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OBJECTIVE

To investigate the long-term association of exposure to perﬂuoroalkylated substances, including perﬂuorooctanesulfonic acid (PFOS) and perﬂuorooctanoic acid
(PFOA), during childhood (9 years) and adolescence (15 years) on indicators of
adiposity and glucose metabolism in adolescence (15 years) and young adulthood
(21 years). Secondarily, we aim to clarify the degree of tracking of exposure from
childhood into young adulthood.
RESEARCH DESIGN AND METHODS

Data derived from a large multicenter prospective cohort study, in which the same
participants have been observed from childhood (N = 590), during adolescence
(N = 444), and into young adulthood (N = 369). Stored plasma samples were
analyzed for PFOS and PFOA. Indicators of adiposity comprising body height, body
weight, sum of four skinfolds, and waist circumference, as well as indicators of
glucose metabolism, comprising fasting blood glucose, triglyceride, and insulin
levels, b-cell function, and insulin resistance, have been collected at all study
waves. Multiple linear regression was applied in order to model earlier exposure
on later outcome while controlling for baseline outcome levels, sex, age, and
socioeconomic factors.
RESULTS

Childhood exposure to PFOS was associated with indicators of adiposity at
15 years of age that are displayed in elevated BMI, skinfold thickness, and waist
circumference, as well as increased skinfold thickness and waist circumference at
21 years of age. PFOA exposure in childhood was associated with decreased b-cell
function at 15 years of age. We did not observe associations between exposure
during adolescence and indicators of adiposity and glucose metabolism in young
adulthood.
CONCLUSIONS

This study found evidence for childhood exposure to PFOS and PFOA predicting
adiposity at 15 and 21 years of age and impaired b-cell function at 15 years of age,
respectively.
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PFAS Exposure, Adiposity, and Glucose Metabolism

The global pandemic of obesity and type 2
diabetes continues to affect populations
of children and adults in all parts of the
world (1–3). Although the etiology of obesity is partly explained by a long-term positive energy balance in addition to genetic
predisposition (2), industrial chemicals
with endocrine-disrupting properties
used in the majority of today’s households
may also cause obesogenic effects on the
human organism by targeting the endocrinological system (4,5). These chemicals
may be involved in the development of
impaired insulin secretion and sensitivity
that may ultimately cause diabetes. Perﬂuoroalkylated substances (PFASs), including perﬂuorooctanesulfonic acid (PFOS)
and perﬂuorooctanoic acid (PFOA), have
been suspected to cause obesogenic and
diabetogenic effects in animals and humans (6). PFASs compose a group of
chemicals, which are considered persistent organic pollutants because of their
resistance to biodegeneration, direct photolysis, atmospheric photooxidation, and
hydrolysis (7). These substances are mainly
used as surfactants in a wide range of consumer products (e.g., paint and lacquers,
carpets, impregnated outdoor clothing,
food packaging) because of their waterand soil-repellent properties (7). In May
2009, PFOS was banned under the Stockholm Convention; however, the long
half-lives of PFASs (5.4 years for PFOS
and 3.8 years for PFOA in human serum)
(8) and their bioaccumulation into food
and drinking water ensure a continuing
exposure risk (9).
Animal studies have suggested that
intrauterine and perinatal exposure to
PFOS may contribute to impaired glucose
tolerance and abnormal lipid homeostasis
in adulthood (10,11). In humans, prenatal
exposure to PFASs has been considered a
catalyst of later weight gain in longitudinal studies (12–14). Also cross-sectional
studies have linked PFAS exposure to glucose homeostasis, and indicators of the
metabolic syndrome in children (15), adolescents, and adults (16). However, we
are unaware of prospective studies that
have observed children over adolescence
into young adulthood for PFAS exposure
and indicators of adiposity and glucose
metabolism. To clarify these long-term
associations, our aim was to examine
the exposure to PFOS and PFOA in childhood, adolescence, and young adulthood
for indicators of adiposity and glucose
metabolism 6 and 12 years later. Because

