality and/or reproductive hormone levels in 
men through summation of concentrations for two or more individual 
compounds (Huang et al., 2019; Joensen et al., 2009; Song et al., 2018). 
Beyond this rather simple approach, Luo et al. (2021) managed to 
combine two flexible multipollutant models in their evaluation of PFAS 
mixture and reproductive hormones (Bayesian kernel machine regres-
sion and adaptive elastic net) (Luo et al., 2021). The WQS model applied 
in this study also has several advantages over a summation solution (i.e. 
identification and weighting of influential actors, improved accuracy 
and interpretability) and has gained usage in analyses of PFAS in recent 
years (Carrico et al., 2015; Liew et al., 2020; Preston et al., 2020; Rosato 
et al., 2022). While the precision of our WQS estimates may diminish 
somewhat with the apparent limited strength of associations between 
PFAS exposures and reproductive outcomes among the men in the 
FEPOS cohort, our overall conclusions remain valid (Carrico et al., 
2015). In the past, multiple comparisons across a range of individual 
PFAS and reproductive outcomes may also have introduced statistically 
significant findings purely by coincidence (Petersen et al., 2020). 
Further, examining associations for both individual and combined PFAS 
provides an opportunity to either confirm or weaken indications from 
the separate analyses. 

According to in vitro and in vivo studies, several specific mechanisms 
of action may convey the reproductive toxicity of PFAS (Houck et al., 
2021; Tarapore and Ouyang, 2021). Endocrine disruption of the 
hypothalamic-pituitary-gonadal (HPG) axis can be mediated through 
ligand-based activation or inhibition of a multitude of receptors 
including the peroxisome proliferator-activated receptor (PPAR) α and 
γ, the pregnane X receptor (PXR), the constitutive androstane receptor 
(CAR) and the estrogen receptor (ER) α (Houck et al., 2021). While our 
understanding of the specific responses to receptor interaction and 
resulting target gene expression remains incomplete, several PPARs 
appear to regulate Sertoli cell metabolism (Rouiller-Fabre et al., 2015). 
Receptor-mediated effects observed in vitro seem to occur at PFAS con-
centrations several orders of magnitude above average blood levels for 
individual compounds in epidemiological studies (Behr et al., 2020; 
Petersen et al., 2020). Thus, disruption of the human endocrine system 

Table 5 
Weighted quantile sum (WQS) regression of combined PFAS exposures in rela-
tion to reproductive parameters with associations focused in either negative or 
positive directions among the 1041 men in the FEPOS cohort. The measure of 
association is given as percentage difference for the outcome with a one-unit 
increase in the WQS index.  

Parameter  Negative Positive 

Model % diff (95% 
CI) 

% diff (95% 
CI) 

Sperm concentration, 106/mL Crude − 4 (− 9, 2) 0 (− 5, 6)  
Adjusted − 3 (− 9, 3) − 1 (− 8, 5) 

Semen volume, mL Crude 1 (− 3, 5) 3 (− 1, 8)  
Adjusted 0 (− 4, 4) 3 (− 1, 8) 

Total sperm count, 106 Crude − 3 (− 10, 3) 0 (− 8, 8)  
Adjusted − 1 (− 8, 6) 2 (− 5, 10) 

Motility, % non-progressive/ 
immotile 

Crude − 3 (− 5, − 1) − 2 (− 4, 1) 
Adjusted − 2 (− 4, 1) − 2 (− 5, 1) 

Morphology, % normal Crude − 2 (− 6, 3) 1 (− 4, 6)  
Adjusted − 2 (− 6, 3) 0 (− 4, 5) 

Average testicular volume, mL Crude − 2 (− 4, 0) 1 (− 2, 3)  
Adjusted 0 (− 3, 2) 1 (− 2, 3) 

Testosterone, nmol/L Crude 1 (− 1, 3) 2 (0, 4)  
Adjusted 0 (− 2, 3) 1 (− 1, 3) 

CFT, pmol/L Crude 0 (− 2, 2) 0 (− 1, 2)  
Adjusted 0 (− 2, 2) 0 (− 2, 2) 

Estradiol, pmol/L Crude 0 (− 4, 4) 3 (− 2, 7)  
Adjusted − 1 (− 6, 4) 1 (− 3, 5) 

FSH, IU/L Crude 4 (0, 8) 4 (0, 9)  
Adjusted 4 (0, 8) 4 (0, 9) 

