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Abstract: Pervasive exposure to per-and polyfluoroalkyl substances (PFASs) shows associations with
adverse pregnancy outcomes. The aim of the present study was to examine the determinants of
different serum PFAS concentrations in late pregnancy and their relationship with birth outcomes in
southern Malawi. The sample included 605 pregnant women with a mean age of 24.8 years and their
offspring from three districts in the southern region of Malawi. Six PFAS were measured in serum
from third-trimester women. The serum PFAS concentrations were assessed with head circumference,
birth length, birth weight, gestational age and ponderal index. Participants living in urban areas had
significantly higher serum levels of PFOA, PFNA and SumPFOS, while SumPFHxS concentrations
were higher in women from rural settings. High PFOA, PFNA and SumPFHxS concentrations were
generally inversely associated with head circumference. Birth length was negatively associated with
PFOA and PFNA while SumPFHxS was negatively associated with birth weight. SumPFOS was
inversely associated with gestational age. Urban area of residence was the strongest predictor for
high PFAS concentrations in the maternal serum and was generally associated with adverse birth
outcomes. The results highlight the need to investigate SumPFHxS further as it follows a pattern that
is different to similar compounds and cohorts.

Keywords: poly- and perfluoroalkyl substances; birth outcomes; southern Malawi

1. Introduction

Per-and polyfluoroalkyl substances (PFASs) are highly fluorinated aliphatic substances
that consist of carbon (C) chains of different length with a perfluoroalkyl moiety (CnF2n+1-) [1].
These compounds are man-made synthetic chemicals that are highly resistant to biodegra-
dation and show high affinity for bioaccumulation (due to more intake than excretion of the
chemicals) and biomagnification in the environment and living organisms, including humans.
Although the production and usage of perfluorooctane sulfonate (PFOS) and perfluorooc-
tanoate (PFOA) in particular has been gradually reduced in several countries since the year
2000, human exposure continues mainly due to persistence in the environment and use. PFASs
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have a wide range of applications in industry as well as consumer products [2,3] and are also
known to have long half-lives. For instance, it is estimated that the arithmetic and geometric
mean half-lives of serum elimination in human beings for PFOS, perfluorohexane sulfonate
(PFHxS) and PFOA are as follows: 5.4 years and 4.8 years for PFOS; 8.5 years and 7.3 years for
PFHxS; and 3.8 years and 3.5 years for PFOA, respectively [4]. Furthermore, PFASs are able to
undergo atmospheric and marine long-range transport and are hence found in remote areas
such as the Antarctic and Arctic, far away from their areas of production and use [5–7].

Globally, there are growing concerns about the links between exposure to PFAS com-
pounds and adverse health effects [8]. A wide range of adverse health effects associated
with different single PFASs but also sum concentration of PFASs were observed in previ-
ously published studies [9]. The health effects of concern related to PFASs include altered
metabolism and fertility [10], increased risk of being overweight or obese [11] and reduced
ability of the immune system to fight infections [12]. New research indicates that PFASs
have the ability to transfer from mother to child through the placenta. In this regard, there
is growing concern over possible adverse impacts on development and health later in life
due to early exposure to these chemicals [13]. Of particular concern are both short-term
and long-term subtle effects that might influence reproductive health, pregnancy outcomes,
reduce defense against diseases and increase the risk of cancer [14].

A number of studies have suggested an association between higher concentrations
of some PFAS and low birth weight [15–19], preterm birth [17,18], birth length [20] and
gestational age [21]. Most of the monitoring and research on PFASs has been conducted in
developed countries, especially in Europe and North America. Only a few studies were
published from developing countries and countries situated in the southern hemisphere.
Biomonitoring data from the northern hemisphere may not be applicable to the southern
hemisphere. In this regard, results and findings from Malawi and other countries situated
in the southern hemisphere are of particular importance and needed in order to evaluate
the current exposure situation to PFASs in these regions together with associations related
to health outcomes in general. Furthermore, although the WHO developed PFOA and
PFOS guidelines for drinking water standards, there are recommendations from public
health advocates, scientists and organizations for a revision or withdrawal of the guidelines.
The call for the revision or withdrawal of the guidelines follows an argument that they
are neither health protective nor based on the best available scientific evidence, and hence,
they are more likely to promote global health inequities [22]. In this regard, data from
this study may provide a foundation to be used in the process of revision of the above-
stated guidelines. The present study on pregnant women from three different locations in
Malawi was conducted with the aim to examine the determinants of different serum PFAS
concentrations in late pregnancy and investigate their relationship with birth outcomes.

2. Materials and Methods
2.1. Study Design and Study Population

This is a cross-sectional study of delivering women giving birth and their offspring.
The study was conducted in the southern region of Malawi, in antenatal clinics/wards and
labor wards of three government health facilities. The health facilities that were randomly
selected for the study include Ndirande Health Centre, Chiradzulu District Hospital (CDH)
and Thyolo District Hospital (TDH). Ndirande Health Centre is located in Blantyre, which
is the commercial city of Malawi, while Chiradzulu and Thyolo district hospitals are located
in Thyolo and Chiradzulu districts, respectively. All study sites are located in the southern
region of Malawi. Ndirande Health Centre is situated in an urban setting while the other
district hospitals represent the rural setting.

2.2. Data Collection and Management

Study participants were recruited between August 2020 and July 2021 using data
collection tools that were pretested in a pilot survey conducted soon before the main
survey. Personal characteristics, socioeconomic status, lifestyle, infant information and
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environmental characteristics were collected through a questionnaire administered by a
trained research nurse. A total of 605 women and neonate pairs were recruited into the
study. However, 40 were excluded from the serum PFAS analysis due to a lack of biological
samples, yielding a final study population of 565. Figure 1 gives details on the numbers in
the recruitment process.
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2.3. Serum Blood Sample Collection and Preliminary Analysis

Blood samples were collected from the mothers at an optimal time before delivery
(36 ± 12 h prior to delivery). Methods for collection and transportation of whole blood and
serum samples were adapted from CTQ Laboratory guidelines, Quebec, Canada [23]. In
brief, venous blood was collected from the mother using a 5 mL red-top BD Vacutainers®

(REF # 367614). The red-top vacutainer containing the whole blood was then left to stand
at room temperature for about 60 min for complete clot formation before centrifugation
at ≤1200× g (3276 rotations per minute) for 10 min at room temperature (18–25 ◦C). After
centrifugation, the serum was transferred to two glass tubes with green lids (27138 Sigma
Aldrich, St. Louis, MO, USA) using a disposable glass pipette. Transfer of serum to the
green-lid tubes was performed with caution to avoid pipetting the red cells along with the
serum. All collected biological samples were stored in a freezer at a temperature between
−35 ◦C and −20 ◦C before being shipped to University Hospital of North Norway (UNN),
Department of Laboratory Medicine, for analysis.