childhood and adolescence is distinguished by marked changes in growth,
sexual maturity, and hormonal secretion,
the risk of endocrine disruption by extrinsic agents may be altered during these life
phases. Considering this, we hypothesized that exposure to PFASs in childhood
and adolescence during maturity and
growth would have detrimental consequences on later adiposity and glucose
metabolism.
Our secondary aim was to investigate
the extent of the tracking of PFOS and
PFOA during the 6- and 12-year study
period. As we know, PFASs have long
half-lives, so we would expect a certain
degree of tracking at least within the life
span of the substances. However, tracking analyses may provide more insight
into the continued accumulation and
decomposition of PFASs from childhood
into young adulthood.
RESEARCH DESIGN AND METHODS
Participants and Sampling

This study originated from a large multicenter prospective cohort study, the European
Youth Heart Study (EYHS), which was orchestrated by an international research
group in the 1990s. The ﬁrst study wave
was conducted in Denmark in 1997 and
recruited 9-year-old children from schools
within the municipality of Odense. The children were randomly selected through a
two-stage cluster sampling at 25 schools.
The participants were invited for physical
examination at intervals of 6 years in
2003 as 15-year-old adolescents and in
2009 as 21-year-old young adults. The examination was conducted according to a
ﬁxed protocol at all study waves, providing
longitudinal measurements on sociodemographics, personal characteristics, anthropometry, blood sample, blood pressure,
and physical ﬁtness. Of a total of 771 invited
participants, 590 children, 444 adolescents,
and 369 young adults participated in the
EYHS in 1997, 2003, and 2009, respectively
(Supplementary Fig. 1). However, for the
scope of this study the ﬁnal sample comprised only those children who had
submitted a blood sample and had enough
stored plasma for PFAS analysis (n = 501).
Because these analyses were expensive to
perform, a random subsample of adolescents (n = 201) and young adults (n = 202)
was selected for studying the longitudinal associations of exposure. Thus, the random subsample comprised subjects with
sufﬁcient plasma volume and repeated
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measurements. The sampling procedure,
aims, and methods in the EYHS have been
further described elsewhere (17).
PFAS Measurements

Analysis of PFASs was performed using
the stored plasma samples at the Department of Environmental Medicine at the
University of Southern Denmark. Five
PFASs were detectable ($0.03 ng/mL)
for most individuals, and PFOS and
PFOA were detected at the highest median concentrations across all study
waves. Within-batch and between-batch
imprecision was .3.0% and .5.2%, respectively, for all analytes. Results with
excellent accuracy were obtained in the
regular comparisons organized by the
German Society of Occupational Medicine. The methods have been described
in detail elsewhere (18).
Anthropometry

Body height and body weight was measured following standard anthropometric
procedures. Body height was measured
to the nearest 0.1 cm, and body weight
was measured to the nearest 0.1 kg. BMI
was calculated as weight divided by
height squared (kg/m2). Age- and sexadjusted cutoff points deﬁning overweight in children and adolescents were
applied (19). Waist circumference was
measured twice with an anthropometric
tape between the lower rib margin and
the iliac crest at the end of a light expiration. The sum of four skinfolds was estimated from measuring positions at
biceps, triceps, subscapular, and suprailiac
sites with Harpenden calipers. Measurements were performed twice, and if the
estimates differed by .2 mm, a third
measurement was performed.
Metabolic Markers

Insulin, glucose, and triglyceride levels
were extracted from a fasting blood
sample taken in the morning from the
antecubital vein. Blood samples were
aliquoted and separated within 30 min
of venipuncture and stored at 2808C.
HOMA of b-cell function (HOMA-b) and
HOMA of insulin resistance (HOMA-IR)
were subsequently estimated using the
HOMA (called “HOMA2”) described by
Levy et al. (20).
Questionnaire

