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Abstract

The potential toxicity of background exposure to perfluoroalkyl substances (PFASS) is currently
under active investigation. Such investigations typically rely on a single measure of PFAS
concentration, yet the longer-term reliability of a single measure has not been well characterized,
especially among reproductive-aged women. Our aim was to investigate the association between
PFAS plasma concentrations of 100 women in two consecutive pregnancies and explore changes
in plasma concentration related to reproductive factors. The women in our study were enrolled in
the Norwegian Mother and Child Cohort Study (MoBa) from 2003 to 2009. About half of them
breastfed exclusively for 6 months and the rest of the participants did not breastfeed between the
two consecutive pregnancies (median time between pregnancies: 18 months). Maternal blood was
collected at mid-pregnancy and plasma was analyzed for 10 PFASs. Statistical analyses were
restricted to 6 PFASs that were quantifiable in more than 80% of the samples. We estimated the
correlation between repeated PFAS measurements, the percentage change between pregnancies
and the effect of several reproductive factors in multivariate linear regression models of PFAS
concentration in the second pregnancy. The Pearson correlation coefficient between repeated
PFAS measurements was, for perfluorooctane sulfonate (PFOS), 0.80; perfluorooctanoate
(PFOA), 0.50; perfluorohexane sulfonate (PFHxS), 0.74; perfluorononanoate (PFNA), 0.39;
perfluoroundecanoate (PFUNDA), 0.71; and perfluorodecanoate (PFDA), 0.60. Adjustment for
maternal age, delivery year, and time and breastfeeding between pregnancies did not substantially
affect the observed correlations. We found 44-47% median reductions in the concentrations of
PFOS, PFOA and PFHXS between pregnancies, while the change in concentrations between
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pregnancies was smaller and more variable for PFNA, PFUnDA and PFDA. The variation in
plasma concentrations in the second pregnancy was mainly accounted for by the concentration in
the first pregnancy; for PFOS, PFOA, and PFNA, breastfeeding also accounted for a substantial
proportion. In conclusion, we found the reliability of PFAS measurements in maternal plasma to
be moderate to high, and in these data, several factors, especially breastfeeding, were related to
plasma concentrations.
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1. Introduction

Perfluoroalkyl substances (PFASS) are synthetic fluorinated organic compounds used in
industrial and consumer products over the last 50 years due to their chemical and thermal
stability and water and oil repellency (Buck et al., 2011). Human exposure can occur via
ambient indoor air, house dust and drinking water, though the main route is through food
(Fromme et al., 2009; Haug et al., 2011; Vestergren and Cousins 2009). Perfluorooctane
sulfonate (PFOS) and perfluorooctanoic acid (PFOA) are usually the most prevalent PFASs
in human blood in background-exposed populations, are highly persistent, and have half-
lives (geometric means) estimated to be from 3.5 (PFOA) to 4.8 (PFOS) years ( Olsen et al.,
2007). For PFOS and PFOA, after the 2000s, human exposure declined, , as a result of
national and international regulations and voluntary actions to phase-out or reduce
production of these compounds. Meanwhile, increasing trends have been observed for some
other PFASs (Glynn et al., 2012; Haug et al., 2009b; Kato et al., 2011).

In addition to exposure, elimination from the human body is another important determinant
of PFAS concentration in plasma or serum. Women have lower plasma levels of PFOS and
PFOA than men and shorter elimination half-lives due to loss through menstruation (Calafat
etal., 2007; Wong et al., 2014). By comparing maternal blood, cord blood, and breast milk
samples studies have shown that PFASs can cross the placenta and partition into milk; hence
pregnancy and breastfeeding are additional elimination pathways for women (Fromme et al.,
2010; Glynn et al., 2012; Gutzkow et al., 2012). PFOS and PFOA levels are lower in
pregnant women than non-pregnant women and the levels decrease across trimesters,
suggesting that trans-placental transfer starts from early gestation; other physiological
changes during pregnancy also contribute to this trend (Jain 2013; Javins et al., 2013;
Morken et al., 2014).

In addition to the temporal trends in exposure to PFASs, parity and breastfeeding, other
maternal characteristics have been found to be related to maternal PFAS levels, such as
income, education, residence, ethnicity, body mass index, smoking status and diet
(Brantsaeter et al., 2013; Halldorsson et al., 2008). A better understanding of how various
factors, especially reproductive events, affect plasma concentration of PFAS may help
improve epidemiologic study design and interpretation (Whitworth et al., 2012).
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The potential for health effects from exposure to PFAS is under active investigation in
various settings including occupational exposure, communities with above-average
exposure, and background-exposed populations (Barry et al., 2013; Geiger et al., 2014;
Raleigh et al.,2014; Steenland et al., 2013; Uhl et al., 2013; Winquist and Steenland 2014).
Many of the epidemiological findings on PFAS exposure and disease are affected by the
long-term reliability of a single measurement of plasma or serum PFASs concentration. The
reliability of a single measure of PFASs and the factors affecting it can be important for
planning studies and interpretation. The correlations between repeated measurements of
PFASs at different times in pregnancy have been reported (Fei et al., 2007; Glynn et al.,
2012), but the correlations between repeated measurements of PFASs over a longer period
have been examined in only one study, and all the subjects were male (Nost et al., 2014).

