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Abstract

Background: Exposures to per- and polyfluoroalkyl substances (PFASs) may affect metabolic
outcomes, including lipid concentrations in the blood. However, few studies have evaluated
potential associations between PFASs and lipids longitudinally.

Objectives: We estimated associations between PFAS and lipid concentrations at birth and at
several points in childhood.

Methods: We measured concentrations of five major PFASs in cord serum and in serum
collected at 18 months, five years and nine years in 490 children from a prospective cohort in the
Faroe Islands. Total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density
lipoprotein cholesterol (HDL-C) and triglyceride (TG) concentrations were measured at birth, 18
months and nine years. We estimated associations between PFAS and lipid concentrations and
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evaluated possible effect modification by sex. We also tested whether PFAS associations with
age-nine lipids varied by exposure period.

Results: Serum PFAS concentrations at ages five and nine were positively associated with

lipid concentrations at age nine. Cross-sectional associations between PFASs and lipids at

age nine were the strongest, with increases in serum concentrations of perfluorodecanoic acid
(PFDA), perfluorononanoic acid (PFNA) and perfluorooctanesulfonic acid (PFOS) associated with
increases in TC, HDL-C and LDL-C. We found statistically significant differences in estimated
PFAS effects by sex, where girls had stronger positive associations between PFASs and TC and
LDL-C and boys had stronger positive associations with HDL-C. In repeated measure models,
exposure period was a significant modifier of PFAS effects.

Conclusions: Our findings suggest that childhood PFAS exposures may be associated with
elevated serum lipid concentrations. This is a public health concern, as a detrimental lipid profile
in childhood is a risk factor for later development of hyperlipidemia and cardiovascular disease.
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INTRODUCTION

Per- and polyfluoroalkyl substances (PFASS) are a class of synthetic chemicals widely
used in industry and commercial products because of their unique physical and chemical
characteristics (ATSDR 2018; Lindstrom et al., 2011; Schultz et al., 2003). Their persistence
and mobility in water has led to widespread environmental contamination, and they are
now detectable in most human blood samples (Fromme et al., 2009; Lindstrom et al.,
2011; Sunderland et al., 2019). Increasing evidence suggests that PFAS exposures are
associated with metabolic health outcomes, including detrimental changes in lipid profiles
and metabolic diseases such as diabetes and obesity (EFSA 2020; Sunderland et al., 2019).
Of these outcomes, a positive association with lipids, including total cholesterol (TC) and
low-density lipoprotein cholesterol (LDL-C), has been most consistently identified in both
occupational and nonoccupational cohorts (ATSDR 2018; Sunderland et al., 2019).

Prenatal and childhood exposures to PFASs could be particularly important. Early
developmental stages are vulnerable to chemical disruption, and prenatal and childhood
factors, including chemical exposures, have been linked to cardiovascular and metabolic
disease incidence in adults (Barouki et al., 2012; La Merrill and Birnbaum, 2011; Makri
et al., 2004; Mcmillen and Robinson, 2005). Early exposures to endocrine disruptors like
PFASs may impact the endocrine systems involved in growth and metabolism, thereby
altering metabolic homeostasis and potentially leading to obesity and metabolic syndrome
later in life (Braun, 2017; La Merrill and Birnbaum, 2011).

Recent studies have evaluated associations between childhood lipid profiles and PFAS
exposures during pregnancy and childhood. While associations with prenatal exposures have
been inconsistent (Jensen et al., 2020; Maisonet et al., 2015; Manzano-Salgado et al., 2017;
Matilla-Santander et al., 2017; Spratlen et al., 2019; Starling et al., 2014), several studies
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in children and young adults have found positive associations between PFASSs, including
PFOS and PFOA, and TC and LDL-C (Geiger et al., 2014; Jain and Ducatman, 2018;
Khalil et al., 2018; Koshy et al., 2017; Zeng et al., 2015). However, these studies measured
PFAS concentrations at only one point in time, and therefore could not evaluate the relative
importance of different periods of exposure. In addition, these studies were cross-sectional
and potentially subject to reverse causation (EFSA, 2018; EFSA, 2020). Only one existing
study, conducted in the Boston-based Project Viva cohort, measured PFAS exposures

both prenatally and in childhood. This study found significant cross-sectional associations
between childhood PFAS concentrations and elevated TC and LDL-C in females, but not
males (Mora et al., 2018). While one other study of prenatal PFAS exposures also found
suggestive evidence of sex-specific effects (Jensen et al., 2020), most existing studies have
not evaluated the role of sex as a potential effect-modifier of any childhood PFAS-lipid
association.

