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Abstract

Keywords
Background: Exposure to perfluoroalkyl and polyfluoroalkyl substances (PFASs) is ubiquitousin  birth weight, small for gestational age,
most regions of the world. The most commonly studied PFASs are perfluorooctane sulfonate epidemiology, humans, perfluorooctane
(PFOS) and perfluorooctanoate (PFOA). Animal studies indicate that maternal PFAS exposure is sulfonate, perfluorooctanoate,
associated with reduced fetal growth. However, the results of human studies are inconsistent. perfluoroalkyl acids, perfluorinated
Objectives: To summarize the evidence of an association between exposure to PFASs, particu- chemicals

larly PFOS and PFOA, and human fetal growth. Methods: Systematic literature searches were
performed in MEDLINE and EMBASE. We included original studies on pregnant women with History
measurements of I?FOA or PFQS in maternal blood during pregnancy or the umbllleal c.ord Received 19 May 2014
and associations with birth weight or related outcomes according to the PFAS level. Citations .

; . ) . ) Revised 28 July 2014
and references from the included articles were investigated to locate more relevant articles.

Study characteristics and results were extracted to structured tables. The completeness of re- Accepted 4 August 2014

porting as well as the risk of bias and confounding were assessed. Results: Fourteen studies

were eligible. In utero PFOA exposure was associated with decreased measures of continuous

birth weight in all studies, even though the magnitude of the association differed and many

results were statistically insignificant. PFOS exposure and birth weight were associated in some

studies, while others found no association. Conclusions: Higher PFOS and PFOA concentrations

were associated with decreased average birth weight in most studies, but only some results

were statistically significant. The impact on public health is unclear, but the global exposure to

PFASs warrants further investigation.
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continuing, though some compounds have been phased out
(Environment Canada 2010, European Parliament 2006, UNEP
2009, USEPA 2000, 2006). Due to their water and oil repel-
ling properties, PFASs are found in products such as carpets,
furniture, shampoo, shoes, clothes, non-stick cookware, and
food packaging (Butenhoff et al. 2006, Kantiani et al. 2010).
The most widely studied PFASs, PFOS and PFOA, have
serum half-lives of approximately 5 and 3.5 years in humans,
respectively (Olsen et al. 2007), and accumulate in various
environmental media and organisms, including humans (Buck
et al. 2011). Humans absorb PFASs after oral intake, inha-
lation, and dermal exposure (Shoeib et al. 2011). PFASs are
mainly distributed in plasma, bound to albumin with varying
association constants, and in tissues with high perfusion such
as the liver and kidney (Han et al. 2012). In pregnant women,
PFASs pass the placenta and reach the fetal circulation (Fei
et al. 2007, Inoue et al. 2004, Kim et al. 2011, Midasch et al.
2007). The data obtained from populations sampled during
different time periods in the National Health and Nutrition
Examination Survey (NHANES), designed to be representa-
tive of US general population exposures, indicate that even
though serum concentrations of PFOS and PFOA showed a
downward trend from 1999 to 2003, PFOA concentrations did
not decrease further during 2003-2008 (Calafat et al. 2007,
Kato et al. 2011). In 2003-2008, the NHANES median serum
concentrations were approximately 12 ng/mL for PFOS and 3
ng/mL for PFOA, respectively, in nonpregnant women aged
17-39 years old (Jain 2013).

Developmental effects of PFASs have been investigated in
animal studies. Several rodent (mainly rat and mouse) stud-
ies observed reduced birth weight in offspring exposed to
PFOS or PFOA in utero (Butenhoff et al. 2004, Grasty et al.
2003, Luebker et al. 2005, Thibodeaux et al. 2003, Wolf et al.
2007). In some studies, decreases in birth weight were at least
partly attributable to toxic maternal doses causing reductions
in food consumption and pregnancy weight gain (Lau et al.
2003). Exposure levels used in experimental studies were
more than 1000 times higher than general human background
exposure levels illustrated by NHANES data (Olsen et al.
2009), and furthermore, differences in half-lives and metabo-
lism of PFASs across species complicate the interpretation
of animal studies in relation to human health. In addition,
differences in gestational duration, placental transfer etc.
complicate extrapolation from animal studies to human risk
assessment. However, the results from animal studies and the
fact that exposure is ubiquitous in humans indicate a potential
human health risk.

Currently, the exact impact of PFASs on human health
is unclear, but adverse effects are a potential concern, par-
ticularly in the fetus who is exposed during a period of high
vulnerability to toxicological impacts. Thus, the objective of
this paper was to investigate the evidence of an association
between exposure to PFASs and human fetal growth by sys-
tematic review of the existing literature. We focused on PFOS
and PFOA as the majority of the published literature did so,
and we assessed birth weight and related measures of the new-
borns’ size at birth as proxies of fetal growth.

Different pathways for the biological effects of PFASs have
been suggested, for example hormone disruption. Estrogen
has been demonstrated to be important in promoting fetal
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growth (Kaijser et al. 2000). PFASs influence the expression
of estrogen-responsive genes in animal studies (Benninghoff
et al. 2011, Tilton et al. 2008, Wei et al. 2007), and PFAS-
induced changes in sex hormone biosynthesis have been
reported in vitro (Du et al. 2013, Kraugerud et al. 2011).
PFASs, including PFOS and PFOA, have been shown to
interfere with the estrogen receptor in human in vitro studies
(Benninghoff et al. 2011, Henry and Fair 2011, Kjeldsen and
Bonefeld-Jgrgensen 2013). Thyroid hormones are pivotal for
normal fetal growth and development, and maternal hypothy-
roidism is related to low birth weight (Blazer et al. 2003).
Animal studies demonstrated alterations in thyroid hormone
signaling with PFAS exposure (Du et al. 2013, Lau et al.
2003, Luebker et al. 2005, Martin et al. 2007, Thibodeaux
et al. 2003, Yu et al. 2009a, b). Long et al. (2013) showed that
PFASs interfered with thyroid hormone function. However,
human studies concerning PFAS exposure and adult or fetal
thyroid hormone function are not consistent (Emmett et al.
2006, Inoue et al. 2004, Kim et al. 2011, Olsen et al. 2003,
Olsen and Zobel 2007, Wang et al. 2013). Some animal studies
have demonstrated changes in lipid metabolism with exposure
to PFOS and PFOA (Haughom and Spydevold 1992, Kennedy
et al. 2004, Loveless et al. 2006, Thibodeaux et al. 2003).
However, Apelberg et al. (2007) found no association between
PFOS and PFOA concentrations in cord serum and total serum
cholesterol, triglycerides or total lipids. Finally, immunotoxic-
ity and susceptibility to infections in pregnant women may be
a potential mechanism of fetal growth impairment. Adverse
effects on the immune system have been demonstrated in vitro,
in animals, and in children (DeWitt et al. 2012, Grandjean et al.
2012), but to our knowledge, such effects in pregnant women
have not been evaluated. Overall, several pathways by which
PFASs may impair fetal growth are plausible, but the mecha-
nisms have not been established in humans.