LH, IU/L Crude 5 (1, 9) 2 (− 2, 6)  
Adjusted 6 (2, 11) 3 (− 1, 7) 

SHBG, nmol/L Crude 0 (− 2, 3) 2 (− 1, 4)  
Adjusted 0 (− 2, 3) 1 (− 1, 4) 

PFAS, Per- and polyfluoroalkyl substances; CFT, Calculated free testostterone; 
FSH, Follicle stimulating-hormone; LH, Luteinizing hormone; SHBG, Sex 
hormone-binding globulin; diff, difference. For semen parameters, exclusions 
were based on lack of a semen sample (n = 5), spillage (n = 178, semen volume 
and total sperm count), azoospermia (n = 16, motility and morphology) and 
unavailability of data (n = 6, morphology). For testicular volume and repro-
ductive hormones, <5 men were excluded for lacking measures. Adjusted 
models included covariates for batch for PFAS analyses, body mass index, 
smoking status, maternal smoking and family occupational status during preg-
nancy. Semen parameters were also adjusted for abstinence time, spillage and 
time from ejaculation to analysis (motility). Testicular volume was adjusted for 
abstinence time, while reproductive hormones were adjusted for time of day for 
blood sampling. Men with missing information on covariates (n = 9) were 
excluded in adjusted models. 

Fig. 1. Weighted quantile sum (WQS) regression index weights for individual 
per- and polyfluoroalkyl substances identifying contributions to a positive as-
sociation with follicle-stimulating hormone (FSH) concentrations. The black 
dotted line shows the selection threshold (1/6). Adjusted for batch for PFAS 
analyses, time of day for blood sampling, body mass index, smoking status, 
maternal smoking and family occupational status during pregnancy. 
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in relation to PFAS may well depend on the overall load of several 
different compounds present in relatively low concentrations (Hipwell 
et al., 2019). 

An additional key action of PFAS is the induction of oxidative stress 
with lipid peroxidation of phospholipids and polyunsaturated fatty acids 
in cellular membranes and subcellular components (Houck et al., 2021). 
Considering their multitude of different chemical structures, mecha-
nisms and modes of action are clearly not the same for all PFAS (Houck 
et al., 2021; Li et al., 2020). Further, potencies of individual PFAS 
remain uncertain with considerable inconsistencies in findings across 
different testing systems (Li et al., 2020). However, PFAS within the 
same class of compounds, such as the nonpolymeric perfluoroalkyl acids 
measured in our study, often share behaviour (Interstate Technology 
Regulatory Council, 2020). 

The systematic phasing out of certain PFAS family members has 
prompted a continuous industrial development of new congeners and 
uses requiring sustained awareness of potential health effects from the 
public, governments and policymakers, and research communities 
worldwide (Pan et al., 2019; Petersen et al., 2020). Some of the novel, 
emerging compounds may, in fact, be at least just as persistent and toxic 
as the legacy PFAS (Pan et al., 2019). 

We measured PFAS in plasma using highly sensitive and accurate 
state-of-the-art techniques. The relatively high levels of PFAS in blood 
have long favoured measurements in this matrix (whole blood, serum or 
plasma) (Pan et al., 2019). Recent studies have elaborated on the use of 
PFAS blood concentrations as a proxy of reproductive target tissue levels 
and pointed to potential problems with exposure measurement error in 
comparisons of analytes in especially blood and semen (Cui et al., 2020; 
Pan et al., 2019; Song et al., 2018). While measures of PFAS in semen 
may seem more accurate for studies of male reproductive outcomes, 
they may, however, also be more susceptible to issues with reverse 
causation or confounding (e.g. integrity of the blood-testis barrier) (Cui 
et al., 2020; Pan et al., 2019; Song et al., 2018; Weisskopf and Webster, 
2017). 

With our cross-sectional study design, we collected samples for 
analysis of exposure and outcomes at the same point in time. The full 
duration of spermatogenesis is roughly 74 days and toxic effects on 
sperm production can, therefore, be detected in the semen ejaculate with 
a latency of up to several months (Griswold, 2016; Wilcox, 2010). 
However, given the very long half-lives of the PFAS analysed in our 
study, misclassification from temporal changes in plasma concentrations 
was likely limited (Bach et al., 2016; Xu et al., 2020). 