The present study addresses these research gaps by estimating associations between
repeated measures of prenatal and childhood PFAS exposures and lipid concentrations in

a longitudinal cohort of children from the Faroe Islands. We hypothesized that exposures

to PFASs would be associated with a detrimental lipid profile, including elevated TC and
LDL-C. Because several studies of PFASs and adiposity have found stronger positive effects
in females than in males, we also hypothesized that any observed associations would be
modified by sex, with greater effects in females (Halldorsson et al., 2012; Jensen et al.,
2020).

2. METHODS
2.1. Study Population

Our study was conducted in the Faroese Cohort 5, which includes 490 mother-child pairs
recruited between October 2007 and April 2009 at the National Hospital in Térshavn,
Faroe Islands. Details on this cohort are included elsewhere (Eryasa et al., 2019; Grandjean
etal., 2017; Weihe et al., 2016). Study participants were limited to full-term singleton
children. Standard questionnaires were used to record medical history, current health, and
social factors during and before pregnancy. Relevant obstetric information was abstracted
from medical records, including parity and pre-pregnancy weight and height. We obtained
umbilical cord blood samples immediately after birth. All cohort members were invited for
follow-up at ages 18 months, five years and nine years. Each follow-up visit included a
maternal interview, pediatric examination, and blood sampling. We assessed the duration of
exclusive and mixed breastfeeding by questionnaire at the 18-month visit. The Harvard T.H.
Chan institutional review board and Faroese ethical review committee approved the study
protocol (IRB16-1225), and written informed consent was obtained from all mothers. A
study selection flow chart is included in the Supplementary Material as Figure S1.

2.2. Serum PFAS concentrations

We assessed exposures to five common PFAS compounds: perfluorooctanesulfonic
acid (PFOS), perfluorooctanoic acid (PFOA), perfluorohexanesulfonic acid (PFHXxS),
perfluorononanoic acid (PFNA) and perfluorodecanoic acid (PFDA). Serum was obtained
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from cord blood at birth and at the 18-month, five-year and nine-year clinical examinations,
and was frozen shortly after separation. Samples were stored at —80°C until analyses were
performed at the University of Southern Denmark, with a maximum storage time of three
years. We measured PFAS concentrations using online solid-phase extraction followed by
high-pressure liquid chromatography with tandem mass spectrometry (LC-MS/MS) (Haug
et al., 2009). Extraction was conducted with a Thermo Scientific EQuan MAX system
(Thermo Scientific, San Jose CA). The LC-MS/MS system consisted of a Dionex 3000
liquid chromatographic system coupled to a Thermo Quantiva Triple Quadrupole tandem
mass spectrometer with heated electrospray ionization (Thermo Scientific, San Jose CA).
Each analytical series included quality control serum samples, calibration standards (e.g.
NIST SRM 1957), and reagent and serum blanks. The laboratory is certified for analysis

of PFASs by the Human Biomonitoring Monitoring program for the European Union
(HBMA4EU), and regularly participates in the German External Quality Assessment Scheme
(G-EQUAS) for biological materials. Measurement imprecision was assessed by within-
batch and between-batch coefficients of variation, which were <3% and 5-6% respectively.
The limit of detection (LOD) was 0.03 ng/ml. All PENA, PFOA and PFOS concentrations
were above the LOD. There were two PFDA samples (0.14%) and 46 PFHXS samples
(3.13%) below the LOD. These values were assumed to be 0.015 ng/ml.

2.3. Serum Lipid Measurements

We measured non-fasting TC, HDL-C, LDL-C, and TG in serum obtained from cord blood
at birth and from blood samples collected at the 18-month and nine-year assessments. Serum
samples were analyzed on a Cobas 8000 analyzer (Roche Diagnostics, Basel Switzerland).
Our detection method was accredited under 1SO 15189 and used enzymatic colorimetrical
assays with absorption. In terms of imprecision, coefficients of variation were < 3% for TC,
< 6% for HDL-C, < 6% for LDL-C, and < 5% for TG. Regarding accuracy, bias estimates
were < 6.5% for TC, < 11.6% for HDL-C, < 11.9% for LDL-C and < 8% for TG.