Methods

Reporting was done in accordance with the PRISMA
(Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) checklist (Moher et al. 2009).

Search strategy

The electronic databases MEDLINE (http://www.ncbi.nlm.nih.
gov/pubmed) and EMBASE (http://www.embase.com) were
systematically searched. The strategy was decided after iden-
tification of MeSH/Emtree terms and key words not covered
by these terms. Searches included different terms for PFASs
and fetal growth and development. No language, time period
restrictions, or filters were applied. Abstracts and unpublished
studies were not included. The latest searches were performed
on June 12 2014. Titles and/or abstracts were screened using
the selection criteria stated below, and articles were excluded
if sufficient information was available in the titles or abstracts
to determine that the studies were not eligible. The full text of
the remaining studies was read, and the studies were included
if found eligible. The electronic database Scopus (http://www.
scopus.com) was searched for citations and references for all
included articles onJune 14 2014. Complete search strategies for
MEDLINE and EMBASE are available in the Supplementary
Material (see Supplementary material available online at
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http://informahealthcare.com/doi/abs/10.3109/10408444.201
4.952400, page 1).

Study selection criteria

The selection criteria were based on the PICOS (participants,
interventions/exposures, comparators, outcomes, and study
design) criteria (Liberati et al. 2009). Participants: Pregnant
women were eligible. Exposures: Populations with all exposure
levels were included (i.e. both populations with background
exposure levels and highly exposed populations). Exposure was
assessed as PFOS or PFOA measured in biological material
such as blood, from either pregnant women or the umbili-
cal cord. Studies estimating exposure indirectly (e.g. based
on residence near a polluted water source) were excluded.

Comparators: Groups categorized according to indi-
vidual PFAS levels or comparison of continuous PFAS
levels. Outcomes: Birth weight on the continuous scale was
the primary outcome. Other outcomes derived from birth
weight, such as the birth weight z-score (birth weights stan-
dardized for gender and gestational age), low birth weight
(LBW; birth weight below 2500 g), and small for gestational
age (SGA; birth weight below the 10th percentile for ges-
tational age), were also included. Study design: Original
human cohort, cross sectional, and case-control studies were
eligible. Editorials, comments, review articles, and meta-
analyses were excluded.

Data extraction, completeness of reporting, and risk
of bias and confounding

Data from included studies were extracted and added to struc-
tured forms with columns titled as follows: Author and year,
design, population, exposure assessment (specific PFASs,
sample, method), exposure levels, outcomes, specific prob-
lems (including confounders, and ways of addressing them),
and results. The study characteristics and results are displayed
in Tables 1-4. Each article was assessed for completeness of
reporting, as suggested by Bonzini et al. (2007). This approach
determines whether studies are described sufficiently in order
for replication to be possible. The study design, sampling
procedure, inclusion and exclusion criteria, distribution of par-
ticipant characteristics, numbers of participants and response
rates, assessment of exposure, ascertainment of outcomes,
statistical analysis and quantitative risk estimates with 95%
confidence intervals were evaluated. Each of the 9 criteria
were assigned a value of 1 if fulfilled and given equal weight.
A sum of =7 was considered sufficient for completeness of
reporting (Bonzini et al. 2007). The risks of selection and
information biases as well as confounding were assessed.
Potential confounders, primarily covariates from multiple
regression analyses of PFOA and PFOS exposure and birth
weight variables, were extracted and evaluated (Table 5).

Results

Study selection

After removal of duplicates from the two database searches, 138
studies remained (Supplementary Material, Supplementary
Figure 1 available online at http://informahealthcare.com/doi/
abs/10.3109/10408444.2014.952400). These were screened
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from their title (91 were excluded), abstract (30 were
excluded) and full text content (3 were excluded). The rea-
sons for exclusion at each stage are stated in Supplementary
Figure 1 available online at http://informahealthcare.com/doi/
abs/10.3109/10408444.2014.952400. The remaining 14 stud-
ies fulfilled the eligibility criteria. We investigated citations
and references in Scopus, which yielded no additional articles.
A total of 14 peer-reviewed articles published between 2004,
August and 2013, December were included in our review.