2.4. Serum Sample Analysis

Sample preparation, instrumental analysis, quantification and quality controls have
been described in detail elsewhere [24]. Briefly, extracts were prepared by an automated
liquid handler Tecan Freedom Evo 200 (Männedorf, Switzerland). Perfluorobutane sul-
fonate (PFBS), perfluoropentane sulfonate (PFPS), perfluorohexane sulfonate (PFHxS),
perfluoroheptane sulfonate (PFHpS), PFOS, perfluorononane sulfonate (PFNS), perfluo-
rodecane sulfonate (PFDS), perfluorododecane sulfonate (PFDoDS), perfluorooctane sulfon-
amide (PFOSA), perfluorohexanoate (PFHxA), perfluoroheptanoate (PFHpA), PFOA, per-
fluorononanoate (PFNA), perfluorodecanoate (PFDA), perfluoroundecanoate (PFUnDA),
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perfluorododecanoate (PFDoDA), perfluorotridecanoate (PFTrDA) and perfluorotetrade-
canoate (PFTeDA) were analyzed by ultrahigh pressure liquid chromatography tandem-
quadrupole mass-spectrometry (UHPLC-MS/MS). Sum of branched and linear species
(Σ) was quantified for PFHxS, PFHpS, PFOS, PFHxS, PFHpS, PFNS, PFDS and PFOSA.
Analyses were performed with a Waters Acquity UPLC system (Waters, Milford, MA, USA)
consisting of a binary solvent manager, an autosampler and a column manager coupled
to a Xevo TQ-S mass spectrometer (Waters, Milford, MA, USA) through an atmospheric
pressure electrospray interface. Separation of the target analytes was achieved on an Ac-
quity UPLC HSS T3 column (2.1 × 100 mm, 1.8 µm) (Waters, Milford, MA, USA) by using
a programmed flow and solvent gradient of 2 mM NH4OAc in MilliQ-water and 2 mM
NH4OAc in methanol as mobile phase. Quantification was conducted by applying the
Masslynx and Targetlynx software (Version 4.1, Waters, Milford, MA, USA) and achieved
by the internal standard method with isotope-labelled PFASs. Method quantification level
(MQL) was defined as ten times a signal-to-noise ratio or three times the limit of detection
(LOD). LODs (minimum limit of detection) were set as concentrations calculated by the
Targetlynx software for each individual sample (LODi) and each individual analyte with a
signal-to-noise ratio of 3 divided by the related sample amount. Where blank contamination
was detected (background contribution during sample preparation), a blank subtraction
was performed batch wise by calculating an average of the blanks added to three times
their standard deviation. An eight-point calibration curve with concentrations ranging
from 0.01 pg/µL to 10 pg/µL was applied for quantification.

Quality Controls

Accuracy and precision of the method was described in detail in the associated method
article [24]. For quality assurance, 4 blank samples, 4 SRM 1957 and SRM 1958 (NIST,
Gaithersburg, MD, USA) samples and 3 bovine serum samples (Sigma Aldrich, Steinheim,
Germany) were analyzed within each batch of 96 samples. Differences from the assigned
mean reference concentrations were from 3 to 13% for SRM 1957 and 3 to 9% for SRM
1958 during the Malawi study. Additionally, our laboratory participates successfully in
the international quality control program: the Arctic Monitoring and Assessment (AMAP)
Ring Test for Persistent Organic Pollutants in Human Serum (organized by the Laboratoire
de toxicologie, Institut national de santé publique du Quebec, Canada). Solvent injections
were performed regularly during instrumental analysis in order to monitor instrument
background and carryover effects.

2.5. Measurement of Birth Outcomes

Birth outcome variables measured in this study were gestational age (weeks), birth weight
(kilograms), birth length (cm), head circumference (cm) and ponderal index (kg/m3). Ponderal
index was calculated using the following formula: ponderal index = weight(kg)/height3 (m3).

2.6. Statistical Analysis

Statistical analyses were carried out using the Stata for Mac (SE standard version
17; College Station, TX, USA). A total of 24 compounds were analyzed, but most of the
compounds were under the limit of detection. However, 6 out of the 24 PFASs analyzed
compounds—namely PFOA, PFNA, PFDA, PFUDA, SumPFHxS and SumPFOS—had
detection limits of over 60% and hence were used for the statistical analysis. Data were
given as arithmetic means, standard deviation (SD), median, and minimum and maximum
or proportion (%) for describing sociodemographic characteristics of the study population.
A significance level of p < 0.05 (two-tailed) was set for all analyses.

PFAS concentrations were log-transformed before assessing linear associations due to
non-normal distribution of the concentrations among participants.
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2.7. Ethical Considerations

The study was carried out following ethical rules and guidelines. Ethical clearance was
obtained from the College of Medicine Research and Ethics Committee (COMREC)- Malawi
(P.11/18/2546) and REK-Norway (#355656 2020). Permission to conduct the study at the
selected sites was sought from Blantyre (for Ndirande Health Centre), Chiradzulu (for CDH)
and Thyolo (for TDH) district health offices. Participation in the study was voluntary, based
on signed written consent from the mother. Confidentiality was maintained by assigning
pseudo-anonymized identification numbers to all study participants. The sampling of blood
and extraction of information did not interfere with the health service delivery process and
took place either before or after delivery, depending on the individual circumstances of
each study participant.

3. Results
3.1. Maternal Sociodemographic Data and Neonate Birth Characteristics

The selected maternal sociodemographic characteristics of the n = 605 individuals are
presented in Table 1.

Table 1. Sociodemographic characteristics of the mothers and neonates.

Place of Residence

Variable Characteristic Total Urban Rural p-Value

Total participants (n) 605 308 297

Age (years) Mean (SD) 24.80(6.22) 25.63 (5.65) 23.93 (6.66) <0.001

Gravidity (%) 1 220 (36.4) 78 (25.4) 142 (47.7) <0.001
2 157(26.0) 106 (34.5) 51 (17.1)
3 117 (19.3) 73 (23.8) 44 (14.8)
4 111 (18.4) 50 (16.3) 61 (20.5)

Parity (%) 0 207 (34.5) 61 (20.2) 146 (49.0) <0.001
1 137 (22.8) 86 (28.5) 51 (17.1)
2 256 (42.7) 155 (51.3) 101 (33.9)

Education level of mother (%) None/primary 325 (53.9) 118 (38.6) 207 (69.7) <0.001
Secondary/tertiary 278 (46.1) 188 (61.4) 90 (30.3)

Marital status (%) Married 544 (89.8) 283 (91.9) 261 (87.6) 0.081
Single 62 (10.2) 25 (8.1) 37 (12.4)

Breast feeding (%) No 246 (40.9) 98 (32.0) 148 (50.2) <0.001
Yes 355 (59.1) 208 (68.0) 147 (49.8)

Source of drinking water, count (%) Tap 322 (53.5) 298 (96.8) 24 (8.2) <0.001
Lake/shallow well 137 (22.8) 2 (0.7) 135 (45.9)

Borehole 143 (23.8) 8 (2.6) 135 (45.9)

Use of pesticides at home (%) Do not use pesticides 480 (79.5) 288 (93.5) 192 (64.9) <0.001
Pesticides 124 (20.5) 20 (6.5) 104 (35.1)

Fishing (%) Do not Fish 596 (98.5) 308 (100.0) 288 (97.0) 0.002
Fish 9 (1.5) 0 (0.0) 9 (3.0)

Gestational age (weeks) Mean (SD) 37.59 (1.53) 37.47 (1.43) 37.71 (1.62) 0.075
Birth weight (kg) Mean (SD) 3.09 (0.46) 3.18 (0.45) 3.00 (0.46) <0.001
Birth length (cm) Mean (SD) 45.19 (3.46) 45.95 (4.08) 44.53 (2.66) <0.001

Head circumference (cm) Mean (SD) 33.17 (1.83) 33.14 (1.94) 33.19 (1.72) 0.753
Ponderal index (kg/m3) Mean (SD) 3.43 (0.97) 3.44 (1.23) 3.43 (0.66) 0.874

SD: standard deviation of mean.