Information on potential covariates related to the child’s and adolescent’s socioeconomic background (i.e., ethnicity,
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parental education and income, and maternal parity) and perinatal life (i.e., birth
weight and breast-feeding) was gathered
from a parental questionnaire in 1997 and
2003. Information on diabetes was assessed indirectly in 1997 and 2003 by asking
the parents whether their child/adolescent
was eating an antidiabetic diet. In 2009,
the questionnaire contained questions directly referring to having diabetes. Female
participants were also asked whether
they were pregnant at the physical examination in 2009. A matrix of the potential
covariates and their relation to PFOS and
PFOA in childhood, adolescence, and
adulthood is found in Supplementary
Table 1.
Ethics

The EYHS was conducted in accordance
with the Declaration of Helsinki and was
approved by the Regional Scientiﬁc Ethical Committees for Southern Denmark
in 1997, 2003, and 2009. Participants
were informed of possible hazards, discomfort, or inconvenience related to
the physical examination, and their allowance for withdrawing from the study
at any time. Written informed consent
was obtained from all participants prior
to testing. Parents or legal guardians of
minors received the information and
signed the consent on their child’s/
adolescent’s behalf.
Statistics

Sample characteristics were presented as
the median with interquartile range because of non-normal distributed response
variables. The difference in exposure levels between sexes was tested using an
unpaired two-sample t test. Multiple linear regression models were performed to
determine the associations between
PFAS exposure at 9, 15, and 21 years of
age, and indicators of adiposity (BMI,
skinfold thickness, and waist circumference) and glucose metabolism (fasting
glucose, insulin, and triglyceride levels,
and HOMA-b and HOMA-IR) in adolescence and young adulthood.
To obtain variance homogeneity and
normally distributed residuals in the regression models, all outcome measures
were transformed using the natural logarithm. Log-transformed regression coefﬁcients were expressed as the percentage
change in the geometric mean of the outcome for every 10 ng/mL change in the
concentration of PFASs by exponentiation
of the regression coefﬁcients.
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Associations between two time points
were adjusted for sex, age, and outcome
level at baseline. Additionally, estimates
were adjusted for ethnicity, maternal income level, and maternal parity in 1997 because of their signiﬁcant correlation with
PFOS and PFOA. Socioeconomic inequality
has previously been associated with the
risk of type 2 diabetes (21) and obesity
(22,23), suggesting that ethnicity, maternal income level, and maternal parity may
also be related to indicators of adiposity
and glycemic control. Estimates including
waist circumference were adjusted for
height in order to account for body size.
Six- and 12-year tracking of PFAS exposure was estimated by calculating
standardized tracking coefﬁcients from
linear regression models adjusted for
sex and age, which is equivalent to a
Pearson correlation. Tracking can be deﬁned as 1) the overall stability of a given
variable through time (T1 to Tn) or 2) the
predictability of information regarding
risk status at T 1 on risk status at T n
(24). The tracking coefﬁcient lies within
0 and 1 (with 0 indicating no tracking
and 1 indicating perfect tracking). Intraclass correlation coefﬁcients (ICCs) from
mixed-model regression on exposure
from childhood to adulthood were calculated as well (Supplementary Table 2).
The extent of tracking of PFASs for speciﬁc subgroups (sex, ethnicity, maternal
income level, maternal parity, and overweight) was also estimated in order to
deﬁne possible risk groups (Supplementary
Tables 3 and 4). Sex interactions in the associations between PFAS exposure and indicators of adiposity were tested in the
performed regression models adjusted for
age.
Assumptions of normality and homoscedasticity of residuals were tested. Data
were analyzed using Stata IC version 14.0
(StataCorp, College Station, TX) with a signiﬁcance level of 0.05 (two-sided).
RESULTS
Sample Characteristics