Errors from misclassification of outcomes were minimized through 
standardization of procedures for especially semen analyses with vali-
dation through both internal and external quality control (Brazil et al., 
2004; Hærvig et al., 2020a). All outcomes were, however, assessed 
based on single samples in this study. We included several precision 
variables in our adjusted analyses, considering especially intra-
individual variability in semen sample measures and diurnal cycles in 
secretion of many reproductive hormones. In addition, we were able to 
consider several important confounders covering both fetal life and 
young adulthood. Still, our results may to some extent be influenced by 
residual confounding. For example, diet represents a major source of 
PFAS in humans and exposure levels can, therefore, be closely connected 
to other aspects of health and health behaviour (Joensen et al., 2013; 
Lindh et al., 2012; Tsai et al., 2015). Further, genetic factors or medical 
conditions may affect renal clearance and, thus, determine accumula-
tion of PFAS (Foresta et al., 2018). However, we are not aware of any 
well-established potential confounding factor that is not accounted for 
in our analyses. 

An important final limitation in our study was potential bias from 
selection during the two-stage process involving pregnant women 
agreeing to participate in the DNBC and subsequent recruitment of their 
adult sons for the FEPOS cohort. Approximately 60% of the invited 
women enrolled in the DNBC with an underrepresentation of pregnan-
cies among single and lower income parents (Jacobsen et al., 2010). For 

our recruitment of young men, the overall response rate was rather low 
(19%). Participation rates of this size are, however, not uncommon in 
studies requiring semen samples (Larsen et al., 1998). Further, the 
young men presumably had little knowledge of both the exposure of 
interest and their own outcome status limiting selection on these specific 
parameters (Hærvig et al., 2020a). It is, therefore, far from obvious that 
our low response rates have resulted in bias. 

On the positive side, our large offspring cohort provided a unique 
opportunity to combine extensive information from questionnaires, 
direct biological measurements and high-quality register data. 

5. Conclusion 

We examined effects of single and combined PFAS in a large Danish 
offspring cohort of young men and found no consistent association with 
semen quality and testicular volume. Higher concentrations of PFAS 
were, however, associated with slightly higher levels of FSH among the 
men. PFOA was identified as a main contributor to this finding, with 
potential influences also from PFDA and PFHxS. While current PFAS 
exposures in Denmark may represent a mere fraction of past peak pro-
duction levels, concerns regarding male reproductive toxicity remain. 
Further studies on especially combined exposures to common PFAS, 
legacy and emerging, are, therefore, needed. 
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addition, we want to thank Anna Rönnholm, Marie Bengtsson and Åsa 
Amilon at the Division of Occupational and Environmental Medicine at 
Lund University, Sweden, for performing the PFAS analyses. Finally, we 
thank Cecilia Tingsmark for performing all semen morphology analyses, 
and Lone Fredslund and Inge Eisensee for data management. The Danish 
National Birth Cohort was established with a significant grant from the 
Danish National Research Foundation and additional support from the 
Danish Regional Committees, the Pharmacy Foundation, the Egmont 
Foundation, the March of Dimes Birth Defects Foundation, Helsefonden 
and other minor grants. Further, this research has been conducted using 
the Danish National Biobank resource, supported by the Novo Nordisk 
Foundation, grant number 2010-11-12 and 2009-07-28. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.envres.2022.113157. 

References 

Agency for Toxic Substances and Disease Registry, 2020. Per- and Polyfluoroalkyl 
Substances and Your Health. Available: https://www.atsdr.cdc.gov/pfas/health 
-effects/index.html. (Accessed 9 March 2022). 

Bach, C.C., Vested, A., Jorgensen, K.T., Bonde, J.P., Henriksen, T.B., Toft, G., 2016. 
Perfluoroalkyl and polyfluoroalkyl substances and measures of human fertility: a 
systematic review. Crit. Rev. Toxicol. 46, 735–755. 

Behr, A.C., Plinsch, C., Braeuning, A., Buhrke, T., 2020. Activation of human nuclear 
receptors by perfluoroalkylated substances (pfas). Toxicol. Vitro 62, 104700. 

Bliddal, M., Broe, A., Pottegard, A., Olsen, J., Langhoff-Roos, J., 2018. The Danish 
medical birth register. Eur. J. Epidemiol. 33, 27–36. 