Characteristics of included studies

Ten studies investigated continuous birth weight. Other birth
weight - related outcomes were low birth weight (five studies),
birth weight z-score (two studies), small for gestational age
(four studies), and birth weight dichotomized at the median
level (one study) (Table 1). Stein et al. (2009) used maternal
reports of outcomes, while all other studies assessed outcomes
gathered from medical records, birth records, or national
registries. Ten studies assessed PFASs in blood from women
during pregnancy or at birth (Darrow et al. 2013, Fei et al.
2007, Hamm et al. 2010, Lee et al. 2013, Maisonet et al. 2012,
Monroy et al. 2008, Stein et al. 2009, Washino et al. 2009,
Whitworth et al. 2012, Wu et al. 2012), and six studies used
umbilical cord blood samples (Apelberg et al. 2007, Arbuckle
etal. 2013, Chen et al. 2012, Inoue et al. 2004, Lee et al. 2013,
Monroy et al. 2008). No eligible studies measured PFASs in
other biological material such as placental tissue. The specific
time points for exposure assessment are listed in Tables 2 and 3.
All studies used similar laboratory techniques to measure PFAS
exposure. PFOA was included in all studies except for the one
by Inoue et al. (2004), and PFOS was assessed in all studies
except for the one by Wu et al. (2012). Four studies included
exposure in regression models as the natural logarithm of the
concentration of the exposure (Apelberg et al. 2007, Chen et al.
2012, Darrow et al. 2013, Hamm et al. 2010), and three used
loglo—transformations (Arbuckle et al. 2013, Washino et al.
2009, Wu et al. 2012). Fei et al. (2007), Inoue et al. (2004), and
Monroy et al. (2008) modeled untransformed continuous expo-
sure levels, and the studies by Lee et al. (2013), Stein et al.
(2009), Maisonet et al. (2012), and Whitworth et al. (2012) used
categories of exposure (dichotomized at median level, tertiles,
and quartiles, respectively). Fei et al. (2007) also used categories
in their analyses of LBW and SGA. In most studies, PFAS levels
were the independent variables and measures of birth weight
were considered the dependent variables. However, in the stud-
ies by Arbuckle et al. (2013), Lee et al. (2013), and Monroy et al.
(2008), measures of birth weight were the independent variables
and PFAS levels were analyzed as the dependent variables.

The studies by Fei et al. (2007) and Whitworth et al.
(2012) were national population-based studies. The other
studies were cohort or cross-sectional studies based on popu-
lations from restricted geographical areas or hospitals. No
eligible case-control studies were published. The studies by
Darrow et al. (2013), Stein et al. (2009), and Wu et al. (2012)
were conducted in areas with high PFOA exposure. The
populations studied originated from nine different coun-
tries (Taiwan, Japan, China, South Korea, Canada, Norway,
Denmark, USA, and Great Britain) with study periods from
1991 to 2011. The sample sizes ranged from 15 to 5262.
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The study by Maisonet et al. (2012) was restricted to girls,
and all other studies included both sexes. All included studies
except the one by Inoue et al. (2004) achieved completeness of
reporting scores = 7 (see Supplemental Material, Supplementary
Table 1 available online at http://informahealthcare.com/
doi/abs/10.3109/10408444.2014.952400). Graphs illustrating
regression coefficients of continuous birth weight by the range
of PFOA and PFOS levels in individual studies are provided
(Figures 1 and 2).

PFOA and PFOS concentrations and birth weight

The eight studies that investigated the association between
PFOA exposure and birth weight on a continuous scale
(Apelberg et al. 2007, Chen et al. 2012, Darrow et al. 2013,
Fei et al. 2007, Hamm et al. 2010, Maisonet et al. 2012,
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Figure 1. Illustration of the association between perfluorooctanoate and
birth weight. Regression coefficients for changes in continuous birth
weight by the range of perfluorooctanoate (PFOA) levels in individual
studies. Plots are centered on the same average PFOA level (2 ng/ml). We
were not able to include Lee et al. (2013) and Monroy et al. (2008) since
they reversed exposure and outcome in their analyses.
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Figure 2. Illustration of the association between perfluorooctane sulfonate
and birth weight. Regression coefficients for changes in continuous
birth weight by the range of perfluorooctane sulfonate (PFOS) levels in
individual studies. Plots are centered on the same average PFOS level
(7 ng/ml). The upper range was 459.5 ng/ml in the study by Darrow et al.
(2013), but to enhance visualization at lower exposure levels, this was
cut off at 60 ng/ml similar to the other included studies. We were not
able to include Lee et al. (2013) and Monroy et al. (2008) since they
reversed exposure and outcome in their analyses. Inoue et al. (2004) did
not provide an estimate and that study could therefore not be graphically
displayed either.
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Washino et al. 2009, Wu et al. 2012) all demonstrated lower
birth weight with increasing exposure levels; however, only
the studies by Fei et al. (2007), Wu et al. (2012) and Maisonet
et al. (2012) were statistically significant (Table 2). Not all
these studies had high average exposure levels compared to
the other included studies (Table 2). Monroy et al. (2008)
and Lee et al. (2013) investigated birth weight as a predic-
tor of PFAS levels. Monroy et al. (2008) found no association
between birth weight and PFOA, and Lee et al. (2013) found
higher PFOA with lower birth weight (both dichotomized at
the median level, not statistically significant).

The association between PFOS exposure and continuous
birth weight was investigated in eight studies (Apelberg et al.
2007, Chen et al. 2012, Darrow et al. 2013, Fei et al. 2007,
Hamm et al. 2010, Inoue et al. 2004, Maisonet et al. 2012,
Washino et al. 2009). Six studies found lower birth weight with
increasing PFOS exposure (Apelberg et al. 2007, Chen et al.
2012, Darrow et al. 2013, Fei et al. 2007, Maisonet et al. 2012,
Washino et al. 2009, see Table 3). However, the associations
were only statistically significant in the studies by Washino
et al. (2009), Chen et al. (2012), and Maisonet et al. (2012).
These three studies did not all have high average exposure lev-
els compared to the other included studies. Inoue et al. (2004)
reported no association, and provided no estimates. Monroy
et al. (2008) and Lee et al. (2013) found no clear association
between birth weight and PFOS.

PFOA and PFOS concentrations and low birth weight

Four studies found increased odds for LBW with PFOS expo-
sure (Chen et al. 2012, Darrow et al. 2013, Fei et al. 2007, Stein
et al. 2009). However, only the result by Stein et al. (2009) was
statistically significant (Table 4). Arbuckle et al. (2013) per-
formed multiple stepwise regression analyses of PFOS and its
potential predictors such as LBW, but LBW was omitted from
the analyses due to the value of p >0.1. No studies found statis-
tically significant associations for PFOA and LBW (Arbuckle
etal. 2013, Chen et al. 2012, Darrow et al. 2013, Fei et al. 2007,
Stein et al. 2009), and only the point estimates in the studies by
Fei et al. (2007) and Arbuckle et al. (2013) were above unity.