The aim of our study was to investigate the reliability of PFAS concentrations across
pregnancies and determinants of change in PFAS concentrations between pregnancies.

2. Material and Methods

2.1 Study population

Our study population included 100 women from the Norwegian Mother Child cohort study
(MoBa) who were enrolled during two consecutive pregnancies. In brief, the MoBa study is
a prospective population-based pregnancy cohort study conducted by the Norwegian
Institute of Public Health (Magnus et al., 2006; Ronningen et al., 2006). Pregnant women
from all over Norway were recruited from 1999-2008 at 17-18 weeks of pregnancy. The
cohort now includes 114,500 children, 95,200 mothers and 75,200 fathers. Data used in this
study are based on version 4.301 of the quality-ensured data files, released for research in
June 2010. The study was approved by The Regional Committee for Medical Research
Ethics in South-Eastern Norway; 40.6% of invited women consented to participate.

Approximately 15,000 women were enrolled in MoBa for more than one pregnancy. From
these, we selected women who had a mid-pregnancy plasma (weeks 17-18) specimen
available for two consecutive pregnancies whose first MoBa pregnancy was in 2003 or later,
when blood was drawn into EDTA tubes, yielding plasma that was preferred for the
laboratory assay (heparin was used before 2003). We further restricted the eligible women to
those who had not moved in the past three years before the second pregnancy, so as to focus
on those for whom exposure would have been more constant over time. This left 97 women
who did not breastfeed between the two pregnancies and 4770 who breastfed exclusively for
at least 6 months between the two pregnancies. In order to assure that the effect of
breastfeeding would be well characterized, our study population was chosen so that about 50
women were selected at random from the 97 who did not breastfed, and about 50 were
selected at random from the 4770 who breastfed exclusively for at least 6 months between
the two pregnancies.

2.2 PFAS measurements in maternal blood

Maternal non-fasting blood samples were collected in EDTA tubes at hospitals and
maternity clinics at the time of study enrollment and shipped at ambient temperature to the
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MoBa biorepository in Oslo. Most samples were received and processed the day after
collection (Ronningen et al., 2006). At the biorepository, plasma was separated, aliquoted,
and stored at —80 degrees Celsius. Changes in PFAS concentrations in transit are believed to
be negligible, as PFASs are chemically stable (Fromel and Knepper, 2010), and a recent
study showed no evidence of change over time in concentrations of four PFASs in serum
maintained at room temperature for 10 days (Kato et al., 2013). Additionally, the ratio of
PFAS concentrations in plasma to whole blood is consistently just above 2 (Ehresman et al.,
2007; Hanssen et al., 2013), indicating that PFASs do not partition into blood cells or
associate with their membranes. Thus, in non-hemolyzed specimens we have no reason to be
concerned about shipping effects. The differences in PFASs concentrations between non-
hemolyzed and hemolyzed samples (n=22), however, were further examined.
Concentrations (in ng/mL) of ten PFASs were measured in maternal plasma by high-
performance liquid chromatography/tandem mass spectrometry at the Norwegian Institute of
Public Health. Details of the analytic process have been published previously (Haug et al.,
2009a). The measured PFASs were perfluorohexane sulfonate (PFHxS), perfluoroheptane
sulfonate (PFHpS), perfluorooctane sulfonate (PFOS), , perfluoroheptanoate (PFHpA),
perfluorooctanoate (PFOA), perfluorononanoate (PFNA), perfluorodecanoate (PFDA),
perfluoroundecanoate (PFUNDA), perfluorododecanoate (PFDoDA) and
perfluorotridecanoate (PFTrDA). For quantification of PFOS, the total area of linear and
branched isomers was integrated. Statistical analyses were limited to six PFASs (PFOS,
PFOA, PFHxS, PFNA, PFUnDA, and PFDA) that were quantifiable in more than 80% of
the samples. The limit of quantification (LOQ) was 0.05 ng/mL for all estimated PFASs. For
values below the LOQ we used the measured concentrations when a signal was observed in
the instrument during the analysis (Analytical Methods 2001). Missing values were cases
where no signal was observed and these values were replaced with LOQ/V2 (5 values for
PFHxS, 8 for PFUNDA, and 25 for PFDA). A total of 25 quality assurance/quality control
(QA/QC) plasma samples from a single pool were analyzed in batches alongside the
specimens of our study participants. The laboratory technicians were blinded to their
identity, and the QA/QC samples were indistinguishable from the plasma samples of the
study participants. The inter-assay coefficient of variation was 11.4 for PFOS, 8.6 for
PFOA, 14.6 for PFHXS, 13.3 for PFNA, 22.2 for PFUnDA, and 27.0 for PFDA (Starling et
al., 2014a).