Bonde, J.P., Flachs, E.M., Rimborg, S., Glazer, C.H., Giwercman, A., Ramlau-Hansen, C. 
H., et al., 2016. The epidemiologic evidence linking prenatal and postnatal exposure 
to endocrine disrupting chemicals with male reproductive disorders: a systematic 
review and meta-analysis. Hum. Reprod. Update 23, 104–125. 

Brazil, C., Swan, S.H., Tollner, C.R., Treece, C., Drobnis, E.Z., Wang, C., et al., 2004. 
Quality control of laboratory methods for semen evaluation in a multicenter research 
study. J. Androl. 25, 645–656. 

Carrico, C., Gennings, C., Wheeler, D.C., Factor-Litvak, P., 2015. Characterization of 
weighted quantile sum regression for highly correlated data in a risk analysis setting. 
J. Agric. Biol. Environ. Stat. 20, 100–120. 

Costa, G., Sartori, S., Consonni, D., 2009. Thirty years of medical surveillance in 
perfluooctanoic acid production workers. J. Occup. Environ. Med. 51, 364–372. 

Cui, Q., Pan, Y., Wang, J., Liu, H., Yao, B., Dai, J., 2020. Exposure to per- and 
polyfluoroalkyl substances (pfass) in serum versus semen and their association with 
male reproductive hormones. Environ. Pollut. 266, 115330. 

Czarnota, J., Gennings, C., Wheeler, D.C., 2015. Assessment of weighted quantile sum 
regression for modeling chemical mixtures and cancer risk. Cancer Inf. 14, 159–171. 

Danish Environmental Protection Agency, 2013. Survey of Pfos, Pfoa and Other 
Perfluoroalkyl and Polyfluoroalkyl Substances. 

Danish Environmental Protection Agency, 2015. Short-chain Polyfluoroalkyl Substances 
(Pfas) - a Literature Review of Information on Human Health Effects and 
Environmental Fate and Effect Aspects of Short-Chain Pfas. 

Danmarks Statistik, 1996. Disco-88 - Danmarks Statistiks Fagklassifikation. Danmarks 
Statistiks trykkeri, Copenhagen, Denmark.  

Den Hond, E., Tournaye, H., De Sutter, P., Ombelet, W., Baeyens, W., Covaci, A., et al., 
2015. Human exposure to endocrine disrupting chemicals and fertility: a case- 
control study in male subfertility patients. Environ. Int. 84, 154–160. 

Ehresman, D.J., Froehlich, J.W., Olsen, G.W., Chang, S.C., Butenhoff, J.L., 2007. 
Comparison of human whole blood, plasma, and serum matrices for the 
determination of perfluorooctanesulfonate (pfos), perfluorooctanoate (pfoa), and 
other fluorochemicals. Environ. Res. 103, 176–184. 

Esteves, S.C., Miyaoka, R., Agarwal, A., 2011. An update on the clinical assessment of the 
infertile male. [corrected]. Clinics 66, 691–700. 

European Chemicals Agency, 2021. Why We Care about ’forever Chemicals’ and Why 
You Should Too. Available: https://chemicalsinourlife.echa.europa.eu/why-we-care 
-about-forever-chemicals-and-why-you-should-too. (Accessed 2 July 2021). 

Foresta, C., Tescari, S., Di Nisio, A., 2018. Impact of perfluorochemicals on human health 
and reproduction: a male’s perspective. J. Endocrinol. Invest. 41, 639–645. 

Greenland, S., Pearl, J., Robins, J.M., 1999. Causal diagrams for epidemiologic research. 
Epidemiology 10, 37–48. 

Griswold, M.D., 2016. Spermatogenesis: the commitment to meiosis. Physiol. Rev. 96, 
1–17. 

Hærvig, K.K., Petersen, K.U., Hougaard, K.S., Lindh, C., Ramlau-Hansen, C.H., Toft, G., 
et al., 2022. Maternal exposure to per- and polyfluoroalkyl substances (PFAS) and 
male reproductive function in young adulthood: combined exposure to seven PFAS. 
UNPUBLISHED. 

Han, X., Nabb, D.L., Russell, M.H., Kennedy, G.L., Rickard, R.W., 2012. Renal elimination 
of perfluorocarboxylates (pfcas). Chem. Res. Toxicol. 25, 35–46. 