2.4. Statistical Analyses

We evaluated within-visit and across-visit PFAS correlations using Spearman correlations.
Differences in PFAS concentrations by population sub-groups were assessed using Wilcoxon
rank sum and Kruskal-Wallis tests, and differences in lipid concentrations by sex were
evaluated using Wilcoxon rank sum tests.

We estimated associations between serum PFAS concentrations and lipid concentrations
using multivariable linear regression models. We modeled cross-sectional associations
between PFAS and lipid concentrations at birth, 18 months and nine years as well

as longitudinal associations between PFAS and subsequent lipid concentrations. PFAS
concentrations were natural log-transformed to account for their right-skewed distribution
and to minimize the impact of outlier values. Lipids were modeled as continuous variables,
and TG concentrations were natural log-transformed to ensure normally distributed
residuals. Each regression model had a single PFAS exposure variable. We report the
estimated association from each model as the expected difference in lipid concentration
(mmol/L) for a doubling in PFAS concentration. Associations between PFASs and TG
are reported as the percent difference in TG per doubling in the PFAS concentration, due
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to the log-transformation of TG. We evaluated effect modification by sex in a second

set of models that included an interaction term between sex and PFAS concentrations.
These interaction models were used to estimate sex-specific PFAS associations and evaluate
whether differences by sex were significant (p-interaction < 0.1).

Models were adjusted a priori for confounders that have been identified in prior literature
as associated with PFAS concentrations in pregnancy and childhood (Bjerregaard-Olesen et
al., 2016; Brantsater et al., 2013; Harris et al., 2017; Kingsley et al., 2018; Mgrck et al.,
2015; Shu et al., 2018; Ye et al., 2018) and with lipid profiles (Ayer et al., 2011; Gaillard

et al., 2014; Jaddoe et al., 2008; Jellinger et al., 2017; Owen et al., 2002). All models

were adjusted for child sex and maternal education (low, medium, high) as a proxy for
socio-economic status. Models with PFAS exposure measured at birth, 18 months, and five
years were also adjusted for the following covariates related to prenatal PFAS exposures:
maternal smoking during pregnancy (yes, no), maternal pre-pregnancy BMI (kg/m?2), and
parity (primiparous, multiparous). We did not adjust for birth-related covariates in our
models for age-nine PFAS exposures, as the half-lives of most PFASs are less than nine
years. Our final directed acyclic graphs (DAGS) are included in the Supplementary Material
as Figures S2-S3.

As a secondary analysis, we formally tested the importance of exposure period using
multiple informant models of repeated PFAS exposures and age-nine lipid outcomes.
Multiple informant models were originally developed to evaluate data from different sources
that relate to the same underlying construct, but have been adapted to the setting of repeated
exposure measures for the same individual (Horton et al., 1999; Sanchez et al., 2011).

For each PFAS-lipid combination, we used generalized estimating equations (GEES) with

a working independence correlation matrix to jointly estimate the PFAS-lipid association

in the four repeated PFAS exposure periods. The GEE models were adjusted for child

sex, maternal education, maternal smoking during pregnancy, maternal pre-pregnancy BMI,
and parity. We tested whether associations differed by exposure period by including an
interaction term between PFAS concentration and an indicator variable of child age. We
compared this interaction model to the nested equivalent model without an interaction term
using a multivariate Wald test, and considered exposure period to be significant for p-values
<0.1 (Halekoh et al., 2006). Finally, we allowed estimated effects to also vary by sex by
including a three-way interaction between PFAS concentration, exposure period and sex.