2.3 Maternal characteristics

Information on maternal and pregnancy related characteristics that have been identified as
important determinants of PFAS concentrations in maternal plasma were collected
(Brantsaeter et al., 2013). Thus, data on maternal age and education, pre-pregnancy body
mass index (BMI), parity, and year of delivery were obtained for both pregnancies.
Additionally, the time between the two consecutive pregnancies (months) was calculated.
After birth, mothers were asked to report their breastfeeding practices. We retrieved
information specifically for duration and exclusivity of breastfeeding between the 2
consecutive pregnancies until the age of 18 months. Information on frequency of seafood
consumption was also retrieved.
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Plasma creatinine was also analyzed in maternal blood in both pregnancies with an Olympus
AU400e Clinical Chemistry Analyzer (Olympus America, Inc.,Irvin, TX, USA), using
reagents from Beckman Coulter Inc. (Irving, TX, USA) at the National Institute of
Environmental Health Sciences laboratory in Durham, NC, USA. Maternal glomerular
filtration rate (GFR) was calculated for each woman in each pregnancy, based on the
formula of Cockroft-Gault (GFR= (140-age) x weight(kg) x 0.85/(72 x serum creatinine
(mg/dl)) (Morken et al., 2014). The average GFR of the two pregnancies was used in the
models described below.

2.4 Statistical analysis

Maternal demographic, lifestyle, and pregnancy related characteristics of our study
population as well as PFAS concentrations in the two pregnancies were summarized with
standard descriptive statistics. Further, the percentage change of PFAS concentrations in
maternal blood from the 15t to the 2"d pregnancy was calculated as: 100*[(PFAS levels in
2"d pregnancy/PFAS levels in 15t pregnancy)-1] and shown in boxplots. All PFASs failed
the Shapiro-Wilk test of normality and the natural logarithm of the values was used in
subsequent analyses.

As a measure of reliability, we estimated the Pearson's correlation coefficients for the In
PFAS concentrations in samples from the same women in the two pregnancies and we
presented the associations between repeated PFAS measurements in scatter plots.
Additionally, we performed partial correlation analysis of PFAS concentrations in two
pregnancies, by adjusting for time (months) and breastfeeding for at least 6 months (yes/no)
between pregnancies. Maternal age (years) and year at the 2" pregnancy were also included
to account for possible age-specific bioaccumulation effects and changes in temporal trends
in PFASs exposure. The partial correlation coefficient is like a Pearson coefficient, but
adjusted for the variation in the second measurement due to the included maternal and
pregnancy-related factors. The contribution of each parameter to the 2"d pregnancy PFASs
variability was also calculated as the squared partial correlation multiplied by 100 and is
referred to as explained variation.

We also performed multiple linear regression analysis to estimate the relative change in
PFAS concentrations of the 2"d pregnancy according to maternal characteristics, including
GFR (in ml/min) and pre-pregnancy BMI (<25kg/m2, 25-29.9kg/m?, =30 kg/m?). We
estimated the relative change in the PFAS concentrations of the 2" pregnancy per 10%
increase in the corresponding PFASs compound concentration in the 15t pregnancy as:
(1.10(beta) —1)*100. The relative change in the PFAS plasma concentrations in the 2nd
pregnancy per unit(s) increase for other parameters was calculated as: (exp(beta)—1)*100.
The association between breastfeeding and PFASs concentrations in the 2" pregnancy was
examined as a categorical variable with two categories (no breastfeeding / breastfeeding for
at least 6 months) and as a categorical variable with three categories (no breastfeeding /
breastfeeding for at least 10 months/ breastfeeding for more than 10 months). Additionally,
women were sub-categorized according to exclusivity of breastfeeding (exclusive
breastfeeding at 6-8 months for duration of at least 10 months: 16 of 24 women; for duration
of more than 10 months: 21 of 27 women). Finally, we tested whether fatty fish, lean fish,
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fish liver or shellfish consumption (in times/week) was related to PFASs concentrations in
the 2nd pregnancy for 76 women who reported their fish intake.

The women in our study were enrolled with their 15t pregnancy from 2003-2007 and their
2"d pregnancy from 2005 to 2009 (Table 1). The median time between the 15t delivery and
the conception of the 2"d pregnancy was 18 months. Eighty percent did not have previous
pregnancies. According to our study inclusion criteria, about half of the women had
breastfed their first child exclusively for at least 6 months. Most of the 51 women reported
breastfeeding for at least 6 months continued breastfeeding for over 10 months (53%).
Women who breastfed were more likely to be older and of higher education compared to
women who did not breastfed (data not shown).