PFOA and PFOS concentrations and small
for gestational age

SGA was defined as a birth weight below the 10th percen-
tile for gestational age (Chen et al. 2012). In the studies
by Whitworth et al. (2012), Hamm et al. (2010), and Fei
et al. (2007), this was gender-specific, and in the latter,
parity-specific as well. Fei et al. (2007) used all singleton
live births of the same sex who fulfilled the sampling cri-
teria in the Danish National Birth Cohort as reference, and
Chen et al. (2012) used national Taiwanese data. Hamm
etal. (2010) and Whitworth et al. (2012) did not report their
reference population. Chen et al. (2012) found increased
odds for SGA with higher PFOS exposure, but Fei et al.
(2007) and Whitworth et al. (2012) found results close to
unity, and Hamm et al. (2010) found decreased odds for
SGA with higher PFOS (Table 4). The results concerning
PFOA exposure and SGA were close to unity and statisti-
cally insignificant (Chen et al. 2012, Fei et al. 2007, Hamm
et al. 2010, Whitworth et al. 2012).
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PFOA and PFOS concentrations and birth weight z-scores

Hamm et al. (2010) and Whitworth et al. (2012) found no sta-
tistically significant associations between exposure to PFOS
or PFOA and birth weight z-scores (Table 4).

Discussion

We summarized the evidence addressing exposure to PFASs
and measures of fetal growth. Higher PFOA levels were asso-
ciated with lower average birth weight in eight studies of a
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total of 5046 pregnancies, even though the magnitude and
significance of associations differed. Data are insufficient to
determine a safe lower PFOA exposure level, but statistically
significant associations were only demonstrated when median
serum or plasma levels during pregnancy were above approxi-
mately 3 ng/mL (Fei et al. 2007, Maisonet et al. 2012, Wu
et al. 2012). However, one study with median levels above this
level found no significant association (Darrow et al. 2013).
The value of 3 ng/mL is similar to the present day average
PFOA exposure in US women in the fertile age (Jain 2013).

Table 4. Results concerning perfluorooctane sulfonate or perfluorooctanoate and low birth weight, small for

gestational age, and birth weight z-score.

Number of
Exposure variable cases (%) OR (95% CI)
Low birth weight

Fei et al. (2007) PFOS quartiles (1 = reference) 24 (1.7) 2vs. 1:3.4(0.4,31.2)
3vs. 1: 6.0 (0.7, 49.3)
4vs. 1: 4.8 (0.56, 41.16)

PFOA quartiles (1 = reference) 24 (1.7) 2vs.1:4.3 (0.5, 36.5)
3vs. 1:3.7(04,32.5)
4vs.1:2.4(0.3,22.3)

Stein et al. (2009) PFOS above vs. below median 243 (5.3) 1.5(1.1, 1.9)*

PFOA above vs. below median 80 (5.0) 0.7 (0.5, 1.2)

Chen et al. (2012) InPFOS 26 (6.1) 2.6 (0.9, 8.0)

InPFOA 26 (6.1) 0.5 (0.2, 1.6)

Arbuckle et al. (2013) logPFOS 3(3) No estimate

logPFOA 3(3) 0.6 (p=0.09)

Darrow et al. (2013) InPFOS 88 (5.5) 1.1 (0.8, 1.7)

InPFOA 88 (5.5) 0.9 (0.8, 1.2)
Small for gestational age

Fei et al. (2007) PFOS quartiles (1 =reference) 121 (8.6) 2vs.1:0.7(0.4,1.3)
3vs. 1:0.7 (0.4, 1.2)
4vs.1: 1.0 (0.6, 1.7)

PFOA quartiles (1 =reference) 121 (8.6) 2vs. 1:1.2 (0.7, 2.0)
3vs. 1: 1.1 (0.6, 1.8)
4vs.1: 1.0 (0.6, 1.7)

Hamm et al. (2010) PFOS tertiles (1 = reference) 16 (6.3) 2vs.1:0.6 (0.2, 1.8)

3vs. 1: 1.0 (0.3, 3.9)
PFOA tertiles (1 = reference) 16 (6.3) 2vs. 1: 1.0 (0.3, 3.6)
3vs.1:0.3(0.1,0.7)

Chen et al. (2012) InPFOS 26 (6.1) 2.3(1.3,4.2)*

InPFOA 26 (6.1) 1.2 (0.8, 2.1)

Whitworth et al. (2012)  PFOS quartiles (1 = reference) 60 (6.7) 2vs. 1: 1.2 (0.5, 3.0)
3vs. 1:2.2(1.0,5.1)
4vs.1:1.3(0.5,3.4)

PFOA quartiles (1 = reference) 60 (6.7) 2vs. 1: 0.8 (0.3, 2.3)
3vs. 1:1.3(0.5,3.2)
4vs.1:1.0(0.3,2.8)
Birth weight z-score Exposure variable Regression coefficient (95% CI)

Hamm et al. (2010) InPFOS 0.1 (=0.1,0.2)

InPFOA —0.08 (—0.2,0.03)

Whitworth et al. (2012)  PFOS quartiles (1 = reference) 2vs. 1: =0.1(—0.3,0.1),
3vs. 1: —0.2(—=04,0.1)
4vs. 1: =0.2(—0.4,0.1)

PFOA quartiles (1 = reference) 2vs. 1: —0.1(—0.3,0.2),
3vs. 1: —0.3(—=0.3,0.2)
4vs. 1: —0.2(—=0.5,0.0)

95% CI 95% confidence interval, in natural logarithm, log,, common logarithm, PFOS perfluorooctane sulfonate,

PFOA perfluorooctanoate.

Arbuckle et al. (2013) reversed exposure and outcome in their analyses. The stated estimate () therefore indicates
that low birth weight is associated with higher PFOA. They stated no CI. Birth weight was omitted from the
PFOS model due to a p-value above 0.1. In that study, the cord serum median PFOS (range) was 5.0 ng/mL
(<LOD-21.7), and the geometric mean was 4.4 ng/mL. For PFOA, median PFOA (range) was 1.6 ng/mL
(0.3-5.2) and the geometric mean was 1.5 ng/mL. In the study by Whitworth et al. (2012), the median PFAS
levels (interquartile range) were 13.0 ng/mL (10.3-16.6) for PFOS and 2.2 ng/mL (1.6-3.0) for PFOA. In the
study by Stein et al. (2009), the median PFAS levels (interquartile range) were 13.6 ng/mL (9.4-18.7) for PFOS
and 21.2 ng/mL (10.3-49.8) for PFOA. Average PFAS levels in the other studies are listed in Tables 2 and 3.