Participants ages ranged from 16 to 45 years, with a mean (SD) age of 24.8 (6.2) years.
Out of the 605 participants recruited, 308 pregnant women were recruited from urban
(Ndirande Health Centre) and 297 from rural (Chiradzulu and Thyolo district hospitals)
settings. In this regard, mean age of the pregnant women recruited from the urban setting
was almost 2 years older than those from rural areas, with a mean of 25.6 (SD = 6.7) and
23.9 (SD = 5.7) years of age, respectively. Similarly, the mean age of spouses from the urban
setting was 30.7 (SD = 6.4) versus 28.1 (SD = 7.8) for rural.
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The data showed a significant difference in gravidity, parity and educational levels
between the two groups. In this regard, nulliparity was significantly high in rural areas.
Para 1 and multiparty were statistically high in urban areas as compared to rural.

Over half (69.7%) of the women from the rural areas either did not attend any formal
school or were educated up to primary level only as compared to only 38.6% from the
urban area. Furthermore, a vast proportion (61.4%) of those recruited from the urban area
attained education up to secondary or tertiary level, while only 30.3% from the rural area
attained such levels. A high percentage of women (96.8%) residing in the urban areas
used tap water as their source of drinking water in comparison to only 8.1% from the
rural locations. Shallow wells and boreholes were the most common (44.1% and 45.5%,
respectively) sources of drinking water for the rural study participants.

A total of 572 neonates were recruited in this study. Out of this, 296 were boys (51.8%).
The mean birth weight, length and head circumference were 3.09 kg, 45.28 cm and 33.15
cm, respectively, in the overall sample. Detailed information about neonates according to
area of residence (urban versus rural) is also outlined in Table 1.

3.2. Maternal PFASs Serum Concentrations

Six out of the twenty-four PFASs analyzed compounds—PFOA, PFNA, PFDA, PFUDA,
SumPFHxS and SumPFOS—had detection limits of over 60% and hence were used for the
statistical analyses. Table 2 outlines the serum concentration in ng/mL of the above listed
6 PFASs. The highest PFAS median concentrations found in this study were 3.09 ng/mL
and 0.533 ng/mL for SumPFHxS and SumPFOS, with detection rates of 99.8% and 99.5%,
respectively. The lowest median concentration levels of all the PFASs assessed was 0.018
ng/mL for PFUDA. The measured maternal serum PFASs in descending order of median
concentration were SumPFHxS > SumPFOS > PFOA> PFDA> PFNA > PFUDA.

Table 2. Maternal serum concentrations (ng/mL) of PFASs.

Maternal Serum Concentrations (ng/mL) of PFASs (n = 565)

PFASs % > LOD Mean (SD) a Median (Min–Max)

PFOA 95.2 0.18 (0.31) 0.12 (0.002–2.66)
PFNA 96.3 0.05 (0.09) 0.04 (0.001–1.94)
PFDA 93.8 0.07 (0.05) 0.06 (0.002–0.490)

PFUDA 60.2 0.02 (0.02) 0.02 (0.002–0.160)
SumPFHxS 99.8 4.68 (4.59) 3.09 (0.001–28.3)
SumPFOS 99.5 1.40 (4.32) 0.53 (0.002–56.7)

a Arithmetic mean with standard deviation (SD). The limit of detection (LOD) > 60% of the samples.

3.3. PFASs in Serum and Maternal Characteristics

Multiple linear regression analysis of maternal sociodemographic/lifestyle character-
istics versus the concentrations of different PFASs provided a relatively comprehensive
description of the main maternal risk factors related to serum PFAS levels (Table 3).

Adjusted for maternal age, parity, maternal educational level, area of residence (urban
vs. rural) and source of drinking water, living in the rural setting was associated with
decreased maternal PFOA (β = −0.581; 95% CI: −0.957 to −0.204; p = 0.003), PFUDA
(β = −0.412; 95% CI −0.812 to −0.013; p = 0.043) and SumPFOS (β = −1.535; 95% CI:
−2.943 to −0.127; p = 0.003) serum concentrations. Conversely, high concentrations of
SumPFHxS were associated with living in rural areas (β = 1.715; 95% CI: 0.067 to 3.363;
p = 0.041). However, there was no statistically significant inverse association between
serum PFNA and PFDA concentrations and area of residence.
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Table 3. Multivariable linear regression of PFAS concentrations in blood serum and maternal characteristics.

Maternal Characteristics
Maternal Serum PFAS Concentrations a

n β (95% CI) p-Value

PFOA

Maternal age (years) 537 −0.005 (−0.025 to −0.015) 0.649
Parity 537

Para 0 Reference category
Para 1 0.278 (0.026 to 0.531) 0.031
Multiparity 0.105 (−0.190 to 0.401) 0.484

Education of mothers 537
None/primary Reference category
Secondary/tertiary 0.093 (−0.091 to 0.277) 0.32

Area of residence 537
Urban Reference category
Rural −0.581 (−0.957 to −0.204) 0.003

Source of drinking water 537
Tap Reference category
Lake/shallow well 0.645 (0.252 to 1.039) 0.001
Borehole −0.124 (−0.503 to 0.225) 0.521

PFNA

Maternal age (years) 537 0.005 (−0.012 to 0.022) 0.562
Parity 537

Para 0 Reference category
Para 1 0.117 (−0.098 to 0.331) 0.286
Multiparity 0.020 (−0.231 to 0.271) 0.874

Education of mothers 537
None/primary Reference category
Secondary/tertiary 0.020 (−0.136 to 0.176) 0.801

Area of residence 537
Urban Reference category
Rural −0.316 (−0.636 to 0.003) 0.052

Source of drinking water 537
Tap Reference category
Lake/shallow well 0.311 (−0.023 to 0.645) 0.068
Borehole 0.022 (−0.300 to 0.343) 0.895

PFDA

Maternal age (years) 537 −0.004 (−0.022 to 0.013) 0.65
Parity 537

Para 0 Reference category
Para 1 0.086 (−0.135 to 0.306) 0.445
Multiparity 0.099 (−0.160 to 0.358) 0.452

Education of mothers 537
None/primary Reference category
Secondary/tertiary 0.140 (−0.021 to 0.301) 0.089

Area of residence 537
Urban Reference category
Rural −0.170 (−0.500 to 0.159) 0.311

Source of drinking water 537
Tap Reference category
Lake/shallow well 0.058 (−0.286 to 0.402) 0.741
Borehole −0.155 (−0.487 to 0.177) 0.359

PFUDA

Maternal age (years) 537 0.007 (−0.014 to 0.028) 0.531
Parity 537

Para 0 Reference category
Para 1 0.022 (−0.246 to 0.290) 0.873
Multiparity −0.036 (−0.350 to 0.278) 0.822

Education of mothers 537
None/primary Reference category
Secondary/tertiary 0.128 (−0.067 to 0.323) 0.199

Area of residence 537
Urban Reference category
Rural −0.412 (−0.812 to −0.013) 0.043

Source of drinking water 537
Tap Reference category
Lake/shallow well −0.068 (−0.485 to 0.350) 0.749
Borehole −0.024 (−0.426 to 0.379) 0.908
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Table 3. Cont.