Hipwell, A.E., Kahn, L.G., Factor-Litvak, P., Porucznik, C.A., Siegel, E.L., Fichorova, R.N., 
et al., 2019. Exposure to non-persistent chemicals in consumer products and 
fecundability: a systematic review. Hum. Reprod. Update 25, 51–71. 

Houck, K.A., Patlewicz, G., Richard, A.M., Williams, A.J., Shobair, M.A., Smeltz, M., 
et al., 2021. Bioactivity profiling of per- and polyfluoroalkyl substances (pfas) 
identifies potential toxicity pathways related to molecular structure. Toxicology 457, 
152789. 

Huang, Q., Liu, L., Wu, Y., Wang, X., Luo, L., Nan, B., et al., 2019. Seminal plasma 
metabolites mediate the associations of multiple environmental pollutants with 
semen quality in Chinese men. Environ. Int. 132, 105066. 

Hærvig, K.K., Bonde, J.P., Ramlau-Hansen, C.H., Toft, G., Hougaard, K.S., Specht, I.O., 
et al., 2020a. Fetal programming of semen quality (FEPOS) cohort - a DNBC male 
offspring cohort. Clin. Epidemiol. 12, 757–770. 

Hærvig, K.K., Hoyer, B.B., Giwercman, A., Hougaard, K.S., Ramlau-Hansen, C.H., 
Specht, I.O., et al., 2020b. Fetal exposure to paternal smoking and semen quality in 
the adult son. Andrology 8, 1117–1125. 

International Agency for Research on Cancer, 2017. Some Chemicals Used as Solvents 
and in Polymer Manufacture - Iarc Monographs on the Evaluation of Carcinogenic 
Risks to Humans. IARC, Lyon, France.  

Interstate Technology Regulatory Council, 2020. Naming Conventions and Physical and 
Chemical Properties of Per- and Polyfluoroalkyl Substances (Pfas) [Online 
24.11.2021].  

Jacobsen, T.N., Nohr, E.A., Frydenberg, M., 2010. Selection by socioeconomic factors 
into the Danish national birth cohort. Eur. J. Epidemiol. 25, 349–355. 

Joensen, U.N., Bossi, R., Leffers, H., Jensen, A.A., Skakkebaek, N.E., Jorgensen, N., 2009. 
Do perfluoroalkyl compounds impair human semen quality? Environ. Health 
Perspect. 117, 923–927. 

Joensen, U.N., Veyrand, B., Antignac, J.P., Blomberg Jensen, M., Petersen, J.H., 
Marchand, P., et al., 2013. Pfos (perfluorooctanesulfonate) in serum is negatively 
associated with testosterone levels, but not with semen quality, in healthy men. 
Hum. Reprod. 28, 599–608. 

Kotthoff, M., Muller, J., Jurling, H., Schlummer, M., Fiedler, D., 2015. Perfluoroalkyl and 
polyfluoroalkyl substances in consumer products. Environ. Sci. Pollut. Res. Int. 22, 
14546–14559. 

La Merrill, M.A., Vandenberg, L.N., Smith, M.T., Goodson, W., Browne, P., Patisaul, H.B., 
et al., 2020. Consensus on the key characteristics of endocrine-disrupting chemicals 
as a basis for hazard identification. Nat. Rev. Endocrinol. 16, 45–57. 

Larsen, S.B., Abell, A., Bonde, J.P., 1998. Selection bias in occupational sperm studies. 
Am. J. Epidemiol. 147, 681–685. 

Lewis, R.C., Johns, L.E., Meeker, J.D., 2015. Serum biomarkers of exposure to 
perfluoroalkyl substances in relation to serum testosterone and measures of thyroid 
function among adults and adolescents from nhanes 2011-2012. Int. J. Environ. Res. 
Publ. Health 12, 6098–6114. 

Li, J., Cao, H., Feng, H., Xue, Q., Zhang, A., Fu, J., 2020. Evaluation of the estrogenic/ 
antiestrogenic activities of perfluoroalkyl substances and their interactions with the 
human estrogen receptor by combining in vitro assays and in silico modeling. 
Environ. Sci. Technol. 54, 14514–14524. 

Liew, Z., Luo, J., Nohr, E.A., Bech, B.H., Bossi, R., Arah, O.A., et al., 2020. Maternal 
plasma perfluoroalkyl substances and miscarriage: a nested case-control study in the 
Danish national birth cohort. Environ. Health Perspect. 128, 47007. 