Median levels of exposure and outcomes stratiﬁed by study wave are presented in Table 1. A total of 501 children
had data on PFAS exposure in 1997, of
whom 200 (40.0%) had repeated PFAS
measurements in 2003 and 2009. There
was moderate-to-strong correlation between both exposures (PFOS and PFOA)
and indicators of adiposity (BMI, waist
circumference, and skinfold thickness)

with correlation coefﬁcients ranging
from r = 0.31 to r = 0.77 (P , 0.01) for
exposure, and from r = 0.59 to r = 0.85
(P , 0.01) for adiposity. Correlations
were strongest in childhood and weakest in adulthood. The prevalence of
overweight comprising obesity according to sex- and age-adjusted BMI cutoffs
was 14% in childhood, 10% in adolescence, and 30% in young adulthood.
Five subjects were excluded from parts
of the analysis because of putative
or self-reported diabetes, low glucose
level, or pregnancy. Two children reported eating an antidiabetic diet as a
proxy for having diabetes, one adolescent had a glucose level that was too
low (,3.5 mmol/L), one adult was pregnant, and one adult reported having
diabetes.
Of potential covariates, being Caucasian and having higher maternal income
level and lower maternal parity in 1997
were associated with higher levels of
PFASs. Associations were most evident
in childhood, although ethnicity and parity
also appeared to be related to exposure
level in adolescence. In young adulthood,
only ethnicity was associated with PFOS
exposure (Supplementary Table 1). Furthermore, ethnicity and maternal income
level were also associated with indicators
of adiposity (Supplementary Table 5).
Males had a higher PFAS exposure level
in childhood and adulthood relative to females (P , 0.04). No signiﬁcant difference
in exposure level was observed between
sexes in adolescence.
Main Results

Results showed clear and consistent associations between early exposure to PFOS
(9 years) and indicators of adiposity in
adolescence displayed in elevated BMI,
skinfold thickness, and waist circumference at 15 years of age (Fig. 1). Likewise,
childhood PFOS exposure was associated
with increased skinfold thickness and
waist circumference in young adulthood
(Fig. 2). PFOA exposure in childhood was
associated with decreased b-cell function
in adolescence (Fig. 1). We did not observe evident associations between later
exposure (15 years) and indicators of adiposity and glucose metabolism in young
adulthood (Fig. 3).
Neither did we ﬁnd cross-sectional
associations between exposure and outcomes in adolescence to be signiﬁcant.
However, cross-sectional associations in
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Tracking coefﬁcients and ICCs (Supplementary Table 2) showed a moderateto-good tracking (stability) of PFOS
(0.43–0.69), especially indicated in the
6-year tracking coefﬁcient from 15 to
21 years of age. Relative to PFOS, tracking of PFOA was weaker (0.07–0.50). In
general, coefﬁcients were weaker for
12-year correlations and ICC adjusted
for sex, age, and socioeconomic factors
(ethnicity, maternal income level, and
maternal parity), when compared with
6-year correlations or ICCs adjusted
only for sex and age.
According to the subgroup analysis
of tracking, PFOS and PFOA exposure
was suggested to track more strongly
among males than females, although a
statistically signiﬁcant sex interaction appeared only in the tracking of PFOS from
adolescence into young adulthood (P =
0.01). Differences in tracking among
other subgroups were not consistent
(Supplementary Tables 3 and 4).
CONCLUSIONS
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PFAS Exposure, Adiposity, and Glucose Metabolism

Table 1—Distribution of PFOS and PFOA and indicators of adiposity and glucose metabolism in childhood, adolescence, and young adulthood
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To our knowledge, this is the ﬁrst prospective study to ﬁnd that exposure to
PFOS during childhood was associated
with increased adiposity in adolescence
and young adulthood. Although we did
not ﬁnd the same evidence for associations between PFOA and indicators of
adiposity, we observed a relatively large
decrease in b-cell function in adolescence, with higher levels of PFOA at
9 years of age. We did not ﬁnd evidence
for associations of exposure in adolescence with later risk of adiposity and
glucose metabolism at 21 years of age.
Altogether, these ﬁndings suggest
that PFAS exposure in childhood is critical in relation to obesity and b-cell dysfunction later in life, and conﬁrm the
notion that childhood represents a juncture in life that is particularly sensitive
to endocrine disruption. Our hypothesis
that early exposure to PFASs during
maturity and growth may have detrimental
consequences on later risk of developing
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Figure 1—Associations between PFOS and PFOA exposure at 9 years of age, and indicators of
adiposity and glucose metabolism at 15 years of age. Estimates were adjusted for sex, age, and
outcome levels at baseline (9 years of age), and ethnicity, maternal parity, and maternal
income in 1997 (9 years of age). Waist circumference was adjusted for height in order to
account for body size.