Maternal Characteristics
Maternal Serum PFAS Concentrations a

n β (95% CI) p-Value

SumPFHxS

Maternal age (years) 537 −0.057 (−0.145 to 0.031) 0.202
Parity 537

Para 0 Reference category
Para 1 −0.127 (−1.233 to 0.979) 0.822
Multiparity 0.386 (−0.908 to 1.680) 0.558

Education of mothers 537
None/primary Reference category
Secondary/tertiary −1.073 (−1.878 to −0.268) 0.009

Area of residence 537
Urban Reference category
Rural 1.715 (0.067 to 3.363) 0.041

Source of drinking water 537
Tap Reference category
Lake/shallow well −0.577 (−2.299 to 1.145) 0.511
Borehole 1.077 (−0.583 to 2.737) 0.203

SumPFOS

Maternal age (years) 537 0.037 (−0.038 to 0.112) 0.331
Parity 537

Para 0 Reference category
Para 1 −0.701 (−1.646 to 0.243) 0.145
Multiparity −0.866 (−1.972 to 0.240) 0.125

Education of mothers 537
None/primary Reference category
Secondary/tertiary −0.441 (−1.129 to 0.246) 0.209

Area of residence 537
Urban Reference category
Rural −1.535 (−2.943 to −0.127) 0.033

Source of drinking water 537
Tap Reference category
Lake/shallow well −0.145 (−1.616 to 1.326) 0.847
Borehole −0.348 (−1.767 to 0.071) 0.63

a Maternal blood PFAS concentrations were natural log-transformed. All association between PFAS concentrations
in serum and maternal characteristics were adjusted for maternal age, parity, maternal educational level, area of
residence (urban vs. rural) and source of drinking water.

3.4. PFAS Concentrations and Birth Outcomes

Multiple linear regression analysis of birth outcomes and maternal serum PFAS con-
centrations shows the possible associations between different maternal serum PFAS concen-
trations and birth weight, head circumference, birth length, gestational age and ponderal
index. These results were examined by multiple regression analysis while adjusting for ma-
ternal age, area of residence (urban vs. rural), maternal educational level, parity and source
of drinking water (Table 4). A statistically significant inverse association was observed
between the natural log-transformed maternal serum of PFOA concentrations (In_PFOA)
and head circumference (β = −0.056; 95% CI: −0.109 to −0.002; p = 0.043). Similarly, a
negative association was also observed between In_PFOA and birth length (β = −0.049; 95%
CI: −0.077 to −0.022; p < 0.001). Conversely, a positive association was observed between
In_PFOA and ponderal index (β = 0.136; 95% CI: 0.040 to 0.233; p = 0.005). No associations
were observed between In_PFOA and birth weight or gestational age in both models.

There was a statistically significant negative relationship between natural log-transformed
maternal serum PFNA concentrations (In_PFNA) and head circumference (β = −0.080; 95%
CI: −0.125 to −0.035; p = 0.001). Similarly, negative associations were also observed between
In_PFNA and birth length (β = −0.033; 95 CI: −0.057 to −0.010; p = 0.005) and gestational
age (β = −0.083; 95% CI: −0.141 to −0.023; p = 0.005). However, there was no statistically
significant association between In_PFNA and birth weight and ponderal index. Furthermore,
a statistically significant negative association was observed between natural log of maternal
serum SumPFHxS (In_SumPFHxS) concentrations and birth weight (β = −0.189; 95% CI:
−0.371 to −0.006; p = 0.043). Similarly, an inverse statistically significant association was
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observed between In_SumPFHxS and ponderal index (β = −0.090; 95% CI: −0.175 to −0.005;
p = 0.037).

Table 4. Multivariable analysis results of linear regression analysis measuring effects of maternal
serum PFAS concentrations on birth outcomes.

Outcomes
Maternal Serum PFAS Concentrations a

n β (95% CI) p-Value

PFOA

Head Circumference (cm) 478 −0.056 (−0.109 to −0.002) 0.043
Birth Length(cm) 478 −0.049 (−0.077 to −0.022) <0.001
Birth Weight (kg) 508 −0.067 (−0.272 to 0.138) 0.523

Gestational Age (weeks) 480 −0.036 (−0.103 to 0.032) 0.298
Ponderal Index (kg/m3) 477 0.136 (0.040 to 0.233) 0.005

PFNA

Head Circumference (cm) 478 −0.080 (−0.125 to −0.035) 0.001
Birth Length(cm) 478 −0.033 (−0.057 to −0.010) 0.005
Birth Weight (kg) 508 −0.171 (−0.346 to 0.003) 0.054

Gestational Age (weeks) 480 −0.083 (−0.141 to −0.023) 0.005
Ponderal Index (kg/m3) 477 0.035 (−0.050 to 0.116) 0.404

PFDA

Head Circumference (cm) 478 0.012 (−0.033 to 0.057) 0.597
Birth Length(cm) 478 0.012 (−0.012 to 0.035) 0.33
Birth Weight (kg) 508 0.038 (−0.139 to 0.25) 0.673

Gestational Age (weeks) 480 −0.016 (−0.075 to 0.043) 0.589
Ponderal Index (kg/m3) 489 −0.39 (−0.119 to 0.041) 0.340

PFUDA

Head Circumference (cm) 478 0.019 (−0.036 to 0.075) 0.494
Birth Length(cm) 478 0.001 (−0.027 to 0.030) 0.924
Birth Weight (kg) 508 0.052 (−0.165 to 0.269) 0.636

Gestational Age (weeks) 480 −0.0122 (−0.083 to 0.059) 0.735
Ponderal Index (kg/m3) 477 −0.026 (−0.125 to 0.074) 0.608

SumPFHxS

Head Circumference (cm) 478 0.048 (0.001 to 0.095) 0.045
Birth Length(cm) 478 0.014 (−0.011 to 0.038) 0.265
Birth Weight (kg) 508 −0.189 (−0.371 to −0.006) 0.043

Gestational Age (weeks) 480 −0.160 (−0.076 to 0.044) 0.600
Ponderal Index (kg/m3) 477 −0.090 (−0.175 to −0.005) 0.037

SumPFOS

Head Circumference (cm) 478 −0.036 (−0.087 to 0.014) 0.153
Birth Length(cm) 478 −0.012 (−0.038 to 0.014) 0.348
Birth Weight (kg) 508 −0.261 (−0.457 to −0.064) 0.009

Gestational Age (weeks) 490 −0.119 (−0.183 to −0.055) <0.001
Ponderal Index (kg/m3) 477 −0.245 (−0.115 to 0.065) 0.591

a Maternal blood PFAS concentrations were natural log-transformed. All associations between birth outcomes and
PFAS levels in model A were adjusted for maternal age, area of residence (urban vs. rural), maternal educational
level, parity and source of drinking water.

Another statistically significant negative association was observed between the natural
log of SumPFOS (In_SumPFOS) serum concentrations and birth weight (β = −0.261; 95%
CI: −0.457 to −0.064; p = 0.009). An inverse association was also observed between
In_SumPFOS and gestational age (β = −0.119; 95% CI: −0.183 to −0.055; p < 0.001).
Conversely, statistically significant positive associations were observed between In_PFOA
and ponderal index (β = 0.136; 95% CI: 0.040 to 0.233; p = 0.005). A similar trend was also
detected between In_SumPFHxS and head circumference (β = 0.048; 95% CI: 0.001 to 0.095;
p = 0.045).