Lindh, C.H., Rylander, L., Toft, G., Axmon, A., Rignell-Hydbom, A., Giwercman, A., et al., 
2012. Blood serum concentrations of perfluorinated compounds in men from 
Greenlandic inuit and european populations. Chemosphere 88, 1269–1275. 

Louis, G.M., Chen, Z., Schisterman, E.F., Kim, S., Sweeney, A.M., Sundaram, R., et al., 
2015. Perfluorochemicals and human semen quality: the life study. Environ. Health 
Perspect. 123, 57–63. 

Luo, K., Liu, X., Nian, M., Wang, Y., Qiu, J., Yu, H., et al., 2021. Environmental exposure 
to per- and polyfluoroalkyl substances mixture and male reproductive hormones. 
Environ. Int. 152, 106496. 

National Institute for Occupational Safety and Health, 2021. Per- and Polyfluoroalkyl 
Substances (Pfas). Available: https://www.cdc.gov/niosh/topics/pfas/default.html. 
(Accessed 9 March 2022). 

Ng, C.A., Hungerbuhler, K., 2013. Bioconcentration of perfluorinated alkyl acids: how 
important is specific binding? Environ. Sci. Technol. 47, 7214–7223. 

Noren, E., Lindh, C., Glynn, A., Rylander, L., Pineda, D., Nielsen, C., 2021. Temporal 
trends, 2000-2017, of perfluoroalkyl acid (pfaa) concentrations in serum of Swedish 
adolescents. Environ. Int. 155, 106716. 

Olsen, G.W., Gilliland, F.D., Burlew, M.M., Burris, J.M., Mandel, J.S., Mandel, J.H., 1998. 
An epidemiologic investigation of reproductive hormones in men with occupational 
exposure to perfluorooctanoic acid. J. Occup. Environ. Med. 40, 614–622. 

Olsen, G.W., Burris, J.M., Ehresman, D.J., Froehlich, J.W., Seacat, A.M., Butenhoff, J.L., 
et al., 2007. Half-life of serum elimination of perfluorooctanesulfonate, 
perfluorohexanesulfonate, and perfluorooctanoate in retired fluorochemical 
production workers. Environ. Health Perspect. 115, 1298–1305. 

K.U. Petersen et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/j.envres.2022.113157
https://doi.org/10.1016/j.envres.2022.113157
https://www.atsdr.cdc.gov/pfas/health-effects/index.html
https://www.atsdr.cdc.gov/pfas/health-effects/index.html
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref2
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref2
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref2
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref3
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref3
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref4
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref4
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref5
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref5
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref5
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref5
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref6
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref6
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref6
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref7
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref7
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref7
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref8
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref8
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref9
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref9
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref9
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref10
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref10
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref11
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref11
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref12
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref12
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref12
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref13
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref13
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref14
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref14
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref14
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref15
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref15
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref15
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref15
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref16
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref16
https://chemicalsinourlife.echa.europa.eu/why-we-care-about-forever-chemicals-and-why-you-should-too
https://chemicalsinourlife.echa.europa.eu/why-we-care-about-forever-chemicals-and-why-you-should-too
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref18
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref18
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref19
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref19
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref20
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref20
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref27
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref27
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref27
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref27
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref21
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref21
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref22
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref22
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref22
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref23
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref23
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref23
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref23
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref24
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref24
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref24
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref25
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref25
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref25
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref26
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref26
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref26
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref28
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref28
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref28
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref29
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref29
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref29
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref30
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref30
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref31
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref31
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref31
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref32
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref32
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref32
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref32
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref33
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref33
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref33
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref34
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref34
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref34
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref35
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref35
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref36
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref36
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref36
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref36
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref37
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref37
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref37
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref37
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref38
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref38
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref38
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref39
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref39
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref39
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref40
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref40
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref40
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref41
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref41
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref41
https://www.cdc.gov/niosh/topics/pfas/default.html
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref43
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref43
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref44
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref44
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref44
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref45
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref45
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref45
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref46
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref46
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref46
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref46


Environmental Research 212 (2022) 113157

9

Olsen, J., Melbye, M., Olsen, S.F., Sorensen, T.I., Aaby, P., Andersen, A.M., et al., 2001. 
The Danish national birth cohort–its background, structure and aim. Scand. J. Publ. 
Health 29, 300–307. 