overweight and insulin resistance were
conﬁrmed, at least for PFOS and indicators of adiposity, and PFOA in relation to
impaired b-cell function.
A recently published study on the risk
of diabetes in working-aged Taiwanese
adults (25) showed a similar discrepancy
between PFOS and PFOA in relation to
glucose metabolism. High PFOS exposure was associated with a higher and
steeper postload glucose trajectory, a
greater tendency toward glucose intolerance, and a 3.4 times higher prevalence of diabetes, whereas an opposite

relationship was found for other congeners of PFASs (PFOA, perﬂuorononanoic
acid, and perﬂuoroundecanoic acid) (25).
Previously published longitudinal studies
(12–14,26,27) have relied on prenatal or
perinatal exposure; however, long elimination half-lives of the substances from
the human organism pave the way for
using childhood PFAS exposure as a proxy
for prenatal and postnatal exposure. Previous studies (12–14) have indicated that
exposure to different congeners of PFASs
in utero may cause permanent physiological changes, predisposing subjects to

Figure 2—Associations between PFOS and PFOA exposure at 9 years of age, and indicators of
adiposity and glucose metabolism at 21 years of age. Estimates were adjusted for sex, age, and
outcome levels at baseline (9 years of age), and ethnicity, maternal parity, and maternal income
in 1997 (9 years of age). Waist circumference was adjusted for height in order to account for
body size.

later weight gain. However, other longitudinal studies have not found any relationship between prenatal exposure and
anthropometry at 7 years of age (26) or
early life exposure and risk of overweight
and obesity in adulthood (27).
Fundamentally, this highlights the fact
that we are currently unaware of which
time period or developmental phase is
the most vulnerable for endocrine disruption in humans. It may be the antenatal
phase, as previously proposed (12–14), or
it may differ according to the health outcomes under observation. In relation to
obesity, the time around growth spurts or
the adiposity rebound may be particularly
vulnerable windows for endocrine disruption in children. Thus far, we can conclude
that exposure in adolescence did not predict later adiposity or glycemic control,
at least in this cohort.
Previously published cross-sectional
data on 9-year-old children from the Danish EYHS showed no link between PFASs
and indicators of adiposity and glycemic
control among normal-weight children,
whereas high PFAS concentrations were
associated with higher insulin and triglyceride concentrations and increased insulin
resistance and b-cell function among overweight children (15). This may foster a hypothesis that early-life exposure to PFASs
impairs the long-term health proﬁle in all
children, whereas the immediate response
is displayed only among physiologically
predisposed or susceptible subgroups.
Our cross-sectional ﬁndings in adulthood revealed lower waist circumference with higher PFOA exposure. This
ﬁnding was contrary to our longitudinal
associations on waist circumference and
earlier cross-sectional ﬁndings in 9-yearold children (15). This might be a chance
ﬁnding due to multiple comparisons or a
result of unknown or residual (positive
or negative) confounding. Speciﬁcally, it
might be a matter of confounding from
positive health behaviors, suggesting
that leaner young adults are more exposed to PFASs compared with their less
lean counterparts due to certain health
habits. A possible exposure source may
be sports and outdoor clothing, which
have previously been reported to contain
PFASs (28), besides reﬂecting an active
and healthy lifestyle.
As expected, we observed a high degree of tracking, which can be explained
by the long half-lives of PFASs as well as
sustained habits and environment over
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Figure 3—Associations between PFOS and PFOA exposure at 15 years of age, and indicators of
adiposity and glucose metabolism at 21 years of age. Estimates were adjusted for sex, age, and
outcome levels at baseline (15 years of age), and ethnicity, maternal parity, and maternal income
in 1997 (9 years of age). Waist circumference was adjusted for height in order to account for
body size.