3.1 Maternal PFAS concentrations in two consecutive pregnancies

PFOS, PFOA and PFNA were measured in all samples (Table 2). For PFHxS, PFUnDA and
PFDA the percentage of samples below LOQ varied from 2 to 36, and we observed an
increase in their percentage in the 2"d pregnancy compared with the 15t pregnancy. This
increase was statistically significant only for PFHxS and PFUnDA (p-value for chi-square
test<0.05). The maternal concentrations in the 2" pregnancy were statistically significantly
lower than the 15t pregnancy for all PFASs (p-value for Wilcoxon signed-rank test <0.05,
data not shown).

PFOS, PFOA and PFHxS plasma levels were lower in the 2" than the 15t pregnancy for
almost all women (Figure 1). However, for approximately 30 women we observed an
increase of the PFNA, PFUNDA and PFDA concentrations from the 15t to the 2"d pregnancy.
Notably, for six women we observed more than a 150% increase in PFNA, PFUnDA and
PFDA in the 2" pregnancy. Four of these women had a 3- to 70-fold increase for more than
one compound, which suggests a common source of exposure.

Positive and statistically significant correlations were observed between the two
measurements of the corresponding compound for all PFASs, with correlations ranging from
0.39 for PENA to 0.80 for PFOS (Table 3, and Figure 2). The partial correlation coefficients
for PFOS, PFHXS, PFDA and PFUNnDA were not substantially different from the crude
correlations. For PFOA and PFNA the partial correlations were slightly stronger.

3.2 Determinants of maternal PFAS concentrations in the 2"d pregnancy

The PFAS concentrations measured in the 15t pregnancy were the main determinants for all
PFASs in the 2" pregnancy, after adjustment for other important factors (Table 4,
Supplemental Table 1). Namely, a 10% increase of the respective PFAS concentration in the
1t pregnancy was significantly associated with an increase in the 2"d pregnancy of 9.0% for
PFQOS, 7.2% for PFOA, 14.2% for PFHXS, 6.1% for PFNA, 9.8% for PFUNDA, and 6.9%
for PFDA. Regarding the year of the 2" delivery, maternal PFOA concentrations declined
by 8.7% for every year increase. On the other hand, for every year increase in maternal age
at the 2" delivery we observed a 1.5% significant increase in maternal PFOS
concentrations. Breastfeeding exclusively between pregnancies was negatively associated
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with all PFAS concentrations in the 2" pregnancy, while the associations were significant
for PFOS, PFOA and PFNA. Notably, women who breastfed exclusively for at least 6
months between pregnancies had 40.9% lower PFOA levels compared to women who did
not breastfed, independently of their PFOA levels in the 15t pregnancy. Breastfeeding
between pregnancies accounted for almost as much variation in PFOA in the 2nd pregnancy
(29%) as did the PFOA concentration in the 1st pregnancy (34%) (Supplemental Table 1).
With categorization of breastfeeders into those breastfeeding 7-10 months or more than 10
months there was no statistically significant improvement in model fit (Supplemental Table
2). With women further categorized by both duration and exclusivity of breastfeeding, there
again was no statistically significant improvement in model fit, except for PFOA. For
PFOA, the breastfeeding-associated decrease was unexpectedly greater among those
partially vs. exclusively breastfeeding. This finding was based on six women who breastfed
> 10 months and were partial breastfeeders; due to the findings being based on a small
number of subjects, the result are not shown.

Time between pregnancies was an especially important determinant for PFNA and PFDA,;
namely, we observed a statistically significant 31% and 75% increase for every year
increase in the time between pregnancies. Time between pregnancies accounted for 10% of
the variation in PFNA and 7% of the variation in PFDA.

Maternal Glomerular Filtration Rate (GFR) was a small but statistically significant predictor
of PFUNDA concentration for the 86 women with available information. For every 1 ml/min
increase in GFR we found a 0.40% (95% Confidence Interval (Cl): —0.79, —0.01) reduction
in PEUNDA levels in the 2" pregnancy (not shown in tables). Maternal pre-pregnancy BMI
of the 2" pregnancy was also a significant predictor of PFUNDA concentrations for the 86
women (also not shown). Compared with women with normal pre-pregnancy BMI, women
who were overweight before the 2" pregnancy had 38% (95% Confidence Interval (CI):
-62, 2) lower PFUNDA levels and obese women had 63% (95% CI: —80, —30) lower
PFUNDA levels. When both GFR and pre-pregnancy BMI were included in the model, only
pre-pregnancy BMI was a significant predictor, with obese women having a 59% reduction
in PFUNDA (95% CI: —-80, —17). Neither GFR nor pre-pregnancy BMI were statistically
significant predictors for the other PFASs and for consistency reasons these were not
included in the models presented in Table 4.

Regarding the effect of hemolysis in PFASs concentrations, in the 200 blood samples we
found a statistically significant lower PFUNDA concentration in 22 hemolyzed samples (t-
test p-value<0.05). Therefore, we examined the potential effect of hemolysis on PFUNDA
concentrations in the 2nd pregnancy in the multivariate model and no statistically significant
effect was observed. Additionally, after adjusting for hemolysis, the partial correlation
coefficient was not affected (data not shown).