*Statistical significance (p < 0.05).
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Six out of eight studies equivalent to 4627 out of 4894 preg-
nancies found lower average birth weight with higher levels
of PFOS, but most of the results were not statistically signifi-
cant, and in studies with high average exposure levels, there
was not a higher proportion of significant associations. Stud-
ies that examined birth weight as a predictor of PFOA and
PFOS levels provided little evidence of an association (Lee
et al. 2013, Monroy et al. 2008). We found some suggestion
that PFOS might be associated with LBW, but overall, the evi-
dence concerning associations between PFOS or PFOA and
other proxy measures of fetal growth restriction such as LBW,
SGA, and birth weight z-scores was limited. This may be due
to relatively small associations with birth weight as well as
underpowered samples that were insufficient to demonstrate
observable differences in dichotomized outcomes.

The consistency of results within the study differed for
studies that included more than one outcome (Chen et al.
2012, Darrow et al. 2013, Fei et al. 2007, Hamm et al. 2010,
Whitworth et al. 2012). Chen et al. (2012) found consistent
associations between PFOS exposure and birth weight, SGA,
and LBW, significant for the two first outcomes and very close
to significance for LBW. However, with PFOA, no statistically
significant association was found for any of the outcomes.
Darrow et al. (2013) found an association between PFOS and
birth weight that did not reach significance, and no association
was apparent for LBW. For PFOA, they found no association
with any of the outcomes. Fei et al. (2007) found an associa-
tion between PFOA and birth weight that was partly supported
by their result on LBW (they found large odds ratios though
they were not statistically significant), but not SGA. For PFOS,
they found no association with SGA or birth weight, but a ten-
dency towards an association with LBW. The results by Hamm
et al. (2010) and Whitworth et al. (2012) did not support an
association between either compound and birth weight z-score
or birth weight or SGA, respectively.

Differences existed across studies. Most populations origi-
nated from smaller geographical areas representing different
countries. The investigated time period spanned 20 years, dur-
ing which exposure changed. The exposure levels as well as
biological material (plasma or serum from pregnant women
or the umbilical cord) and the timing of exposure measure-
ment varied widely between and within studies. Statistical
approaches including treatment of exposure measures and
control for confounding also differed, which made the com-
parison of studies difficult. No patterns were evident in the
results from individual studies according to these character-
istics and thus, their impact in terms of modifying the results
is unknown.

Our research question is highly relevant from a public health
perspective due to the widespread exposure to PFASs in gen-
eral populations. We applied a broad search strategy in order
to achieve high sensitivity. Specificity was obtained through
the narrow inclusion criteria with specific definitions of expo-
sures and outcomes. The included studies were well suited to
address our research question, and the completeness of report-
ing was sufficient in all studies except one. However, a major
limitation was our inability to perform meta-analysis. This was
impossible mainly due to differences in handling the exposure
measures (log, 0 natural logarithm, untransformed continuous
concentrations, or different categories) and outcomes, and in

Crit Rev Toxicol, 2015; 45(1): 53-67

the choice of covariates. We contacted some of the authors
in order to acquire estimates that were comparable with the
remaining studies, but unfortunately, we did not achieve any
useful results.

We restricted our study to address only PFOS and PFOA,
because too few studies have addressed other PFASs (Arbuckle
et al. 2013, Chen et al. 2012, Hamm et al. 2010, Lee et al.
2013, Maisonet et al. 2012, Monroy et al. 2008). In addition
to PFOA and PFOS, Chen et al. (2012) reported associations
for perfluorononanoic acid (PFNA) and perfluoroundecanoic
acid (PFUA) that were not statistically significant. They found
a change in birth weight of 6 g and —25 g, per natural log
increase in PFNA and PFUA concentrations respectively.
Monroy et al. (2008) stated that they found no association
between birth weight and levels of PFNA and perfluorohexane
sulfonate (PFHxS), but they provided no estimates. Arbuckle
et al. (2013) performed multiple stepwise regression analyses
of PFNA and PFHxS and potential predictors of their concen-
trations such as LBW, but LBW was omitted from the analyses
due to the value of p > 0.1. In the study by Hamm et al. (2010),
each natural log increase of the PFHxS concentration was asso-
ciated with a statistically insignificant change in birth weight
of 22 g, but Maisonet et al. (2012) found lower birth weight
with increasing PFHxS (for the second tertile compared with
the first: — 9 g, and for the third compared with the first: — 108
g. The latter result was statistically significant). Lee et al.
(2013) found a statistically insignificant odds ratio for birth
weight above the median of 0.6 with PFHxS above the median
in maternal blood. Based on the limited evidence concerning
other PFASs rather than PFOS and PFOA, an association with
birth weight cannot be excluded.

Assessment of fetal growth

Birth weight may, especially when gestational age is taken into
account, be regarded as a proxy measure of fetal growth, and
is also closely related to neonatal morbidity and mortality
(Wilcox 2010). According to the fetal programming hypothesis,
birth weight may also be a predictor of adult disease (Wilcox
2010). However, true fetal growth restriction is present only
when the fetus fails to obtain its genetically determined growth
potential. Unfortunately, the individual fetal growth potential is
unknown. Accordingly, a newborn with a low birth weight is
not necessarily growth restricted, and a newborn with normal
weight may be growth restricted (Wilcox 2010).

Even if there is a causal relationship between the exposure
to PFASs and fetal growth measured by birth weight, modest
shifts in average birth weight do not necessarily reflect pathol-
ogy, as shifts in the birth weight distribution in a population
may mainly occur within the normal range of birth weight
(Olsen et al. 2009, Savitz 2007). However, even small shifts in
population birth weight with environmental exposures may be
a sensitive marker of potential pathology and adverse effects,
which has been demonstrated for lifestyle exposures such as
smoking.