We conducted several sensitivity analyses to assess the robustness of our results. Several
dietary sources of PFASs, including pilot whale consumption and breastfeeding, may also
impact serum-lipid concentrations. We conducted a sensitivity analysis where we adjusted
for the following PFAS sources: maternal whale consumption during pregnancy (yes, no;
included in models with PFAS concentrations measured at birth, 18 months and five years),
duration of exclusive breastfeeding (months; included in models with PFAS concentrations
measured at 18 months and five years), and child whale consumption at nine years (yes,
no; included in models with PFAS concentrations measured at nine years). Second, we
assessed the impact of potential selection bias in our study due to attrition, as some
participants may be more likely to return for follow-up visits than others. We calculated
stabilized inverse probability weights (IPWs) as the inverse probability of attending each
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visit, given each participant’s baseline values for relevant covariates (maternal age, maternal
smoking and alcohol consumption during pregnancy, maternal pre-pregnancy BMI, maternal
education, parity, and child sex) and used these weights in our linear models. We also
evaluated our assumption of a linear association between PFAS concentrations and lipids
using generalized additive models (GAMs) with penalized thin-plate splines for each PFAS
term to allow for nonlinear associations, and compared the fit of the nonlinear models to
their linear counterparts using Akaike Information Criterion (AIC) values (Wood, 2004).
Finally, while each model covariate had less than 3% of missing data (Table S1), we used
multiple imputation by chained equations (MICE) to impute missing covariate values and
re-ran our primary linear models using these imputed datasets (Rubin, 2004; van Buuren and
Groothuis-Oudshoorn, 2011). Imputations were generated 30 times.

All statistical analyses were conducted in R software version 4.0.2 (R Core Team, 2020).
DAGs were drawn using the packages “dagitty” version 0.3—-0 and “ggdag” version 0.2.2
(Barrett, 2020; Textor et al., 2016). Generalized estimating equation models were run using
the “geepack” package, version 1.3—-2 (Halekoh et al., 2006). Non-linear models were

run using the “mgcv” package, version 1.8-31 (Wood, 2019). Multiple imputation was
completed using the “mice” package, version 3.11.0 (van Buuren and Groothuis-Oudshoorn,
2011).

3. RESULTS

Of the 490 original cohort members, 475 had baseline covariate data. Of these, 459 had lipid
and PFAS concentrations measured in cord serum, 334 had lipids and PFASs measured at
18 months, and 366 had lipids and PFASs measured at nine years (Figure S1). Maternal
education was the covariate with the most missing data (2.7%; Table S1). The distribution of
outcomes and exposures were similar for individuals with missing versus complete covariate
information (Figure S4 and S5). Baseline covariates and PFAS concentrations at birth were
also similar for children who missed one or more subsequent visits (Figure S6 and S7).

Child and maternal characteristics for the study population are shown in Table 1. Our study
population at birth had more males (240, 52.3%) than females (219, 47.7%), and most
children had older siblings (324, 70.6%). The median duration of exclusive breastfeeding
was five months. While study characteristics were generally similar between males and
females (Table S2), a higher percentage of boys at age nine ate whale (47.6%) than girls
(36.6%).

PFAS concentrations were generally higher in childhood than at birth (Figure 1). While
serum concentrations of PFDA, PFNA and PFHXS were highest at five years, serum
concentrations of PFOA and PFOS were highest at 18 months. Distributions of PFAS
concentrations were similar for males and females in our study, although the age-nine
concentrations of PFOS and PFHxXS were higher for males (Figure S8). PFAS concentrations
at birth varied by several maternal characteristics, including parity and smoking status.
Concentrations at 18 months varied by breastfeeding duration, and concentrations at nine
years varied by the child’s whale consumption (Table S3). Within-visit correlations of

the different PFASs were high for PFNA and PFDA (e.g., spearman correlation (rg) =
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0.87 at the age-nine visit), and PFOS and PFHXS (e.g., rs = 0.77 at the age-nine visit).
PFOS concentrations were strongly correlated across visits (e.g., rs = 0.82 between age-five
and age-nine visits), as were PFHXS concentrations (e.g., rs = 0.75 between age-five and
age-nine visits) (Figure S9).

Median lipid concentrations were highest at age nine for all lipids except TG, which was
highest at 18 months (Table 2). Girls had higher LDL-C and TC concentrations than boys at
all visits. They also had higher TG concentrations at the age-18-month and age-nine visits
(Table S4).

