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Abstract

Background

Early-life exposure to per- and polyfluoroalkyl substances (PFAS) may impact the
developing lungs and immune system and increase the risk of childhood asthma, but
no studies have been conducted in a high-exposed population. The objective of this
study was to estimate associations between prenatal PFAS exposure and childhood
incidence of asthma and wheeze in Blekinge County, Sweden, where a subset of res-
idents in the city of Ronneby was exposed to PFAS from drinking water contaminated
by aqueous film-forming foam (AFFF).

Methods and findings

We constructed a register-based open cohort of 11,488 children born in Blekinge
county between 2006 and 2013 and followed each individual from birth until age

12 or December 31, 2022. Maternal address history was linked to water distribu-
tion records to create a categorical proxy variable for prenatal PFAS exposure from
drinking water. We identified incident cases of wheeze and asthma from adminis-
trative health records and estimated hazard ratios (HRs) using Cox proportional
hazards models adjusted for individual-level confounders, including maternal smok-
ing in early pregnancy, maternal age at delivery, parity, child sex, parental asthma,
and socioeconomic factors. As a secondary analysis, we applied a Rubin Causal
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Model (RCM) analysis to estimate the average marginal effect of prenatal PFAS
exposure on wheeze and asthma among the very highly-exposed population, using
a matched dataset of very-high and background-exposed individuals balanced on
measured confounders. Overall, 18% of children were diagnosed with wheeze and
17% with asthma during follow-up. Very high prenatal PFAS exposure was associ-
ated with incidence of asthma (HR: 1.44, 95% CI [1.08, 1.92]), whereas no associa-
tions were observed for the high or intermediate exposure groups or for wheeze. In
the RCM analysis, the estimated cumulative incidence of asthma was 16.1% in the
background-exposed group and 26.7% in the very highly exposed group (Fisherian
p<0.001). Study limitations include reliance on an address-based categorical proxy
for prenatal PFAS exposure, which likely results in non-differential exposure misclas-
sification and limits the ability to distinguish prenatal from early-childhood exposure
effects.

Conclusions

In this study, very high prenatal PFAS exposure was associated with a higher inci-
dence of childhood asthma. Although these results should be replicated, they suggest
an important public health impact of AFFF-associated PFAS contamination.

Author summary
Why was this study done?

+ Per- and polyfluoroalkyl substances (PFAS) are environmental contaminants that
can affect the immune system and may contribute to the development of asthma.

» Previous epidemiological studies of PFAS and asthma have had inconclusive
results and have mainly included populations exposed to low levels of PFAS.

» We investigated this question in Ronneby, a town in southern Sweden where
some residents were exposed to very high PFAS levels via contaminated drink-
ing water for over 30 years.

What did the researchers do and find?

» We used Swedish national health and population registers to follow 11,488 chil-
dren born in Blekinge County between 2006 and 2013, including children from
Ronneby who were exposed to PFAS.

+ We estimated prenatal exposure using mothers’ residential address history and
identified asthma diagnoses and prescriptions from medical records.

+ Children with very high prenatal PFAS exposure had a higher incidence of
asthma than children with low exposure, even after accounting for family and
socioeconomic factors.
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causal model; RECORD, Reporting of Studies
Conducted using Observational Routinely-
Collected Data.

What do these findings mean?

» These findings suggest that very high exposure to PFAS is associated with a
higher incidence of asthma in children.

» Because effects were only seen at very high exposure levels, the results may not
apply to populations exposed to lower PFAS levels.

» Our exposure measure was based on residential addresses, and because many
children lived at an exposed address after birth, we cannot fully distinguish
between prenatal and early-life exposure.

1. Introduction

Asthma is a chronic airway inflammatory disorder characterized by variable expira-
tory airflow limitation and persistent respiratory symptoms, including wheeze, cough,
shortness of breath, and chest tightness [1]. As the most common non-communicable
disease in children, it poses a major global health challenge [2]. It is a substantial
contributor to childhood hospitalizations, missed school days and missed work days
for caregivers, and lower quality of life among both children and caregivers [3-5].
Asthma also places a large economic burden on national healthcare and welfare
systems, due in part to its typical onset in childhood resulting in costs accrued over
the life span [1,5,6].

The global prevalence of asthma has increased over the past 50 years and contin-
ues to rise in some areas of the world [7]. The reasons for this increase are not fully
understood, but are thought to be driven in part by environmental exposures [7,8].
Early-life exposure to air pollution, passive smoking, and some microbial infections
have been consistently linked to an increased asthma risk [4]. A possible role of
environmental chemical exposures is less well-understood but plausible, given the
potential immunotoxic effects of early-life chemical exposures [9].