In these data, intake of shellfish but not other fish was an important predictor of PFUnDA —
for the other PFASSs no association was seen in the multivariate models. Compared with no
shellfish consumption, among those consuming shellfish one or more times per week, the
percent change in PFUNDA was 231 (95% CI 87, 485), and the other coefficients for
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predictors of PFUnDA shown in table 4 were essentially the same when shellfish was in the
model (not shown).

The number of previous children and maternal education at the 2" pregnancy were not
significantly associated with any of the measured PFASs in the 2" pregnancy and were
excluded from the final models.

4. Discussion

In our study of maternal PFAS plasma concentrations in two consecutive pregnancies, the
PFASs in the two pregnancies were positively and moderately to highly correlated, and
adjustment for reproductive factors had little effect on the correlations. Additionally, the
PFAS concentrations of the previous pregnancy were in general the main determinants of
maternal PFASs in the next pregnancy, while breastfeeding, time between pregnancies, and
shellfish intake were also important determinants for selected congeners.

The degree of correlation between the repeated PFAS measures (reliability coefficients,
Table 3) corresponds closely with the half-lives of the compounds. Using the half-lives:
PFQOS, 6 years; PFOA 1.8; PFHxS, 7.1; PFNA, 1.5; PFUNDA, 4.4; PFDA, 4.2) (Zhang et al.,
2013) the Spearman correlation coefficient between the reliability coefficients and half-lives
is 0.94 (p value < 0.01). This high correlation is expected given that for most of the PFAS,
the time between pregnancies (median: 18 months) was less than a half-life. PFOA and
PFNA, compared with the other PFASs studied, have relatively short half-lives and also had
the lowest crude correlation between serial measures. These two compounds also showed
the greatest increase in correlation with adjustment for determinants in the second
pregnancy.

Another determinant of PFASs reliability is the between-subject variability (Bland and
Altman 1996), which can be assessed by the interquartile range (IQR) of the concentrations.
Among PFASs that have similar half-lives, the PFAS with the higher IQR had the higher
reliability. For example, for PFOS and PFHxS, PFOS had a higher IQR and a higher
reliability. For PFOA and PFNA, PFOA had a higher IQR and a higher reliability.

The determinants of reliability, mentioned above, were somewhat different than the
determinants of change in concentration between pregnancies. For example, though the
median decrease in PFOS between pregnancies was 44%, serial measurements for a subject
tended to correlate well because the variation of the decrease was relatively small (Figure 1).
In contrast, the median decrease between pregnancies for PFNA was only 10%, the variation
of the change was much higher, and the reliability was much lower. Decreasing exposure
may have accounted for the tendency for lower levels of PFOS, PFOA, and PFHXS in the
second pregnancy (Johansson et al. 2014).

4.1 Correlations and changes in maternal PFASs between pregnancies

We found moderate to high positive correlations between repeated PFAS measurements in
two pregnancies. Our findings suggest that a single PFASs measurement may represent the
relative level of internal exposure reasonably well over a period of several years in
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reproductive-aged women, especially for compounds with longer half-lives. . The
correlations between repeated PFAS measurements reported by Ngst et al., in Norwegian
men over a period of 7 years were generally similar to our findings in Norwegian pregnant
women (Table 5). As expected, our correlations were a bit lower, probably due to the effect
of the reproductive factors on PFAS levels. In line with both Glynn et al., and Ngst et al., we
found the lowest correlations for PFNA (Glynn et al., 2012; Nost et al., 2014).

Maternal plasma concentrations of PFOS, PFOA and PFHXS were lower than in previous
studies with women recruited in the MoBa study and lower than in the NHANES 2003-2004
survey (Starling et al., 2014a; Starling et al., 2014b; Woodruff et al., 2011). On the other
hand, maternal PFASs were comparable to another Norwegian study with a similar blood
collection period (Berg et al., 2014).

Having previous pregnancies is a predictor of lower PFAS concentrations in maternal blood,
due to the trans-placental transfer of PFASs and elimination via breastfeeding (Beesoon et
al., 2011). We estimated a crude average reduction of 44% in both PFOS and PFOA and
47% in PFHXS, while the adjusted changes, estimated with the predicted PFAS levels of the
2" pregnancy as derived from the multivariate models, were similar (PFOS= —45%,
PFOA= -48%, PFHxS= -57%). A previous study in northern Norwegian pregnant women
found similar effect estimates on PFAS levels in relation to having one previous pregnancy
(PFOS= -30%, PFOA= -45%, PFHxS= —-37%) (Berg et al., 2014). Within the MoBa study
and similar to our results, Brantsaeter et al. found 46% average reduction of PFOS
concentrations for multiparous compared to nulliparous women, while for PFOA and
PFHXS the estimates were very different from ours (70% and 19%, respectively)
(Brantsaeter et al., 2013).