4. Discussion

Area of residence was the main determinant of maternal serum PFAS, with higher con-
centrations registered from urban settings than from rural areas. Increased concentrations
of some maternal serum PFASs (i.e., PFOA, PFNA, SumPFHxS and SumPFOS) were mostly
inversely associated with some, but not all, birth outcomes. There were very few notable
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positive associations between PFASs and birth outcomes as follows: SumPFHxS with head
circumference (cm) and PFOA with ponderal index.

Maternal serum PFOA, PFDA and PFUDA concentrations observed in this study were
lower compared to other studies from Sweden, Norway, Canada, Spain, Russia, Uzbekistan
and Denmark [25–31]. In addition, PFOA and PFNA concentrations were also lower than
those observed in a South African study [32]. In this regard, the results from the present
study are suggestive of the effects of year of sampling and different lifestyles between
Malawi and the other areas that were used for comparison. For instance, most women
recruited in this study reported either local production or local markets (99.3%) as their
main source of food for consumption, with only 0.7% of women reporting consumption of
supermarket and imported foods. The above result adds weight to suggestions from other
studies conducted in North America and Europe which concluded that imported food,
fast food, and preprepared food packed in food packaging material are the main source of
PFAS exposure. However, the maternal serum PFNA concentrations observed in our study
were close to the results found in the Estudio del Medio Ambiente y la Salud Reproductiva
(EMASAR) study that compared PFAS concentrations in maternal serum between two
different regions in Argentina, Ushuaia and Salta [33]. Nevertheless, they were slightly low
as compared to the results from a Norwegian study conducted by Berg et al. [26].

The median for maternal SumPFOS concentrations observed in the present study
(0.533 ng/mL) was slightly lower that the levels observed in Ushuaia and Salta (0.84 and
0.70 ng/mL, respectively) regions in Argentina [33]. However, the levels detected are very
low as compared to results from a study conducted by Starling et al. (12.9 ng/mL) in
Norway [29]. The underlying reasons for such a difference could be due to the different
lifestyles between the areas. As already discussed above, our sample constituted women
that predominantly use local production and local markets as their main source of food
as compared to both Argentina and Norway, hence the lower probability of exposure to
SumPFOS. In contrast, the maternal serum SumPFHxS concentrations observed in our
study were very high as compared to other studies conducted elsewhere. For instance, the
median SumPFHxS in our study was 3.09 ng/mL against 0.18 ng/mL and 0.22 ng/mL for
Ushuaia and Salta, respectively, in Argentina.

Area of residence was one of the main determinants for the blood serum PFAS con-
centrations, with higher blood serum PFOA and PFNA concentrations detected in those
living in urban areas than those living in rural areas. This difference could be explained by
differences in socioeconomic conditions and lifestyles, including dietary habits. PFASs are
used in many industrial and consumer applications such as textile impregnation, paper
production, fire-fighting foam, lubricants production and electroplating [2]. These com-
pounds are more likely to be produced and used in urban settings. In this regard, the odds
of exposure to these compounds to mothers residing in the urban areas is expected to be
high as compared to rural settings.

Drinking water is known to be one of the main sources of PFASs exposure for hu-
mans [34–37]. In this regard, the source of drinking water could also be the reason for
elevated serum PFAS concentrations in urban study participants. The majority of urban
study participants recruited use tap water (surface water) as a source of drinking water.
Boreholes (ground water) are the main source of drinking water for their counterparts from
the rural setting. However, there is a need for further studies to assess the level of PFASs
between tap and borehole water to evaluate this hypothesis.

Various research studies have shown that both PFOA and PFOS can cross the placental
barrier [38–44] and affect neonate birth weight, birth length and gestational age. In this
regard, high PFAS concentration in the placenta may presumably restrict fetal growth.
The results of the present study did not show a clear association between PFOA and birth
weight (p > 0.05). These results are consistent with the Brazilian Ribeirão Preto (BRISA)
study and a systematic review that included results from nine different studies that found
no significant association between PFOA and birth weight [45,46]. In contrast, we observed
an inverse association between SumPFOS and birth weight (p = 0.009). Similarly, the
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meta-analysis of 23 papers conducted by Yang et al. [47] also found a negative association
between PFOS and birth weight. SumPFOS was also indicated to be inversely associated
with gestational age (p < 0.001). However, the results showed a statistically significant
inverse association between maternal serum PFOA concentrations and head circumference.
Furthermore, there was also an inverse association between PFOA concentrations and
length at birth.

Increased maternal serum PFNA concentrations in the present study were statistically
associated with low birth weight. This finding was similar to the study conducted in Spain
by Manzano-Salgado et al. [19]. However, our findings become statistically nonsignificant
after adding source of drinking water to the line of covariates. This could be due to
confounding of the association by source of drinking water.

Maternal serum SumPFHxS concentrations showed a statistically significant associa-
tion with low level of education. This association may be reflective of behavior and lifestyle
factors associated with socioeconomic status. Unexpectedly, a statistically significant pos-
itive association was observed between maternal SumPFHxS concentrations and head
circumference. This is in contrast to a study by Xiao et al. [48] that observed an inverse as-
sociation between PFHxS and head circumference. Furthermore, another study conducted
in the Spanish cohort did not find any association between the two variables [19]. The
differences in the results between the current study and the other two could be explained
by different sample sizes and the methodologies that were used. In this regard, there is
a need for more research assessing the relationship between individual PFASs and head
circumference. No statistically significant associations were observed between parity and
each of the PFASs assessed in the present study. These findings are in contrast to other
studies that observed significantly higher PFOA concentrations in nulliparous compared to
multiparous women [49,50].

Our study has several important strengths. To our knowledge, this is the first study
assessing PFAS concentrations in delivering women from Malawi. In this regard, our study
provides highly valuable benchmark information on PFAS exposure status of delivering
women from Malawi. Furthermore, our study contributes to a body of knowledge on
the rather underrepresented research area on PFAS from the African continent. Different
socioeconomic status and lifestyle sites were included in the present study, hence providing
a representative sample for all settings. Furthermore, we measured a panel of 24 PFASs,
including PFDA, PFNA and PFHxS, which have not been as extensively studied as PFOA
and PFOS. We also acknowledge several limitations of our study. The number of patients
assessed for eligibility matched the sample size calculation. However, some participants
refused to have their blood sample collected, which reduced the total number of data
analyzed in the final data set. However, we assumed that this would not have a significant
effect on the power of the current study.

5. Conclusions

The present study explores and presents PFAS concentrations among delivering
women in Malawi. Area of residence was the predictor for high concentrations of PFASs
detected in serum of women from urban settings. Maternal serum PFAS concentrations
were associated with some but not all birth outcomes. PFAS concentrations assessed in
the present study, except SumPFHxS, are lower as compared to other parts of the world.
Follow-up studies are needed to evaluate the association between the source of drinking
water and maternal serum PFAS concentrations. There is a need to conduct further investi-
gations on PFHxS as it follows a totally different pattern compared to similar compounds
and many other cohorts.