3.1. Associations between PFAS and Lipid Concentrations

We observed strong positive associations between age-nine PFAS and age-nine lipid
concentrations, where increased serum concentrations of PFDA, PFNA and PFOS were
associated with significant increases in TC, HDL-C and LDL-C (Figure 2 and Table S5). For
example, a doubling of PFDA at age nine was associated with a 0.19 mmol/L increase in TC
(95% CI: 0.07, 0.32), a 0.10 mmol/L increase in HDL-C (95% ClI: 0.05, 0.15) and a 0.12
mmol/L increase in LDL-C (95% ClI: 0.02, 0.22). The magnitude of association was similar
across all three PFASs. We also found similar associations between PFASs measured at five
years and TC measured at nine years, although some associations were only marginally
significant. Earlier PFAS exposures (birth and 18 months) were not consistently associated
with lipids at age nine.

Associations between PFAS concentrations and lipids measured at birth and 18 months were
generally null, with a few exceptions (Figure 2 and Figure S10). TG concentrations at birth
were positively associated with cord-serum PFHXS, where a doubling of cord-serum PFHXS
was associated with an 11.44% increase in TG (95% CI: 5.93, 17.24).

Several PFAS-lipid associations were modified by sex, with the strongest modification

seen for associations between childhood PFAS concentrations (ages five and nine) and

lipid concentrations at age nine (Figure 3). While associations between age-nine TC and
LDL-C concentrations and both age-five and age-nine PFAS concentrations were positive
for females, they were generally null for males. In contrast, associations between age-nine
HDL-C concentrations and age-five and age-nine PFASs were generally positive for males,
but weakly positive or null for females. For example, a doubling of age-five PFNA
exposures in females was associated with a 0.22 mmol/L increase in age-nine TC (95%

Cl: 0.07, 0.36) and a 0.20 mmol/L increase in age-nine LDL-C (95% ClI: 0.08, 0.31), but
was not associated with a significant difference in TC or LDL-C in males. However, the
same increase in age-five PFNA was associated with a 0.07 mmol/L increase in age-nine
HDL-C in males (95% CI: 0.00, 0.13), but no difference in females. The effect modification
of sex was statistically significant in each case (p-interaction: 0.04 for TC, <0.01 for LDL-C
and 0.08 for HDL-C). Estimates of effect modification for all models are included in the
Supplementary Material as Table S5 and Figure S11.

3.2. Identifying Significant Exposure Periods

Results from our GEE multiple informant models were similar but not identical to our
primary model results. In general, effect estimates were slightly attenuated, but also had
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narrower confidence intervals (Figure S12 and S13). This change is likely due to the fact that
GEE models account for the correlation of repeated exposures within individuals.

In the multiple informant models, estimated associations between repeated PFAS exposures
and age-nine lipids differed depending on the time period of exposure. We found significant
or marginally significant interactions between PFDA, PFNA and PFOS concentrations and
exposure period for TC (p-values of 0.08, 0.05, and 0.07 respectively), LDL-C (p-values

of 0.09, 0.11, and 0.07), and HDL-C (p-values of 0.02, 0.11, and <0.01). These are

the same exposure-outcome combinations with consistently significant associations in our
primary models. Looking at the period-specific effect estimates, we generally found stronger
associations with exposures at age five and nine than at birth or 18 months (Figure S12).

For example, the associations between TC, HDL-C and LDL-C and age-five and age-nine
PFDA exposures were significantly higher than associations with PFDA exposures at birth; a
doubling in PFDA at age nine was associated with an increase of 0.08 in TC (95% ClI: 0.01,
0.15), while a doubling in PFDA at birth was associated with an increase of 0.04 (95% ClI:
0.00, 0.08). Similarly, the associations between PFNA exposures and TC and LDL-C were
the greatest for exposures at 5 years and 9 years. When we evaluated sex-specific results
using a three-way interaction between exposure, child age and child sex, we found several
models where both exposure window and sex were significant effect modifiers. For example,
in models of PFDA, PFNA and PFOS exposures and age-nine LDL-C concentrations,
females had positive associations specifically for age-five and age-nine exposures, while
associations for males and for female exposures at birth were generally null. Associations
between PFDA and PFNA and HDL-C concentrations also varied significantly by both sex
and exposure period, with the greatest association seen for males at the 9-year period (Figure
S13).