Per- and polyfluoroalkyl substances (PFAS) are a class of several thousand fluori-
nated substances that have been widely used in industrial and consumer applications
since their introduction in the early 1950s due to their desirable physical properties,
including chemical and thermal stability and water and oil repellency [10]. However,
growing awareness of the long elimination half-lives and extreme environmental
persistence of PFAS has increased concern regarding their potential health effects
[11]. We now know that children can be exposed to high levels of PFAS both prena-
tally and in early life, as PFAS cross the placental barrier and are also transferred
into breastmilk [12,13]. These developmental exposures are particularly concerning
because PFAS are endocrine-disrupting chemicals (EDCs) [14—16], and exposure
to EDCs during sensitive development windows has been associated with numerous
health risks [17]. While most individuals are exposed to background levels of PFAS
via their diet, drinking water, and contact with consumer products, communities living
near point sources of PFAS contamination often have elevated PFAS exposures [18].

A growing body of evidence has linked early-life PFAS exposure to immuno-
suppressive effects, including reduced antibody response to vaccination and an
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increased risk of childhood infections [11,19—-21]. Although a potential link between PFAS and hypersensitivity-related
diseases like asthma is biologically plausible [20,22], results from epidemiological studies of PFAS exposure and asthma
are inconclusive [23]. In its most recent PFAS risk assessment, the European Food Safety Agency concluded that epide-
miological studies provided insufficient evidence to conclude on associations between PFAS and asthma [23]. However,
previous studies have been limited by sample size and have only been conducted at levels of PFAS exposure found in the
general population. There are no studies of potential effects of PFAS in highly-exposed populations.

To address this gap, we conducted a register-based study of the effects of prenatal PFAS exposures on the incidence
of clinically-diagnosed asthma in children born in Blekinge county, Sweden. A subset of residents in the city of Ronneby,
located in Blekinge county, were highly exposed to PFAS for over 30 years from aqueous film-forming foam (AFFF) con-
tamination in their drinking water. We hypothesized that children born to mothers who lived in the highly-exposed area of
Ronneby would have increased incidence of wheeze and asthma.

2. Materials and methods
2.1. Setting

In December 2013, it was discovered that one of two municipal waterworks in Ronneby, Sweden was contaminated by
high PFAS due to AFFF runoff from a local military airfield. The total PFAS concentration in the outgoing drinking water
was 10,380 ng/L, compared to 48 ng/L in the second Ronneby waterworks and less than 5ng/L in the water provided in a
neighboring municipality [24]. The highly contaminated waterwork was immediately shut down and all water in Ronneby
was switched to the second municipal waterwork. However, by this point, approximately ¥ of Ronneby households had
unknowingly consumed highly contaminated water for decades. Biomonitoring of 3,293 Ronneby residents in 2014 and
2015 found extremely elevated PFAS serum levels, even compared to other AFFF-exposed communities [24].

2.2. Study cohort

The study cohort is a register-based open cohort of all children born between 2006 and 2013 in Blekinge County, Sweden,
which includes Ronneby municipality. Records across several Swedish population and health registries were linked using
personal identity numbers [25]. The study population was identified from the Total Population Register, which includes
information on residential address ascertained on December 31 of each calendar year and includes over 99.9% of chil-
dren born in Sweden [25]. Links between parents and children were ascertained from the Swedish Multi-Generation
Register [26]. Additional covariate information was linked from the National Medical Birth Register and the Longitudinal
Integrated Database for Health Insurance and Labor Market Studies, which is reported annually [27,28].

Clinical diagnosis data was extracted from the National Patient Register, which contains medical information for all
in- and outpatient specialist visits including ICD-10 codes and admission dates. All national in-patient visits have been
recorded since 1987 and specialized outpatient care was added to the National Patient Register in 2001 [29,30]. Prescrip-
tion data was extracted from the National Prescribed Drug Register, which records information on all pharmacy-dispensed
medications, including anatomical therapeutic chemical codes and dispensation dates. Reporting to the National Pre-
scribed Drug Register began in July 2005, but consistent reporting was not achieved until 2006 [31]. Primary healthcare
records, which were not consistently reported electronically until 2010, were obtained from the Blekinge Healthcare Regis-
ter and used to validate the outcome algorithms.

The final study cohort included children born in Blekinge county between 2006 (the first year with records available
in the National Prescribed Drug Register) and 2013 (the last year of high PFAS exposure). All children were followed
from birth until outcome incidence, death (N=24), or censoring. Children were censored at emigration from Sweden, the
outcome-specific maximum age, or the end of the study on December 31, 2022. A summary of the primary study cohort
and validation cohorts and their data sources is provided in S1 Table.
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Data linkage was performed using personal identity numbers and then de-identified by Statistics Sweden prior to
delivery to the research team. The Swedish Ethical Review Authority approved the study (2021-04872) and waived the
requirement for individual informed consent because the research used existing registry data and could not practicably
be conducted if consent were required. The study was conducted within a broader ethically approved research program;
however, no study-specific prospective protocol or statistical analysis plan was developed for the present investigation.