Int. J. Environ. Res. Public Health 2023, 20, 1689 12 of 14

Author Contributions: Conceptualization, M.M. and J.Ø.O.; methodology, M.M., J.Ø.O., H.R. and
S.H.; data collection, M.M. and B.M.C.; validation, J.Ø.O., S.H. and S.X.; formal analysis, M.M., A.C.
and S.X.; data curation, M.M. and S.X.; data interpretation, M.M., A.C., S.X. and S.H.; resources,
J.Ø.O.; writing—original draft preparation, M.M.; writing—review and editing, M.M., S.X., S.H.,
B.M.C., A.M. and M.L.O.; visualization, M.M., S.X. and S.H.; supervision, J.Ø.O., H.R. and A.M.;
project administration, J.Ø.O. and A.M.; funding acquisition, J.Ø.O. All authors have read and agreed
to the published version of the manuscript.

Funding: This study was funded by Norwegian University of Science and Technology (NTNU) grant
number 90380701 and Northern Norway Regional Health Authority (Helse Nord) grant number
2019/995. The funders had no role in study design or the collection, analysis and interpretation of
data. They also had no role in writing the manuscript or in the decision to publish the results.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki, and ethical approval was obtained from the college of medicine research and ethics
committee (COMREC)-Malawi (P.11/18/2546) and REK-Norway (# 355656 2020).

Informed Consent Statement: Informed consent was obtained from all participants involved in the study.

Data Availability Statement: Data will be made available upon reasonable request to the correspond-
ing author.

Acknowledgments: Our appreciation and gratitude go to laboratory managers Lydia Moyo and
Jones Kadewere for coordinating sample collection; research nurses Eunice Makwinja, Matilda Tewesa
and Chifundo Mpawa for obtaining consent and administering study questionnaires; laboratory
scientists Christopher Khungwa, Yohane Chisale and Ollings Mughandira and laboratory technicians
Judith Mponda, Dyson Pindeni, Agnale Jumbe and Jamester Chilunjika for assisting in sample
collection and storage; Cythia Amin for questionnaire data entry and management; and laboratory
technicians at the University Hospital of North Norway Merete Linchausen Skar, Christina Ripman
Hansen and Arntraut Götsch for PFAS analysis. We also thank the University Hospital North Norway,
Department of Laboratory Medicine, and the Northern Norway Regional Health Authority (Helse
Nord) for financial support of the PFAS analysis.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in study
design or the collection, analysis and interpretation of data. They also had no role in writing the
manuscript or in the decision to publish the results.

References
1. Buck, R.C.; Franklin, J.; Berger, U.; Conder, J.M.; Cousins, I.T.; De Voogt, P.; Jensen, A.A.; Kannan, K.; Mabury, S.A.; van Leeuwen,

S.P. Perfluoroalkyl and polyfluoroalkyl substances in the environment: Terminology, classification, and origins. Integr. Environ.
Assess. Manag. 2011, 7, 513–541. [CrossRef]

2. Glüge, J.; Scheringer, M.; Cousins, I.T.; DeWitt, J.C.; Goldenman, G.; Herzke, D.; Lohmann, R.; Ng, C.A.; Trier, X.; Wang, Z. An
overview of the uses of per- and polyfluoroalkyl substances (PFAS). Environ. Sci. 2020, 22, 2345–2373. [CrossRef]

3. Kotthoff, M.; Müller, J.; Jürling, H.; Schlummer, M.; Fiedler, D. Perfluoroalkyl and polyfluoroalkyl substances in consumer
products. Environ. Sci. Pollut. Res. 2015, 22, 14546–14559. [CrossRef]

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

5. Lin, Y.; Jiang, J.-J.; Rodenburg, L.A.; Cai, M.; Wu, Z.; Ke, H.; Chitsaz, M. Perfluoroalkyl substances in sediments from the Bering
Sea to the western Arctic: Source and pathway analysis. Environ. Int. 2020, 139, 105699. [CrossRef]

6. Muir, D.; Bossi, R.; Carlsson, P.; Evans, M.; De Silva, A.; Halsall, C.; Rauert, C.; Herzke, D.; Hung, H.; Letcher, R. Levels and trends
of poly-and perfluoroalkyl substances in the Arctic environment–An update. Emerg. Contam. 2019, 5, 240–271. [CrossRef]

7. Nash, S.B.; Rintoul, S.R.; Kawaguchi, S.; Staniland, I.; van den Hoff, J.; Tierney, M.; Bossi, R. Perfluorinated compounds in the
Antarctic region: Ocean circulation provides prolonged protection from distant sources. Environ. Pollut. 2010, 158, 2985–2991.
[CrossRef]

8. Rotondo, J.C.; Giari, L.; Guerranti, C.; Tognon, M.; Castaldelli, G.; Fano, E.A.; Martini, F. Environmental doses of perfluorooctanoic
acid change the expression of genes in target tissues of common carp. Environ. Toxicol. Chem. 2018, 37, 942–948. [CrossRef]

9. Agency for Toxic Substances and Disease Registry (ATSDR). Per- and Polyfluoroalkyl Substances (PFAS) and Your Health; ATSDR:
Atlanta, GA, USA, 2020.

http://doi.org/10.1002/ieam.258
http://doi.org/10.1039/D0EM00291G
http://doi.org/10.1007/s11356-015-4202-7
http://doi.org/10.1289/ehp.10009
http://doi.org/10.1016/j.envint.2020.105699
http://doi.org/10.1016/j.emcon.2019.06.002
http://doi.org/10.1016/j.envpol.2010.05.024
http://doi.org/10.1002/etc.4029


Int. J. Environ. Res. Public Health 2023, 20, 1689 13 of 14

10. Liu, G.; Dhana, K.; Furtado, J.D.; Rood, J.; Zong, G.; Liang, L.; Qi, L.; Bray, G.A.; DeJonge, L.; Coull, B.; et al. Perfluoroalkyl
substances and changes in body weight and resting metabolic rate in response to weight-loss diets: A prospective study. PLoS
Med. 2018, 15, e1002502. [CrossRef]

11. Braun, J.M. Early-life exposure to EDCs: Role in childhood obesity and neurodevelopment. Nat. Rev. Endocrinol. 2017, 13, 161–173.
[CrossRef]

12. Kielsen, K.; Shamim, Z.; Ryder, L.P.; Nielsen, F.; Grandjean, P.; Budtz-Jørgensen, E.; Heilmann, C. Antibody response to booster
vaccination with tetanus and diphtheria in adults exposed to perfluorinated alkylates. J. Immunotoxicol. 2016, 13, 270–273.
[CrossRef]

13. Bravo, N.; Hansen, S.; Økland, I.; Garí, M.; Álvarez, M.V.; Matiocevich, S.; Odland, J.-Ø.; Grimalt, J.O. Influence of maternal and
sociodemographic characteristics on the accumulation of organohalogen compounds in Argentinian women. The EMASAR study.
Environ. Res. 2017, 158, 759–767. [CrossRef]

14. Blake, B.E.; Fenton, S.E. Early life exposure to per- and polyfluoroalkyl substances (PFAS) and latent health outcomes: A review
including the placenta as a target tissue and possible driver of peri- and postnatal effects. Toxicology 2020, 443, 152565. [CrossRef]

15. Ashley-Martin, J.; Dodds, L.; Arbuckle, T.E.; Bouchard, M.F.; Fisher, M.; Morriset, A.-S.; Monnier, P.; Shapiro, G.D.; Ettinger, A.S.;
Dallaire, R. Maternal Concentrations of Perfluoroalkyl Substances and Fetal Markers of Metabolic Function and Birth Weight-The
Maternal-Infant Research on Environmental Chemicals (MIREC) Study. Am. J. Epidemiol. 2017, 185, 185–193.