Pan, Y., Cui, Q., Wang, J., Sheng, N., Jing, J., Yao, B., et al., 2019. Profiles of emerging 
and legacy per-/polyfluoroalkyl substances in matched serum and semen samples: 
new implications for human semen quality. Environ. Health Perspect. 127, 127005. 

Petersen, K.U., Larsen, J.R., Deen, L., Flachs, E.M., Haervig, K.K., Hull, S.D., et al., 2020. 
Per- and polyfluoroalkyl substances and male reproductive health: a systematic 
review of the epidemiological evidence. J. Toxicol. Environ. Health B Crit. Rev. 23, 
276–291. 

Petersen, M.S., Halling, J., Jorgensen, N., Nielsen, F., Grandjean, P., Jensen, T.K., et al., 
2018. Reproductive function in a population of young Faroese men with elevated 
exposure to polychlorinated biphenyls (pcbs) and perfluorinated alkylate substances 
(pfas). Int. J. Environ. Res. Publ. Health 15. 

Preston, E.V., Webster, T.F., Claus Henn, B., McClean, M.D., Gennings, C., Oken, E., et al., 
2020. Prenatal exposure to per- and polyfluoroalkyl substances and maternal and 
neonatal thyroid function in the project viva cohort: a mixtures approach. Environ. 
Int. 139, 105728. 

Ramlau-Hansen, C.H., Thulstrup, A.M., Bonde, J.P., Ernst, E., 2007. Is self-measuring of 
testicular volume by a prader orchidometer a valid method? Fertil. Steril. 87, 
1480–1482. 

Raymer, J.H., Michael, L.C., Studabaker, W.B., Olsen, G.W., Sloan, C.S., Wilcosky, T., 
et al., 2012. Concentrations of perfluorooctane sulfonate (pfos) and 
perfluorooctanoate (pfoa) and their associations with human semen quality 
measurements. Reprod. Toxicol. 33, 419–427. 

Renzetti, S., Gennings, C., Curtin, P.C., 2020. Gwqs: an R Package for Linear and 
Generalized Weighted Quantile Sum (Wqs) Regression. Available: https://cran.asia 
/web/packages/gWQS/vignettes/gwqs-vignette.pdf. (Accessed 9 July 2021). 

Rosato, I., Zare Jeddi, M., Ledda, C., Gallo, E., Fletcher, T., Pitter, G., et al., 2022. How to 
investigate human health effects related to exposure to mixtures of per- and 
polyfluoroalkyl substances: a systematic review of statistical methods. Environ. Res. 
205, 112565. 

Rouiller-Fabre, V., Guerquin, M.J., N’Tumba-Byn, T., Muczynski, V., Moison, D., 
Tourpin, S., et al., 2015. Nuclear receptors and endocrine disruptors in fetal and 
neonatal testes: a gapped landscape. Front. Endocrinol. 6, 58. 

Sakr, C.J., Kreckmann, K.H., Green, J.W., Gillies, P.J., Reynolds, J.L., Leonard, R.C., 
2007. Cross-sectional study of lipids and liver enzymes related to a serum biomarker 
of exposure (ammonium perfluorooctanoate or apfo) as part of a general health 

survey in a cohort of occupationally exposed workers. J. Occup. Environ. Med. 49, 
1086–1096. 

Song, X., Tang, S., Zhu, H., Chen, Z., Zang, Z., Zhang, Y., et al., 2018. Biomonitoring 
pfaas in blood and semen samples: investigation of a potential link between pfaas 
exposure and semen mobility in China. Environ. Int. 113, 50–54. 

Specht, I.O., Hougaard, K.S., Spano, M., Bizzaro, D., Manicardi, G.C., Lindh, C.H., et al., 
2012. Sperm DNA integrity in relation to exposure to environmental perfluoroalkyl 
substances - a study of spouses of pregnant women in three geographical regions. 
Reprod. Toxicol. 33, 577–583. 