Outcome assessment

For the 12 studies where information on outcomes was
retrieved from medical records or national registries, the
exposure status could not plausibly have affected outcome
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ascertainment (Apelberg et al. 2007, Arbuckle et al. 2013,
Chen et al. 2012, Darrow et al. 2013, Fei et al. 2007, Hamm
etal. 2010, Lee et al. 2013, Maisonet et al. 2012, Monroy et al.
2008, Washino et al. 2009, Whitworth et al. 2012, Wu et al.
2012). Any measurement error or misclassification concern-
ing outcomes is therefore most likely non-differential. Inoue
et al. (2004) did not state how they assessed exposure. Stein
et al. (2009) investigated a population in a PFOA contaminated
area with maternal report of previous birth outcomes. Thus, in
this study, it is possible that the reporting of outcomes was
affected by exposure status. However, they found no associa-
tion between PFOA and low birth weight.

Exposure assessment

PFASs were measured by variations of liquid chromatogra-
phy-tandem mass spectrometry in all studies. With modern
methods, 100 ul of serum or plasma are typically used for the
analyses. Some research groups use high-throughput methods
consisting of on-line cleanup on a small solid phase extractor
and the direct injection of elute into the liquid chromatogra-
phy-tandem mass spectrometer. Internal standards, consisting
of two or more isotope-labeled compounds, are always used.
Recently, labeled PFASs have become available to cover mul-
tiple analytes. Inclusion of more PFASs is more expensive,
since more labeled compounds are needed, but the time spent
on extraction and analysis is the same, independent of the
number of PFASs. More time is required for the interpretation
of results when more compounds are analyzed. Contamination
can occur if Teflon is used, and adsorption of PFAS can occur
if glass is used, but this is presumably taken into account by all
chemists that measure PFAS content.

Most studies provided measures of repeatability [this was
not stated in the study by Stein et al. (2009)]. Arbuckle et al.
(2013), Darrow et al. (2013), Monroy et al. (2008), and Wash-
ino et al. (2009) participated in intercalibration with other
laboratories. Laboratories, personnel and equipment differed
between studies, but even if systematic differences existed,
these would only create problems if detection limits differed
markedly from one laboratory to another. In all studies, very
few PFOS or PFOA levels were below detection limits.

We excluded four studies that estimated PFOA exposure
indirectly instead of using concentrations measured in serum
or plasma (Grice et al. 2007, Nolan et al. 2009, Savitz et al.
2012a, b). They found no association between PFOA exposure
and fetal growth measures.

The ratios between serum and plasma measurements for
PFOS and PFOA are 1:1 (Ehresman et al. 2007). PFASs
measured in blood sampled during pregnancy are strongly
correlated with levels in umbilical cord blood (Aylward et al.
2014). However, the ability to pass the placenta differs for
different PFASs. This calls for careful interpretation of the
magnitude of fetal exposure derived from levels measured
during pregnancy. Ratios between cord and maternal plasma
of approximately 0.3 for PFOS and 0.8 for PFOA have been
demonstrated (Apelberg et al. 2007, Fei et al. 2007, Fromme
et al. 2010, Lee et al. 2013, Midasch et al. 2007). Based
on the differences between maternal and fetal blood, larger
fetal transfer of PFOA may be part of the explanation for the
somewhat stronger association with birth weight for PFOA
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than for PFOS, but differences in toxicity or windows of expo-
sure are other potential explanations.

PFAS levels in maternal blood decrease throughout preg-
nancy; declines of 11% for PFOS and 16% for PFOA have been
demonstrated from the first to the third trimester (Glynn et al.
2012). The measurements of PFASs in cord blood indicate that
part of this decline may be due to fetal transfer, but dilution in
the maternal body probably contributes as well, when mater-
nal blood volume increases during pregnancy. The decline
during pregnancy indicates that comparison of exposure
between studies, with measures at different time points before,
during, or after pregnancy, may be complicated. In order to
eliminate the influence of toxicodynamics and toxicokinetics
on results, a narrow window of interest might increase the
validity within studies and the comparability between studies.
It may not be appropriate to directly compare samples taken
at different time points within the same analysis. Arbuckle
et al. (2013), Chen et al. (2012), Fei et al. (2007), Hamm et al.
(2010), Inoue et al. (2004), Lee et al. (2013), Monroy et al.
(2008), and Wu et al. (2012) applied narrow blood sampling
intervals according to gestational age. However, in the study
by Maisonet et al. (2012), the interquartile range of exposure
measurement spanned 18 gestational weeks. It is not plausible
that the timing of blood sampling is related to birth weight,
and misclassification would most likely be non-differential.
Washino et al. (2009) primarily determined exposure during
the third trimester. However, 25% of the samples were col-
lected after delivery due to anemia. Anemia is not likely to
affect measured PFAS levels, since these measurements were
carried out in serum or plasma in all studies, but anemic preg-
nant women may have an increased risk of having a child with
low birth weight (Xiong et al. 2000), which may lead to bias
away from an association between PFAS exposure and lower
birth weight, as PFAS levels are lower after delivery.

The relative decrease in PFOA levels during pregnancy
is larger than seen for PFOS (Glynn et al. 2012). Thus, the
potential bias would most likely affect the association for
PFOA and birth weight. Washino et al. (2009) adjusted for
the time of blood sampling, but this may still leave some
residual confounding. The fact that Stein et al. (2009) assessed
exposure up to five years after pregnancy is a major limitation,
since pregnancy as well as breastfeeding reduce the maternal
PFAS body burden, but PFASs also accumulate over time
in individuals while time trends are decreasing (Brantseter
et al. 2013, Glynn et al. 2012). Similarly, Darrow et al. (2013)
attempted to adjust for exposure assessment years before and
after pregnancy. Overall, it is not clear when it is the best time
to measure exposure; there were no systematic differences in
the results based on when exposure was measured in relation
to pregnancy and birth. Even though theoretical problems
exist, their impact may be limited due to the stability and long
half-lives of PFASs.