Overall, we observed a large variation in the change between pregnancies for PENA,
PFUNDA and PFDA compared to PFOS, PFOA and PFHXS. After adjusting for important
determinants and using the predicted PFAS levels in the 2"d pregnancy to calculate the
change between pregnancies, the variation was substantially smaller for PFUnDA, but not
for PFNA and PFDA (Supplemental Figure 1). The overall decreasing trends of PFOS,
PFOA and PFHXS might explain the smaller variability. For PFNA and PFDA the
increasing environmental trends and the large observed variation suggest ongoing high
exposure for some women and lower exposure for others. The large variation of PFNA and
PFDA after adjustment for important predictors can be attributed to unknown factors or an
unknown source of exposure.

In our study, obese women had 63% lower PFUNDA levels in the 2" pregnancy compared
to women of normal BMI. Interestingly, in a study by Bosma et al., BMI was positively
associated with GFR (Bosma et al., 2004). We found that GFR was negatively associated
only with PFUNnDA levels, thus the negative association between PFUnDA and maternal
BMI might be partly explained by the increased GFR in obese women. When we adjusted
the PFUNDA-BMI coefficient for GFR, it decreased slightly (from 63% to 59%), which is
consistent with a small portion of the association being mediated by GFR. PFASs are not
lipophilic, and PFASs distribute primarily to the liver, kidneys, and blood (Fabrega et al.,
2014). Since PFASs are primarily in compartments other than the adipose tissue, a positive
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association with BMI or change in BMI is not expected. Our finding that PFUnDA was
lower in obese women compared to women with normal BMI, was similar to Berg et al.,
(4% reduction per unit of BMI increase) (Berg et al., 2014). A negative association between
BMI and PFOS and PFOA has also been reported in women (Holzer et al., 2008), and in
men (Eriksen et al., 2011). However, Brantsaeter et al., found positive relationships between
BMI and PFASs in pregnant women, especially PFHXS (2% increase per unit of BMI
increase) (Brantsaeter et al., 2013). In the NHANES 2003-2008 survey of 5,500 adults, BMI
was positively associated with PFOA and negatively associated with PENA (Jain 2014).
Thus, overall the relationship between PFASs and BMI is not clear.

Nevertheless, it has been reported that the partition coefficient (Kow, for octanol-water) for
PFUNDA is higher than that for the other PFASs we studied, thus some PFUnDA could be
partitioning into the lipid compartment (Jing et al., 2009; Kim et al., 2015). However in
these data, changes in BMI were unrelated to PFAS concentration in the second pregnancy
and the change in BMI, when added to the model shown in table 4, did not predict PFAS
concentration (data not shown).

4.2 Breastfeeding

We found that the reduction associated with exclusive breastfeeding for at least 6 months
was 41% for PFOA, 25% for PFOS and 28% for PFNA, independently of the previous
PFAS levels. The relatively higher transport efficiency of PFOA through lactation has been
reported before by comparing the ratio of concentrations in breast milk to maternal serum
(Liu et al., 2011). Additionally, Thomsen et al., reported a 46% depuration of PFOA and
18% for PFOS after 6 months of breastfeeding by analyzing repeated breast milk samples
from Norwegian mothers, and these findings are comparable to our observed reductions on
maternal concentrations attributed to breastfeeding (Thomsen et al., 2010). In two previous
studies that used a multivariate model, the estimated reduction in maternal PFAS
concentrations associated with breastfeeding was lower than in our study (Brantsaeter et al.,
2013; Mondal et al., 2014). Nevertheless, our results might not be directly comparable to
those in other studies due to differences in the definition of the breastfeeding variable (at
least 6 months of exclusive breastfeeding vs. per month of breastfeeding). Another factor
contributing to differences in results is that in typical population-based studies the
multivariate models have limited potential to fully adjust for the effect of parity and
breastfeeding because these determinants of PFAS concentrations are usually highly
correlated. In our study, with mostly nulliparous women and an equal prevalence of
breastfeeding and no breastfeeding, we were better able to disentangle the effect of
breastfeeding from that of parity.

4.3 Temporal trends

As time between the two pregnancies increased (per year) we observed a 31% and 75% rise
in PENA and PFDA concentrations in the 2"d pregnancy, independently of other important
predictors. A previous study also reported a positive association between maternal PFNA
and time since the last pregnancy (Brantsaeter et al., 2013).
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A 1-7% increase per year for PFNA, PFDA and PFUNDA in blood from 1996 to 2010 has
been reported for Swedish women (Glynn et al., 2012) and Northern Norwegian men (Nost
et al., 2014). The production and use of PFNA and PFDA continues, and their
concentrations in the environment are increasing, and thus exposure continues and the blood
levels are increasing (Wang et al., 2014). We also found a negative association between
PFOS, PFOA and PFHxS with the year of delivery, while statistically significant only for
PFOA. Such associations have been reported before and the decreasing temporal trends of
PFOA in the environment can explain this negative association (Berg et al., 2014; Glynn et
al., 2012; Haug et al., 2009b). On the other hand, we observed a small positive association
between maternal age and PFOS in the 2"d pregnancy, independently of breastfeeding and
previous PFOS levels. This finding might be due to higher early-life exposures for older
mothers and the relatively long half-life of PFOS. Age has been positively associated with
PFOS independently of other important factors in the general American population (Kato et
al., 2011).