Srebny, V., 2021. Scientists Request Us Epa to Ban Pfas as a Class. Available: https 
://www.foodpackagingforum.org/news/scientists-request-us-epa-to-ban-pfas-as-a-c 
lass. (Accessed 5 July 2021). 

Tarapore, P., Ouyang, B., 2021. Perfluoroalkyl chemicals and male reproductive health: 
do pfoa and pfos increase risk for male infertility? Int. J. Environ. Res. Publ. Health 
18. 

Toft, G., Jonsson, B.A., Lindh, C.H., Giwercman, A., Spano, M., Heederik, D., et al., 2012. 
Exposure to perfluorinated compounds and human semen quality in arctic and 
european populations. Hum. Reprod. 27, 2532–2540. 

Tsai, M.S., Lin, C.Y., Lin, C.C., Chen, M.H., Hsu, S.H., Chien, K.L., et al., 2015. 
Association between perfluoroalkyl substances and reproductive hormones in 
adolescents and young adults. Int. J. Hyg Environ. Health 218, 437–443. 

Vermeulen, A., Verdonck, L., Kaufman, J.M., 1999. A critical evaluation of simple 
methods for the estimation of free testosterone in serum. J. Clin. Endocrinol. Metab. 
84, 3666–3672. 

Weisskopf, M.G., Webster, T.F., 2017. Trade-offs of personal versus more proxy exposure 
measures in environmental epidemiology. Epidemiology 28, 635–643. 

WHO, 2010. Who Laboratory Manual for the Examination and Processing of Human 
Semen. WHO, Geneva, Switzerland.  

Wilcox, A.J., 2010. Fertility and Pregnancy. Oxford University Press, New York, NY, 
United States of America.  

Xu, Y., Fletcher, T., Pineda, D., Lindh, C.H., Nilsson, C., Glynn, A., et al., 2020. Serum 
half-lives for short- and long-chain perfluoroalkyl acids after ceasing exposure from 
drinking water contaminated by firefighting foam. Environ. Health Perspect. 128, 
77004. 

Zhao, B., Li, L., Liu, J., Li, H., Zhang, C., Han, P., et al., 2014. Exposure to 
perfluorooctane sulfonate in utero reduces testosterone production in rat fetal leydig 
cells. PLoS One 9, e78888. 

K.U. Petersen et al.                                                                                                                                                                                                                             

http://refhub.elsevier.com/S0013-9351(22)00484-4/sref47
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref47
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref47
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref48
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref48
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref48
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref49
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref49
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref49
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref49
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref50
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref50
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref50
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref50
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref51
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref51
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref51
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref51
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref52
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref52
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref52
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref53
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref53
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref53
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref53
https://cran.asia/web/packages/gWQS/vignettes/gwqs-vignette.pdf
https://cran.asia/web/packages/gWQS/vignettes/gwqs-vignette.pdf
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref55
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref55
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref55
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref55
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref56
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref56
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref56
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref57
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref57
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref57
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref57
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref57
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref58
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref58
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref58
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref59
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref59
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref59
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref59
https://www.foodpackagingforum.org/news/scientists-request-us-epa-to-ban-pfas-as-a-class
https://www.foodpackagingforum.org/news/scientists-request-us-epa-to-ban-pfas-as-a-class
https://www.foodpackagingforum.org/news/scientists-request-us-epa-to-ban-pfas-as-a-class
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref61
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref61
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref61
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref62
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref62
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref62
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref63
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref63
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref63
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref64
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref64
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref64
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref65
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref65
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref66
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref66
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref67
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref67
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref68
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref68
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref68
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref68
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref69
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref69
http://refhub.elsevier.com/S0013-9351(22)00484-4/sref69

	Per- and polyfluoroalkyl substances (PFAS) and male reproductive function in young adulthood; a cross-sectional study
	1 Introduction
	2 Materials and methods
	2.1 The FEPOS cohort
	2.2 Blood sample collection and PFAS analyses
	2.3 Semen sample collection and analyses
	2.4 Testicular measurement
	2.5 Reproductive hormones
	2.6 Statistical analyses

	3 Results
	3.1 Single substance exposures
	3.2 Combined exposures

	4 Discussion
	5 Conclusion
	Credit author statement
	Funding
	Ethics
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