Selection bias, confounding, and effect modification

In the studies by Stein et al. (2009) and Darrow et al. (2013),
the participants were aware of their exposure levels. However,
in the remaining studies, individual knowledge about expo-
sure category seems unlikely. Therefore, we do not consider
selection bias to be very likely, even though it cannot be ruled
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out that selection depended on other factors associated with
both PFAS levels and birth weight.

We considered parity, body mass index (BMI), and socio-
economic status to be the most important potential confound-
ers, as these are associated with both exposure and outcome in
the literature. Most included studies considered several poten-
tial confounders (Table 5), but as in all observational studies,
residual confounding cannot be excluded. The magnitude of
observed associations was small and therefore more likely to
be explained by confounding or bias than strong associations,
even if the extent of this was modest. Overall, crude estimates
failed to change substantially when adjustments were made
in multivariate models. In most studies, associations became
somewhat stronger with adjustments. However, a few studies
did not include some of the potential confounders we considered
to be important. Apelberg et al. (2007), Arbuckle et al. (2013),
Hamm et al. (2010), Inoue et al. (2004), Lee et al. (2013), Mai-
sonet et al. (2012), and Monroy et al. (2008) failed to consider
socio-economic status in their analyses of PFOA or PFOS and
birth weight. It was previously demonstrated that women in
higher socio-economic groups tend to have higher PFAS levels
(Brantseeter et al. 2013). As women with high socio-economic
status often give birth to children with higher birth weights
(Luo et al. 2004, Moser et al. 2003), a lack of adjustment for
socio-economic status may potentially explain the higher birth
weight associated with higher PFOS (although statistically
insignificant) in the study by Hamm et al. (2010). A lack of
adjustment could have obscured a potential decrease in birth
weight with PFOA exposure (Apelberg et al. 2007, Arbuckle
et al. 2013, Hamm et al. 2010, Lee et al. 2013, Maisonet et al.
2012, Monroy et al. 2008) or PFOS exposure (Apelberg et al.
2007, Inoue et al. 2004, Lee et al. 2013, Maisonet et al. 2012,
Monroy et al. 2008). Adjusting for socio-economic status is
likely to be insufficient to control for behavioral factors such as
smoking and alcohol consumption, but associations for PFASs
with such behaviors have not been established.

Only Apelberg et al. (2007) adjusted for maternal weight
gain during pregnancy, which is probably a relevant proxy
for the size of plasma volume expansion during pregnancy.
Poor plasma expansion as well as low pregnancy weight
gain is associated with impaired fetal growth (Salas et al.
1993, Viswanathan et al. 2008), but may also cause higher
PFAS concentrations due to a smaller distribution volume
(Apelberg et al. 2007, Olsen et al. 2009). Thus, if blood
samples are taken in late pregnancy or from cord blood, in
utero exposure might be overestimated in smaller fetuses and
vice versa, thereby creating a noncausal association between
PFAS exposure and birth weight. Adjusting for maternal
weight gain during pregnancy may not solve the problem,
due to collinearity. On the other hand, if two pregnant
women initially (e.g. at conception) have the same PFAS
concentrations, a woman with lower pregnancy weight gain
will probably preserve a higher concentration later in preg-
nancy, resulting in higher fetal PFAS exposure. With early
pregnancy PFAS measurements, overall pregnancy exposure
might thus be systematically underestimated in women with
less gestational weight gain that may carry smaller fetuses
and cause bias against no association. However, there were
no systematic differences in the study results depending on
the timing of exposure assessment.

Crit Rev Toxicol, 2015; 45(1): 53-67

Other physiologic and metabolic changes during pregnancy
may also impact the association between PFAS levels and fetal
growth parameters. No studies adjusted for maternal glomeru-
lar filtration rate (GFR). Since renal excretion of PFASs is pro-
portional to the GFR and higher maternal GFR during preg-
nancy is associated with higher birth weight (Morken et al.
2014), GFR may be an important confounder for the associa-
tion between PFAS exposure and birth weight. Morken et al.
(2014) investigated the association between PFOA exposure
and birth weight in a group of participants from the Norwe-
gian Mother and Child Cohort Study [different from the group
studied by Whitworth et al. (2012)], and found that adjusting
for maternal GFR attenuated the estimate by 66%.

High pre-pregnancy BMI has been shown to be associated
with higher birth weight (Papachatzi et al. 2013, Wahabi et al.
2013), and higher BMI might be associated with higher levels
of PFASs (Brantsaeter et al. 2013). Thus, a lack of adjustment
for pre-pregnancy BMI can potentially bias the association
towards no association. However, Wu et al. (2012) and Stein
et al. (2009) found associations between PFOA and birth
weight, and PFOS and LBW, respectively, even though they
did not adjust for pre-pregnancy BMI. Maternal diet during
pregnancy is another potential confounder. Fish contains
considerable amounts of PFASs (Brantsater et al. 2013,
Haug et al. 2010, Rylander et al. 2010), but ingestion during
pregnancy has been associated with increased birth weight as
well (Brantseter et al. 2012). Only Fei et al. (2007) attempted
to control for diet, but they did not include it in their main
analysis.

All studies except those by Arbuckle et al. (2013), Dar-
row et al. (2013), Inoue et al. (2004), Lee et al. (2013), and
Monroy et al. (2008) adjusted for parity. Since average PFASs
levels are lower in parous women (Brantsater et al. 2013),
and higher parity is associated with increased birth weight
(Wilcox et al. 1996), lack of adjustment for parity could cre-
ate a noncausal association between higher PFAS exposure
and lower birth weight, but none of the studies that did not
adjust for parity demonstrated any statistically significant
associations.