time. The 6-year tracking was higher
compared with the 12-year tracking,
which is likely explained by the notion
that habits and ways of living change
more in 12 years than in 6 years. Interestingly, compared with female participants, we found stronger tracking
among males, which suggests a more
persistent PFAS exposure environment
from childhood to young adulthood
among males. Male participants also
had higher levels of PFASs in childhood
and young adulthood compared with females, which could indicate that the
PFAS-associated health burden may be
largest among young Danish males.
However, we did not observe sex interactions between PFAS exposure and indicators of adiposity, which indicate
comparable vulnerability to the hazards
of PFASs between males and females.
Other previous research (12) has shown
sex differential effects of PFAS in relation to BMI, waist circumference, and
serum insulin, leptin, and adiponectin
concentrations. Thus, additional studies
are needed to clarify any sex-discordant
relationships.
The observed median concentrations of PFOS and PFOA were comparable with North American concentrations
in human plasma and serum of nonoccupational populations within the same
period, which are considered to be
slightly higher than those found in European, Asian, and Australian study populations (29).

A limitation to this study was the risk
of selection bias due to participants lost
to follow-up and the extract of a random
subsample in adolescence and adulthood, whose blood samples have not
been analyzed for PFASs. However, included versus excluded participants did
not differ in means of outcome measures except that participants lost to
follow-up had a higher fasting triglyceride level compared with participants
with follow-up data (P = 0.02). A struggle
we might as well be facing is the complexity and lack of understanding of the
interplay between exposure to endocrinedisrupting chemicals and personal
characteristics, such as behavior and individual pharmacodynamics. An example within this ﬁeld is the consumption
of junk food, which is likely to increase
both adiposity and exposure level.
PFASs are widely used in junk food packaging because of their oil- and greaserepellant surface, from where they leach
into the food, thus acting as a confounding factor as well as a key source of PFAS
exposure (30). Another example is the
consumption of seafood and predatory
ﬁsh, which are considered to contain
high doses of health-hazardous substances including PFASs (31). At the
same time, ﬁsh intake has been related
to weight loss in randomized trials (32).
Generally, seafood and ﬁsh are perceived
as a more exclusive and expensive alternative to other sorts of meat thus consumed more frequently by individuals of
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higher socioeconomic strata. Although
these individuals may have higher accumulated doses of undesirable substances,
their health proﬁle and lifestyle are generally superior to those of individuals
of lower socioeconomic strata (22).
This provides a very complex interplay
among adiposity, PFASs, sources of
PFASs, and the socioeconomic proﬁle of
the participants, and, as a consequence,
we cannot rule out the possibility of
both positive and negative confounding,
that are unaccounted for in our study.
The EYHS had information on dietary
habits; however, in this sample data
were presumed to be crudely classiﬁed and to pose a risk of biasing our
estimates.
Using clinically relevant outcomes
(e.g., prediabetes, metabolic syndrome, obesity) would have been preferable; however, because of the few
cases in our sample, this was not an option and resulted in low statistical
power.
A major strength of this study was the
prospective longitudinal design, which
enables a conceivable prediction of a
possible causal link between PFAS exposure and indicators of adiposity and glucose metabolism. Furthermore, having
available repeated PFAS exposure levels
from childhood through adolescence
into adulthood provided us with the
possibility of comparing the inﬂuence
of PFASs in early and later periods of
life. A further strength was the unique
data on endocrine-disrupting chemicals
and indicators of adiposity and glucose
metabolism during growth and maturation, where body composition and metabolism are altered because of the
transition from child to adult.
Because of a conﬁned sample size,
our ﬁndings need to be replicated in
larger populations in order to consolidate
the conception of childhood exposure to
PFOS increasing gains in adiposity in adolescence and young adulthood, and to
rule out the possibility that the general
lack of association with glucose metabolism is explained by modest statistical
power. However, this study found evidence for childhood exposure to PFOS
and PFOA predicting later adiposity at
15 and 21 years of age and impaired
b-cell function at 15 years of age, respectively. From a public health perspective,
childhood exposure to PFOS may be
considered when policies and strategies
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in relation to obesity prevention are
formed.
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