PFAS will continue to be found in the general population for a long time, and vigilance is
required to assure that any new alternative agents that are used are recognized and studied,
as needed (Lindstrom et al., 2011; Scheringer et al., 2014).

4.4 Seafood consumption

Shellfish consumption has been identified previously as an important determinant of
PFUNDA concentrations in human blood both in Norway (Brantsaeter et al., 2013; Haug et
al., 2010) and Korea (Ji et al., 2012). Data on PFUnDA in shellfish, however, appear to be
limited at this time (Domingo et al., 2012; Haug et al., 2010).

4.5 Strengths and limitations

The main strength of our study is the repeated measurements of maternal PFASs in two
consecutive pregnancies. To our knowledge there is no other study with serial measures of
PFAS, taken several years apart, in reproductive-aged women. The adjusted reliability
coefficients shown in Table 5 indicate that in a model with PFAS concentration as an
independent variable and a continuous outcome the observed beta coefficient for PFAS will
be 47 to 84 percent as large as the true coefficient, meaning substantial to moderate bias
towards the null (White et al., 2008). Similarly, in a model with a categorical outcome, such
as in a logistic regression, an odds ratio of two would be observed as 1.4 or 1.8. Limitations
of our study were the small sample size and possibly limited generalizability of results. The
characteristics of Norwegian women who do not breastfeed are slightly different than most
women thus the determinants of PFAS concentrations in that group may not apply to all
women. An additional limitation is the short period between the two blood sampling points.
In addition, for PFDA, where 30% of observations were below the LOQ, our ability to
assess reliability and identify important determinants might have been hindered by not
having a well-quantitated or measured value. Lastly, although the participation rate in the
MoBa study was relatively low, the attributes of the MoBa participants closely resembled
those of the underlying population (Nilsen et al., 2009) and we have no reason to believe
that the reliability of PFAS measurements would be affected by unmeasured correlates of
participation.
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5. Conclusions

The reliability of plasma PFAS concentrations among women of reproductive age, estimated
as the correlation between repeated measurements between pregnancies, varied by specific
PFASs and was not substantially affected by adjustment for reproductive factors.
Nonetheless, the timing of previous pregnancies, breastfeeding, and temporal trends in
exposure can have substantial effects on PFAS concentrations. Our findings suggest that a
single PFASs measurement may represent the relative level of internal exposure reasonably
well over a period of several years in women of reproductive age, especially for compounds
with longer half-lives.
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Figure 1.
Percentage change in maternal PFAS plasma concentrations between consecutive

pregnancies of 100 women. Values below 0 represent reduced levels in the 2"d pregnancy
compared to the 15t and values above 0 represent increased levels in the 2" pregnancy
compared to the 15, Starting from the bottom, the horizontal lines of each boxplot represent
the 5t 25t 50t 75t and 95t percentiles of each distribution.
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Characteristics of the 100 women with two consecutive pregnancies °.

Table 1

15t pregnancy

2" pregnancy

N (%) N (%)

Maternal age (years)

<30 58 (58) 40 (40)

>30 2 (42 60 (60)
Pre-pregnancy BMI (kg/m?)

Normal (<25) 67  (70) 61 (65)

Overweight (25.0-29.9) 18 (199 20 (21)

Obese (230) 1 (11 13 (14)
Maternal education (years)

<12 33 (34) 30 (31)

13-16 36 (38 39 (41)

217 27 (28) 27 (28)
Year of delivery

2002-2003 8 8) 0 0)

2004-2005 57 (57) 5 5)

2006-2007 35 (35 50 (50)

2008-2009 0 0) 45 (45)
Time between pregnancies b

<1 year (3-11 months) 23 (23)

1-2 years (12-23 months) 55 (55)

>3 years (26-53 months) 22 (22)
Breastfeeding between pregnancies ¢

Yes 51 (51)

No 49 (49)
Number of previous children d

0 80  (80)

1 or more 20 (20)

aNumbers do not total to 100 for BMI and education because of missing data.

Time between pregnancies is the time between the first delivery and the conception of the second pregnancy.

Breastfeeding refers to exclusive breastfeeding for at least 6 months. No breastfeeding refers to women who did not initiate breastfeeding.

dNumber of children born before the 15t included pregnancy
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Plasma levels of PFAS in the 100 pregnant women in two consecutive pregnancies.