3.3. Sensitivity Analyses

The estimated associations between serum PFAS and lipid concentrations remained

similar after adjustment for additional PFAS sources (maternal whale consumption during
pregnancy, breastfeeding duration and childhood whale consumption; Figure S14). Results
from the models that used inverse probability weighting to account for potential selection
bias were similar to our primary models (Figure S15). Models that used multiple imputation
to account for missing covariate data were also similar to our primary complete case models,
although a few effect estimates went from marginally significant to significant, likely due to
the slightly larger sample size (Figure S16).

In our nonlinear GAMs, 83% of the penalized splines for the PFAS-lipid association were
fit with less than two degrees of freedom. When we compared the nonlinear models to
our primary linear models, most (85%) showed a better fit for the linear model, as judged
from the AIC. Only three of the models with better nonlinear fits estimated a significant
association between PFAS and lipid concentrations. The plots of these three splines are
included as Figure S17.
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4. DISCUSSION

In this prospective birth cohort in the Faroe Islands, we found that increased childhood
PFAS concentrations were associated with increased childhood concentrations of TC, LDL-
C and HDL-C, with the strongest associations seen for exposures of PFDA, PFNA and
PFOS at age nine. We also observed differences in associations by sex. In females, increases
in age-five and age-nine concentrations of PFDA, PFNA and PFOS were associated with
increases in age-nine TC and LDL-C. In contrast, increases in males’ age-nine PFDA, PFNA
and PFOS concentrations were associated with increases in age-nine HDL-C. Associations
between lipids and PFASs measured at birth and at 18 months were less consistent.

Multiple informant models confirmed that associations between age-nine lipids and repeated
measures of PFOA, PFNA and PFOS varied significantly by the exposure period, where
age-five and age-nine exposures generally had stronger associations with the outcomes than
exposures at birth or 18 months.

The PFAS concentrations measured in our cohort are comparable to concentrations reported
by previous studies. For example, a study from Dayton, OH reported an average PFOA
concentration of 0.99 + 0.45 ng/ml (mean £ SD) and an average PFOS concentration of 2.79
+ 2.10 ng/ml (Khalil et al., 2018), which are similar to our mean age-nine concentrations of
PFOA (1.50 £ 0.42 ng/ml) and PFOS (3.62 £ 1.78 ng/ml). However, PFAS concentrations
have changed from previous Faroese children cohorts. A study conducted within the Faroe
Islands Cohort 3, which also collected PFAS concentrations at age 5 (2002 — 2005),

found higher serum concentrations of PFOA and PFOS than our study, but lower serum
concentrations of PFDA and PFNA (Grandjean et al., 2012). These changes align with
changes in PFAS production, as PFOA and PFOS have been phased out of production but
other PFAS remain in production and commercial use (Land et al., 2018).

This study is one of the few to measure PFAS exposures longitudinally through early
childhood. In general, PFAS concentrations were higher in early childhood than at birth or
in late childhood. This reflects the fact that individuals experience a high PFAS exposure
relative to body weight as infants and toddlers (EFSA 2020). Important PFAS sources during
this period include breastmilk, consumer products, and dust from increased hand-to-mouth
contact, although there is limited data comparing the contribution of different exposure
pathways within the same population (Winkens et al., 2017). While serum concentrations
of PFDA, PFNA and PFHXS were the highest at five years, PFOA and PFOS were highest
at 18 months. This suggests that breastfeeding may be a major contribution to serum
concentrations of legacy PFASSs, although decreases in their environmental concentrations
over time may also play a role (Mogensen et al., 2015).

Previous studies have found mixed results for associations between prenatal PFAS exposures
and lipid concentrations in infancy and childhood. A recent study of PFAS and lipid
concentrations measured in cord serum found significant associations between TG and
PFOA and PFHXS (Spratlen et al., 2019); in this study, a 1% increase in PFHXS was
associated with a 0.13% increase in TG (95% Cl: 0.038, 0.23). In our cohort, we found

that a 1% increase in PFHXS was associated with a similar 0.16% increase in TG (95%