16. Bach, C.C.; Bech, B.H.; Brix, N.; Nohr, E.A.; Bonde, J.P.E.; Henriksen, T.B. Perfluoroalkyl and polyfluoroalkyl substances and
human fetal growth: A systematic review. Crit. Rev. Toxicol. 2015, 45, 53–67. [CrossRef]

17. Sagiv, S.K.; Rifas-Shiman, S.L.; Fleisch, A.F.; Webster, T.F.; Calafat, A.M.; Ye, X.; Gillman, M.W.; Oken, E. Early-pregnancy plasma
concentrations of perfluoroalkyl substances and birth outcomes in project viva: Confounded by pregnancy hemodynamics? Am.
J. Epidemiol. 2018, 187, 793–802. [CrossRef]

18. Marks, K.J.; Cutler, A.J.; Jeddy, Z.; Northstone, K.; Kato, K.; Hartman, T.J. Maternal serum concentrations of perfluoroalkyl
substances and birth size in British boys. Int. J. Hyg. Environ. Health. 2019, 222, 889–895. [CrossRef]

19. Manzano-Salgado, C.B.; Casas, M.; Lopez-Espinosa, M.-J.; Ballester, F.; Iñiguez, C.; Martinez, D.; Costa, O.; Santa-Marina, L.;
Pereda-Pereda, E.; Schettgen, T. Prenatal exposure to perfluoroalkyl substances and birth outcomes in a Spanish birth cohort.
Environ. Int. 2017, 108, 278–284. [CrossRef]

20. Chen, L.; Tong, C.; Huo, X.; Zhang, J.; Tian, Y.; Cohort, S.B. Prenatal exposure to perfluoroalkyl and polyfluoroalkyl substances
and birth outcomes: A longitudinal cohort with repeated measurements. Chemosphere 2021, 267, 128899. [CrossRef]

21. Gardener, H.; Sun, Q.; Grandjean, P. PFAS concentration during pregnancy in relation to cardiometabolic health and birth
outcomes. Environ. Res. 2021, 192, 110287. [CrossRef]

22. Pelch, K. WHO’s PFAS Guidance May Increase Global Health Inequities. Available online: https://www.nrdc.org/experts/katie-
pelch/whos-pfas-guidance-may-increase-global-health-inequities (accessed on 9 January 2022).

23. The Centre de Toxicologie du Québec. Procedure for Collecting and Sending Plasma or Serum Samples; Institut National de Santé
Publique du Québec: Québec, QC, Canada, 2022; Volume 2023.

24. Huber, S.; Brox, J. An automated high-throughput SPE micro-elution method for perfluoroalkyl substances in human serum.
Anal. Bioanal. Chem. 2015, 407, 3751–3761. [CrossRef]

25. Wikström, S.; Lindh, C.H.; Shu, H.; Bornehag, C.-G. Early pregnancy serum levels of perfluoroalkyl substances and risk of
preeclampsia in Swedish women. Sci. Rep. 2019, 9, 9179. [CrossRef]

26. Berg, V.; Nøst, T.H.; Huber, S.; Rylander, C.; Hansen, S.; Veyhe, A.S.; Fuskevåg, O.M.; Odland, J.Ø.; Sandanger, T.M. Maternal
serum concentrations of per-and polyfluoroalkyl substances and their predictors in years with reduced production and use.
Environ. Int. 2014, 69, 58–66. [CrossRef]

27. Webster, G.M.; Venners, S.A.; Mattman, A.; Martin, J.W. Associations between perfluoroalkyl acids (PFASs) and maternal thyroid
hormones in early pregnancy: A population-based cohort study. Environ. Res. 2014, 133, 338–347. [CrossRef]

28. Matilla-Santander, N.; Valvi, D.; Lopez-Espinosa, M.-J.; Manzano-Salgado, C.B.; Ballester, F.; Ibarluzea, J.; Santa-Marina, L.;
Schettgen, T.; Guxens, M.; Sunyer, J. Exposure to perfluoroalkyl substances and metabolic outcomes in pregnant women: Evidence
from the Spanish INMA birth cohorts. Environ. Health Perspect. 2017, 125, 117004. [CrossRef]

29. Starling, A.P.; Engel, S.M.; Richardson, D.B.; Baird, D.D.; Haug, L.S.; Stuebe, A.M.; Klungsøyr, K.; Harmon, Q.; Becher,
G.; Thomsen, C. Perfluoroalkyl substances during pregnancy and validated preeclampsia among nulliparous women in the
Norwegian Mother and Child Cohort Study. Am. J. Epidemiol. 2014, 179, 824–833. [CrossRef]

30. Valvi, D.; Oulhote, Y.; Weihe, P.; Dalgård, C.; Bjerve, K.S.; Steuerwald, U.; Grandjean, P. Gestational diabetes and offspring birth
size at elevated environmental pollutant exposures. Environ. Int. 2017, 107, 205–215. [CrossRef]

31. Hanssen, L.; Dudarev, A.A.; Huber, S.; Odland, J.Ø.; Nieboer, E.; Sandanger, T.M. Partition of perfluoroalkyl substances (PFASs)
in whole blood and plasma, assessed in maternal and umbilical cord samples from inhabitants of arctic Russia and Uzbekistan.
Sci. Total Environ. 2013, 447, 430–437. [CrossRef]

32. Hanssen, L.; Röllin, H.; Odland, J.Ø.; Moe, M.K.; Sandanger, T.M. Perfluorinated compounds in maternal serum and cord blood
from selected areas of South Africa: Results of a pilot study. J. Environ. Monit. 2010, 12, 1355–1361. [CrossRef]

33. Holum, C.S. Serum Concentrations of Per-and Polyfluoroalkyl Substances (PFASs) among Pregnant and Delivering Women:
A Comparison between the EMASAR Study and Existing Literature. Master’s Thesis, Norwegian University of Science and
Technology, Trondheim, Norway, 2020.

http://doi.org/10.1371/journal.pmed.1002502
http://doi.org/10.1038/nrendo.2016.186
http://doi.org/10.3109/1547691X.2015.1067259
http://doi.org/10.1016/j.envres.2017.07.033
http://doi.org/10.1016/j.tox.2020.152565
http://doi.org/10.3109/10408444.2014.952400
http://doi.org/10.1093/aje/kwx332
http://doi.org/10.1016/j.ijheh.2019.03.008
http://doi.org/10.1016/j.envint.2017.09.006
http://doi.org/10.1016/j.chemosphere.2020.128899
http://doi.org/10.1016/j.envres.2020.110287
https://www.nrdc.org/experts/katie-pelch/whos-pfas-guidance-may-increase-global-health-inequities
https://www.nrdc.org/experts/katie-pelch/whos-pfas-guidance-may-increase-global-health-inequities
http://doi.org/10.1007/s00216-015-8601-x
http://doi.org/10.1038/s41598-019-45483-7
http://doi.org/10.1016/j.envint.2014.04.010
http://doi.org/10.1016/j.envres.2014.06.012
http://doi.org/10.1289/EHP1062
http://doi.org/10.1093/aje/kwt432
http://doi.org/10.1016/j.envint.2017.07.016
http://doi.org/10.1016/j.scitotenv.2013.01.029
http://doi.org/10.1039/b924420d