Table 2

Plasma concentrations in 15t pregnancy (in ng/mL)

Plasma concentrations in 2" pregnancy (in ng/mL)

<LOQ* Median IQR P95 <LOQ* Median IQR P95
PFOS 0 13.59 7.61 27.36 0 7.05 5.26 15.94
PFOA 0 2.57 1.19 4.15 0 1.15 0.91 2.81
PFHXS 2 0.58 0.44 1.64 11 0.31 0.30 1.03
PENA 0 0.47 0.25 0.81 0 0.38 0.31 0.89
PFUNDA 12 0.18 0.19 0.50 24 0.19 0.19 0.46
PFDA 24 0.14 0.11 0.32 36 0.10 0.10 0.35

*
Values can be read as percent or as number of subjects.
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Table 3

Pearson's and partial correlation coefficients between PFASs concentrations in maternal plasma of 100 women
in two consecutive pregnancies.

Plasma concentrations of PFASs in 2 Pearson's correlation coefficient  Partial correlation coefficient (independent of the
consecutive pregnancies adjusted factors)

PFOS 0.80% 0.842

PFOA 0.50% 0.592

PFHXS 0.74 a 0.73 a

PFNA 0392 0472

PFUNDA 0712 0672

PFDA 0602 0612

The natural logarithm of PFASs concentrations is used to approximately fit a normal distribution.

Partial correlation coefficients are adjusted for maternal age at 2nd delivery, year of 2nd delivery, time between the 2 pregnancies (months),
breastfeeding between pregnancies (exclusively for at least 6 months/no breastfeeding).

ap-value<0.001
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Table 4

Determinants of plasma concentrations (ng/ml) of PFASs in 2"d pregnancy of 100 women.
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Percent change in PFASs plasma concentrations in 2" pregnancy per unit increase in determinants

PFOS (95%Cl)

PFOA (95%Cl)

PFHXS (95%Cl)

PFNA (95%Cl)

PFUNDA (95%Cl)

PFDA (95%Cl)

Corresponding
compound at
15t pregnancy
(per 10%)

Time between
pregnancies

(per year) a

Year of 2nd
delivery (per
year)

Maternal age
at 2" delivery
(per year)

9.0 (7.8,10.2)

-5.0 (-11.6,1.9)

-5.0(-9.9,0.2)

1.5(0.3,2.7)

Breastfeeding between pregnancies b

No
Yes

Ref.
-24.6 (-31.8,~16.7)

7.2(5.1,9.3)

12.4(0.1,26.2)

-8.7 (-16.2,-0.5)

0.1(-1.9,2.1)

Ref.

-40.9 (-50.1,-30.0)

14.2 (11.3,17.1)

22.3 (~8.6,63.5)

-13.0 (-30.2,8.6)

-0.8 (-5.6,4.3)

Ref.
-31.4 (-55.0,4.5)

6.1(3.7,8.5)

31.4 (10.6,56.1)

-0.3 (-12.1,13.1)

2.3(-0.7,5.3)

Ref.
-27.8 (-43.5,~7.6)

9.8 (7.5,12.1)

-3.7(-30.1,32.7)

-4.0 (-24.2,21.6)

1.1(-4.7,7.3)

Ref.
-16.2 (-47.7,34.3)

6.9 (5.0,8.9)

75.4 (15.0,167.4)

0.6 (-26.3,37.3)

6.1(-1.3,14.2)

Ref.
-30.5 (-62.2,27.7)

Abbreviation: 95% CI: 95% Confidence Intervals.

All coefficients for a given compound are mutually adjusted.

Percent change in the PFASs plasma concentrations of the ond pregnancy per 10% increase in the corresponding PFASs compound concentration
in the 15t pregnancy is calculated as: (1.10(P€ta) _1)*100.

Percent change in the PFASs plasma concentrations of the ond pregnancy per unit(s) increase in maternal age at ond pregnancy, year of ond
delivery, time between the 2 pregnancies and breastfeeding between pregnancies is calculated as: (exp(beta)-1)*100.

&Fime between pregnancies is the time between the first delivery and the conception of the second pregnancy.

Breastfeeding refers to exclusive breastfeeding for at least 6 months. No breastfeeding refers to women who did not initiate breastfeeding.

Environ Res. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Papadopoulou et al.

Table 5
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Correlations between repeated measurements of PFASs in adult men reported by Ngst et al., and in pregnant

women in this study.

Spearman’s correlation coefficient between repeated PFASs measurements

N=49 Northern Norwegian men between 2001-2007 (Ngst et N=100 Norwegian pregnant women between 2003-2009

al.) (this study)
PFOS 0.81 0.81
PFOA 0.75 0.49
PFHxS 0.81 0.76
PFNA 0.60 0.53
PFUNDA 0.79 0.73
PFDA 0.71 0.54

* The Spearman's correlations coefficients are based on crude data.
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