Cl: 0.08, 0.23). Other studies have estimated associations between lipid concentrations
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and maternal PFAS concentrations during pregnancy. Of these, two found no associations
(Manzano-Salgado et al., 2017; Mora et al., 2018), one found associations between prenatal
PFOA and childhood concentrations of TC and LDL-C in females (Maisonet et al., 2015),
and one found associations between PFNA and PFDA and age-18-month TC concentrations
(Jensen et al., 2020). However, when comparing these results into ours, it is important to
consider that maternal PFAS concentrations during pregnancy not only determine the child’s
prenatal PFAS exposures, but also exposures during breastfeeding. Mothers with higher
body-burdens of PFASs will transfer more to their offspring via breastmilk, depending

on the breastfeeding duration (Kingsley et al., 2018). Notably, however, the Danish study
(Jensen et al., 2020) found sex-specific associations between prenatal PFAS concentrations
and infancy lipids that are similar to the sex-specific associations found in our study for later
childhood, where PFAS exposures were positively associated with LDL-C concentrations in
females and HDL-C concentrations in males.

Five studies have evaluated cross-sectional associations between PFAS and lipid
concentrations in childhood. A close comparison of these studies to our results reveals many
similarities. Four of the five childhood cross-sectional studies identified positive significant
associations between childhood concentrations of PFOA and PFOS and LDL-C and TC
(Geiger et al., 2014; Khalil et al., 2018; Koshy et al., 2017; Zeng et al., 2015), although

the association between PFOS and TC in the Ohio study was only marginally significant
(Khalil et al., 2018). Similarly, we found positive and significant cross-sectional associations
between age-nine PFOS and TC, marginally significant associations between PFOS and
LDL-C, and positive but non-significant associations between age-nine PFOA and TC and
LDL-C. While the cross-sectional analysis in the Boston study (Mora et al., 2018) did not
identify significant associations between PFOS or PFOA and TC and LDL-C in childhood
in their overall cohort, it did identify positive associations between PFOA and PFOS and

TC specifically in females, which agrees with our sex-specific results. Most studies that

also measured PFNA and PFDA found positive associations with these PFASs and TC and
LDL-C, as we did (Khalil et al., 2018; Koshy et al., 2017; Zeng et al., 2015). For example, in
the World Trade Center study (Koshy et al., 2017), a doubling in the concentration of PEFNA
at the average age of 14 years was associated with a 2.9 mg/dl increase in LDL-C (95% CI:
0.06, 5.74) measured at the same visit. This is similar to our results, where a doubling in
PFNA concentration at nine years was associated with a 4.6 mg/dl (0.12 mmol/L) increase
in LDL-C at the same visit (95% CI: 0.7, 8.5). Two other studies also identified positive
associations between PFDA and HDL-C (Koshy et al., 2017; Mora et al., 2018). Taken
together, we see strong agreement between these cross-sectional studies and our results,
where childhood PFAS concentrations are most consistently associated with TC and LDL-C.

In vitro and in vivo studies have demonstrated that PFAS exposures affect several biological
pathways related to the regulation of blood lipids. Many PFASs are ligands of the
peroxisome proliferator-activated receptor alpha (PPARa), a nuclear receptor that plays

an essential role in lipid and lipoprotein metabolism. PFASs may also activate additional
targets related to metabolism and lipid regulation, including the nuclear receptors PPARYy,
constitutive androstane receptor (CAR), pregnane-X receptor (PXR), and estrogen receptor
a (ERa) (ATSDR 2018; EFSA 2020). A recent study conducted in mice with humanized
PPARa (hppara) livers found PFOA exposures to be associated with increased serum
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cholesterol. Exposures were also associated with changes in the expression of genes
involved in cholesterol metabolism and homeostasis, with some significant differences in
gene expression by sex (Schlezinger et al., 2020). Additional research is needed to elucidate
the role of these different pathways. In addition, it is unclear how changes in metabolism
through childhood may determine periods of increased vulnerability to PFAS exposures.