Int. J. Environ. Res. Public Health 2023, 20, 1689 14 of 14

34. Blake, B.E.; Pinney, S.M.; Hines, E.P.; Fenton, S.E.; Ferguson, K.K. Associations between longitudinal serum perfluoroalkyl
substance (PFAS) levels and measures of thyroid hormone, kidney function, and body mass index in the Fernald Community
Cohort. Environ. Pollut. 2018, 242, 894–904. [CrossRef]

35. Pan, Y.; Zhang, H.; Cui, Q.; Sheng, N.; Yeung, L.W.; Guo, Y.; Sun, Y.; Dai, J. First report on the occurrence and bioaccumulation of
hexafluoropropylene oxide trimer acid: An emerging concern. Environ. Sci. Technol. 2017, 51, 9553–9560. [CrossRef] [PubMed]

36. Kaboré, H.A.; Duy, S.V.; Munoz, G.; Méité, L.; Desrosiers, M.; Liu, J.; Sory, T.K.; Sauvé, S. Worldwide drinking water occurrence
and levels of newly-identified perfluoroalkyl and polyfluoroalkyl substances. Sci. Total Environ. 2018, 616, 1089–1100. [CrossRef]
[PubMed]

37. Schwanz, T.G.; Llorca, M.; Farré, M.; Barceló, D. Perfluoroalkyl substances assessment in drinking waters from Brazil, France and
Spain. Sci. Total Environ. 2016, 539, 143–152. [CrossRef] [PubMed]

38. Viberg, H.; Eriksson, P. Perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA). In Reproductive and Developmental
Toxicology; Elsevier: Amsterdam, The Netherlands, 2011; pp. 623–635.

39. Zhang, T.; Sun, H.; Lin, Y.; Qin, X.; Zhang, Y.; Geng, X.; Kannan, K. Distribution of poly-and perfluoroalkyl substances in matched
samples from pregnant women and carbon chain length related maternal transfer. Environ. Sci. Technol. 2013, 47, 7974–7981.
[CrossRef] [PubMed]

40. Fei, C.; McLaughlin, J.K.; Tarone, R.E.; Olsen, J. Perfluorinated chemicals and fetal growth: A study within the Danish National
Birth Cohort. Environ. Health Perspect. 2007, 115, 1677–1682. [CrossRef]

41. Ghassabian, A.; Bell, E.M.; Ma, W.-L.; Sundaram, R.; Kannan, K.; Louis, G.M.B.; Yeung, E. Concentrations of perfluoroalkyl
substances and bisphenol A in newborn dried blood spots and the association with child behavior. Environ. Pollut. 2018,
243, 1629–1636. [CrossRef]

42. Lauritzen, H.B.; Larose, T.L.; Øien, T.; Sandanger, T.M.; Odland, J.Ø.; Van De Bor, M.; Jacobsen, G.W. Maternal serum levels of
perfluoroalkyl substances and organochlorines and indices of fetal growth: A Scandinavian case–cohort study. Pediatr. Res. 2017,
81, 33–42. [CrossRef]

43. Yang, J.; Wang, H.; Du, H.; Xu, L.; Liu, S.; Yi, J.; Qian, X.; Chen, Y.; Jiang, Q.; He, G. Factors associated with exposure of pregnant
women to perfluoroalkyl acids in North China and health risk assessment. Sci. Total Environ. 2019, 655, 356–362. [CrossRef]

44. Costa, O.; Iñiguez, C.; Manzano-Salgado, C.B.; Amiano, P.; Murcia, M.; Casas, M.; Irizar, A.; Basterrechea, M.; Beneito, A.;
Schettgen, T. First-trimester maternal concentrations of polyfluoroalkyl substances and fetal growth throughout pregnancy.
Environ. Int. 2019, 130, 104830. [CrossRef]

45. Souza, M.C.O.; Saraiva, M.C.P.; Honda, M.; Barbieri, M.A.; Bettiol, H.; Barbosa, F.; Kannan, K. Exposure to per-and polyfluorinated
alkyl substances in pregnant Brazilian women and its association with fetal growth. Environ. Res. 2020, 187, 109585. [CrossRef]

46. Steenland, K.; Barry, V.; Savitz, D. Serum perfluorooctanoic acid and birthweight: An updated meta-analysis with bias analysis.
Epidemiology 2018, 29, 765–776. [CrossRef] [PubMed]

47. Yang, Z.; Liu, H.-y.; Yang, Q.-y.; Chen, X.; Li, W.; Leng, J.; Tang, N.-j. Associations between exposure to perfluoroalkyl substances
and birth outcomes: A meta-analysis. Chemosphere 2021, 291, 132909. [CrossRef] [PubMed]

48. Xiao, C.; Grandjean, P.; Valvi, D.; Nielsen, F.; Jensen, T.K.; Weihe, P.; Oulhote, Y. Associations of exposure to perfluoroalkyl
substances with thyroid hormone concentrations and birth size. J. Clin. Endocrinol. Metab. 2020, 105, 735–745. [CrossRef]
[PubMed]

49. Lee, Y.J.; Kim, M.-K.; Bae, J.; Yang, J.-H. Concentrations of perfluoroalkyl compounds in maternal and umbilical cord sera and
birth outcomes in Korea. Chemosphere 2013, 90, 1603–1609. [CrossRef]

50. Shu, H.; Lindh, C.H.; Wikström, S.; Bornehag, C.-G. Temporal trends and predictors of perfluoroalkyl substances serum levels in
Swedish pregnant women in the SELMA study. PLoS ONE 2018, 13, e0209255. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.envpol.2018.07.042
http://doi.org/10.1021/acs.est.7b02259
http://www.ncbi.nlm.nih.gov/pubmed/28780851
http://doi.org/10.1016/j.scitotenv.2017.10.210
http://www.ncbi.nlm.nih.gov/pubmed/29100694
http://doi.org/10.1016/j.scitotenv.2015.08.034
http://www.ncbi.nlm.nih.gov/pubmed/26360456
http://doi.org/10.1021/es400937y
http://www.ncbi.nlm.nih.gov/pubmed/23777259
http://doi.org/10.1289/ehp.10506
http://doi.org/10.1016/j.envpol.2018.09.107
http://doi.org/10.1038/pr.2016.187
http://doi.org/10.1016/j.scitotenv.2018.11.042
http://doi.org/10.1016/j.envint.2019.05.024
http://doi.org/10.1016/j.envres.2020.109585
http://doi.org/10.1097/EDE.0000000000000903
http://www.ncbi.nlm.nih.gov/pubmed/30063543
http://doi.org/10.1016/j.chemosphere.2021.132909
http://www.ncbi.nlm.nih.gov/pubmed/34785180
http://doi.org/10.1210/clinem/dgz147
http://www.ncbi.nlm.nih.gov/pubmed/31665456
http://doi.org/10.1016/j.chemosphere.2012.08.035
http://doi.org/10.1371/journal.pone.0209255

	Introduction 
	Materials and Methods 
	Study Design and Study Population 
	Data Collection and Management 
	Serum Blood Sample Collection and Preliminary Analysis 
	Serum Sample Analysis 
	Measurement of Birth Outcomes 
	Statistical Analysis 
	Ethical Considerations 

	Results 
	Maternal Sociodemographic Data and Neonate Birth Characteristics 
	Maternal PFASs Serum Concentrations 
	PFASs in Serum and Maternal Characteristics 
	PFAS Concentrations and Birth Outcomes 

	Discussion 
	Conclusions 
	References