All studies except those by Arbuckle et al. (2013), Darrow
et al. (2013), Inoue et al. (2004), Monroy et al. (2008), and
Stein et al. (2009), adjusted for gestational age. However, Dar-
row et al. (2013) and Monroy et al. (2008) restricted the study
population to term births. Fei et al. (2007) also did this in
supplementary analyses, and this did not change the result. It
would be interesting to discover whether PFASs cause reduced
fetal growth or whether a low birth weight may be due to a
shorter gestational duration. However, it is debated whether
adjustment for gestational age is appropriate when studying
impacts on pregnancy outcomes (Wilcox et al. 2011). A way
to distinguish effects on birth weight from effects on gesta-
tional age is to consider gestational age as an outcome. Many
of the studies included in this review investigated associa-
tions between PFOS or PFOA and gestational age (Apelberg
et al. 2007, Chen et al. 2012, Hamm et al. 2010, Maisonet
et al. 2012, Wu et al. 2012) or preterm birth (Arbuckle et al.
2013, Chen et al. 2012, Darrow et al. 2013, Fei et al. 2007,
Stein et al. 2009, Whitworth et al. 2012). Chen et al. (2012)
found lower gestational age and higher odds for preterm birth
with PFOS exposure, but not with PFOA exposure, and Wu
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et al. (2012) found lower gestational age with higher PFOA.
Arbuckle et al. (2013) found an association between term ges-
tational age and higher PFOS. However, in the other studies,
there was no significant association between PFOA or PFOS
and gestational length or preterm birth, and no tendency for
estimates to point in a certain direction. In three out of four
studies corresponding to 992 out of 1421 pregnancies, there
was no association between PFOS and gestational age, and in
five out of six studies corresponding to 9293 out of 9722 preg-
nancies there was no association between PFOS and preterm
birth. For PFOA, four out of five studies corresponding to 1421
out of 1588 pregnancies did not demonstrate any association
with gestational age, and in five studies of 6205 pregnancies
there was no association with preterm birth. Therefore, it is not
very likely for lower birth weight with PFAS exposure to be
caused by lower gestational age.

Most studies controlled for infant sex. However, if PFASs
affect sex hormone homeostasis, it is possible that the poten-
tial effects of PFASs on birth weight differ between boys and
girls. Only Washino et al. (2009) stratified data by the sex of
the newborn. They found no association between PFOS and
birth weight in boys, but a statistically significant decrease
in birth weight was found in girls (adjusted beta = —269.4
(—465.7, — 73.0) per 10-fold increase in PFOS). Sex-stratified
estimates were similar for the association between PFOA and
birth weight. Maisonet et al. (2012) restricted their analysis
to girls and found statistically significant lower birth weight
of at least 130 g when comparing the highest with the lowest
tertile of PFOA and PFOS. Girls may be more vulnerable to
PFASs with respect to birth weight, which implies the need to
consider effect modification by infant sex.

Other systematic reviews on the topic

The review by Olsen et al. (2009) provided no firm conclu-
sions on the association between exposure to PFOA and PFOS
and human fetal growth. A recent systematic review and meta-
analysis by Johnson et al. (2014) applied the Navigation Guide
systematic review methodology to investigate the association
between exposure to PFOA and human fetal growth. Their
inclusion criteria were less restrictive compared to ours; for
instance, they included studies with estimated PFOA concen-
trations and other outcomes in addition to birth weight (birth
length, head circumference, and ponderal index). Therefore,
they included more studies than us (n = 18). However, since
they conducted literature searches in the spring of 2012, they
did not include the two most recent studies (Darrow et al. 2013
and Lee et al. 2013). Another difference between the review
by Johnson et al. (2014) and our work is the approach to the
risk of bias in individual studies. Johnson et al. (2014) decided
that maternal age and gestational age were the most impor-
tant confounders and concluded that studies were at low risk
of confounding if they accounted for both in their design or
analysis, or if they reported that neither of these influenced the
associations between PFOA and fetal growth outcomes. These
authors were more successful than us in retrieving raw data
or comparable estimates from the authors of original articles.
Therefore, they were able to perform a meta-analysis of 9 stud-
ies on PFOA concentrations and birth weight. They found an
overall estimate of —18.9 (95% CI: —29.8, —7.9) grams of
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birth weight per ng/mL increase in serum or plasma PFOA,
and concluded that there is sufficient evidence for an associa-
tion between PFOA exposure and reduced fetal growth.

Recommendations for future studies

Future studies should investigate populations with high
exposure contrasts, exposure should be assessed in serum or
plasma using a validated method in a narrow time window to
enhance comparability within the study, or even better, during
multiple windows to determine the critical window of expo-
sure. Most existing studies modeled exposure as continuous
untransformed, natural log or log,-transformed variables,
assuming a linear relationship with the outcome, and thus a
monotonic dose-response relationship. More complex models
are necessary in order to investigate potential non-monotonic
dose-response relationships, i.e. using categorical scales
or splines. The literature has mainly focused on PFOA and
PFOS. They are to a large extent substituted by other PFASs
whose adverse effects need to be considered. Furthermore,
future research should focus on mixtures of PFASs and other
environmental toxicants (Sarigiannis and Hansen 2012). In
terms of outcomes, birth weight remains a good proxy vari-
able for early life pathology associated with environmental
exposures. For outcomes such as LBW or SGA, existing stud-
ies have been underpowered to detect significant changes,
and larger sample sizes are needed. Future studies should
carefully choose which covariates to include in their analy-
ses. In our opinion, at least parity, socio-economic status and
BMI should be considered in the analyses of PFASs and birth
weight. Furthermore, gender differences should be explored.
The role of pregnancy-related metabolic and physiologic
changes is a promising emerging area of research that incor-
porates the use of physiologically-based pharmacokinetic
models in the epidemiological investigation of PFASs and
birth weight (Loccisano et al. 2013).

Conclusions

While high PFOA and PFOS exposures in pregnancy were
associated with lower average birth weights in human new-
borns in most studies, not all results were statistically sig-
nificant. The existing data is insufficient to confirm or reject a
certain association between PFASs exposure and fetal growth.
Knowledge on the influence of PFASs other than PFOS and
PFOA on fetal growth is sparse and needs to be investigated
in future studies. Although any risk to the individual preg-
nant woman and her child due to PFOS and PFOA exposures
seems small based on the limited information available, the
widespread environmental presence of these and other PFASs
warrants continued investigation.
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