Our study has several limitations. First, residual confounding by socioeconomic status,

diet, or other unaccounted covariates may affect our results. However, the Faroese setting
suggests that these factors are of limited importance, and our sensitivity analysis adjusting
for several dietary PFAS sources found only marginal changes in our estimated associations.
Second, the cross-sectional associations that we identified at age nine could theoretically be
due to reverse causation (Dhingra et al., 2017; Steenland et al., 2009). Still, we found similar
associations between age-five PFASs and age-nine lipids in both our primary and in our
GEE models, which take into account correlation within individuals. These results are less
likely due to reverse causation. Finally, our study also included multiple models for PFASs
and lipids at different time points, which may have led to some statistically significant
associations by chance. Given that our GEE models for age-nine lipid outcomes found
similar results as our primary models, and the strong agreement in results across PFASs

and exposure periods, we believe that the significant associations between several childhood
PFAS exposures and lipid levels are not due to chance but reflect a true association.

This study also has several strengths. We leveraged a large prospective birth cohort

to evaluate associations between PFAS concentrations and lipids at different periods of
sensitivity extending from birth to mid-childhood. To our knowledge, this is the first study
using multiple informant models to formally test the importance of PFAS exposure periods
for childhood lipid outcomes. We also measured PFAS concentrations directly from cord
blood rather than relying on maternal serum concentrations, which may not accurately
reflect fetal exposures. In addition, we were able to account for potential confounders,
including characteristics of maternal diet during pregnancy and child diet. Finally, we
evaluated the role of sex and found significant differences in associations, indicating that its
role as an effect modifier should be considered in future studies.

5. CONCLUSIONS

This longitudinal study adds to a growing body of evidence that PFAS exposures in
childhood are associated with elevated lipid concentrations. The present report is only

the second study to evaluate PFAS concentrations at birth, infancy and childhood, and

it demonstrates that specific early-life periods may be more vulnerable to the metabolic
effects of PFAS exposure. Because serum cholesterol concentrations in childhood constitute
a well-known risk factor for subsequent hyperlipidemia and CVD in adulthood (Daniels
and Greer, 2008), understanding the life-time impacts of developmental PFAS exposures on
lipids and metabolic outcomes is critical to protecting public health.
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ABBREVIATIONS:
PFAS per- and polyfluoroalkyl substance
TC total cholesterol
LDL-C low-density lipoprotein cholesterol
HDL-C high-density lipoprotein cholesterol
TG triglyceride
PFOS perfluorooctanesulfonic acid
PFOA perfluorooctanoic acid
PFHxXS perfluorohexanesulfonic acid
PFENA perfluorononanoic acid
PFDA perfluorodecanoic acid
LOD limit of detection
LC-MS/MS high-pressure liquid chromatography with tandem mass spectrometry
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maternal education. Models for PFASs at birth, 18 months and 5 years were also adjusted for
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Figure 3:
The estimated difference in age-nine lipid concentrations for a doubling in PFAS

concentrations, calculated from models that include an interaction term between PFAS
exposure and sex.
* p-interaction < 0.1; ** p-interaction < 0.05
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Table 1:

Characteristics of the Faroese mother-child pairs at birth (n = 459), 18 months (n = 334) and nine years (n =

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

366).

Visit Characteristic N (%) or Median [IQR]
Birth Sex
Female 219 (47.7)
Male 240 (52.3)
Maternal education
Low 151 (32.9)
Medium 119 (25.9)
High 189 (41.2)
Maternal smoking
Yes 70 (15.3)
No 389 (84.7)
Parity
Primiparous 135 (29.4)
Multiparous 324 (70.6)
Maternal BMI 23.66 [21.23, 25.93]
Maternal whale consumption
Yes 89 (19.7)
No 362 (80.3)
18 months Breastfeed duration (months)  5.00 [4.00, 6.00]
Nine years  Child whale consumption
Yes 154 (42.3)
No 210 (57.7)
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Median lipid concentrations (mmol/L) at birth, 18 months and nine years.

Median [IQR]

LDL-C

Visit Lipid
Birth HDL-C
TG
TC

0.71[0.59, 0.89]
0.62 [0.48, 0.81]
0.43 [0.33, 0.56]
1.68 [1.37, 2.00]

18 months HDL-C
LDL-C

TG
TC

0.72 [0.54, 0.86]
1.89 [1.46, 2.36]
1.09 [0.79, 1.50]
3.48[2.92, 4.11]

9 years HDL-C
LDL-C

TG
TC

1.45 [1.26, 1.65]
2.24[1.93, 2.65]
0.88 [0.65, 1.27]
4.24[3.82, 4.70]
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