2.3. Exposure assessment

Prenatal exposure to PFAS was estimated using a proxy variable based on maternal address during the five calendar
years preceding the year of delivery. Maternal residential address data from the Total Population Register were linked

to annual municipal water distribution records showing which addresses had been provided with water from the highly
contaminated waterworks. Prenatal exposure was categorized as “very high” if the child’s mother lived at an address in
Ronneby supplied with highly contaminated water for all five years preceding the year of delivery; “high” if she lived at an
address in Ronneby with contaminated water for at least one of those five years; “intermediate” if she lived in Ronneby
during that period but never at an address supplied with highly contaminated water; and “background” if she did not live
in Ronneby during the five years preceding the year of delivery (Table 2). As a proxy for fetal PFAS exposure, this cate-
gorization assumes that maternal residential history reflects drinking water exposure before and during pregnancy, and
does not account for individual differences in water consumption or temporal changes in PFAS concentrations. Although
earlier Ronneby registry studies used a three-level exposure categorization [32,33], we applied a four-level categorization
supported by exposure validation analyses indicating stepwise increases in measured PFAS concentrations across the
four groups.

We validated the exposure categories using a subset of the Ronneby Biomarker Cohort. This cohort, described in detail
in Xu and colleagues (2021), measured PFAS concentrations in serum samples collected between 2014 and 2016 from
3,523 participants of all ages from Ronneby and a reference group [24]. We limited our validation cohort to women with
a known residential history the five years before sampling who were a similar age to mothers in our primary study cohort
(21-40 years) (S1 Table). We assigned a categorical exposure level to each participant in the validation cohort using the
method described above. We then compared measured serum PFAS concentrations across the four different categorical
exposure groups (Table 2). Written informed consent was received from all participants in the Ronneby Biomarker Cohort,
which was approved by the Regional Ethical Review Board in Lund, Sweden (number 2014/4).

2.4. Outcome assessment

Swedish healthcare is publicly funded and free of charge for all children up to the age of 18 years [34]. Three asthma-
related outcomes were ascertained based on ICD-10 diagnosis codes from the National Patient Register and prescription
drug dispensations in the National Prescribed Drug Register. We estimated asthma incidence through age 12 using an
algorithm that was previously validated in the Swedish pediatric population [35], where the date of incidence was consid-
ered to be either the first occurrence of an asthma diagnosis in the National Patient Register (ICD-10 code J45) or the first
dispensation of asthma medication, with a requirement for at least one repeated dispensation.

To address the challenge of diagnosing asthma in early childhood and account for the Swedish Pediatric Society’s
separate asthma diagnosis guidelines for children under and over 36 months of age [36,37], we created a second, stricter
asthma algorithm that additionally required at least one asthma diagnosis or dispensation of asthma-related prescription
drugs after age 36 months (3+ years). Incidence of this strict asthma outcome was also considered to be the first occur-
rence of asthma diagnosis or dispensation of asthma medication, and was ascertained through age 12.

Finally, previous studies have found associations between PFAS and early-life wheeze [8,38,39], which may progress
into asthma in some but not all cases [37]. Because asthma and wheeze can be difficult to distinguish in children under
three, we created a broader outcome to capture early-life wheeze between ages 0-36 months. This outcome included
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diagnosis codes for asthma (J45) and acute lower respiratory infections (J20-22) and/or at least one dispensation of
asthma- and wheeze-related medication, to encompass both early asthma presentations and transient wheezing illnesses.

We refer to these three outcomes as “asthma”, “asthma (3+)”, and “wheeze,” respectively. Their specific algorithms are
described in detail in the Supplemental Material (S2 Table).

We validated our three outcome algorithms using primary care records from the Blekinge Healthcare Register. Early-life
asthma is typically diagnosed in primary care [37], making diagnosis codes from primary care records an appropriate gold
standard for algorithm validation. To validate our outcome algorithms in a large cohort, we created a prospective birth
cohort of children born in Blekinge between 2010 and 2021 and followed them until outcome incidence, death, or until
censoring by moving out of Blekinge county, the outcome-specific maximum age, or the end of study on December 31,
2022 (S1 Table). For each child, we identified outcome incidence using both our primary outcome algorithms and ICD-10
codes from primary care records. We then calculated outcome-specific specificity and sensitivity. The algorithms used to
estimate outcomes from primary care records are included in S2 Table.

2.5. Covariate assessment

Although exposure to PFAS-contaminated water in Ronneby was not influenced by individual characteristics beyond
residential address, we observed differences in personal characteristics across exposure groups due to underlying
neighborhood-level differences. Therefore, we identified potential confounders of our hypothesized association between
PFAS exposure status and the incidence of asthma and/or wheeze in childhood using a directed acyclic graph, DAG (S1
Fig). Maternal smoking status in early pregnancy, parity, and age at delivery were obtained from the Medical Birth Regis-
ter [40—42]. Family disposable income and the highest-achieved maternal education at the year of delivery were obtained
from the Longitudinal Integrated Database for Health Insurance and Labor Market Studies [43,44]. An indicator variable for
having at least one foreign-born parent was obtained from the Total Population Register, and was included because this
may impact healthcare-seeking behavior [45,46], and it varied by PFAS exposure group due to neighborhood-level differ-
ences in the number of foreign-born residents. Parental asthma status (yes: the child’s mother and/or father had asthma;
no: neither parent had asthma) is an important predictor of child asthma [47] and may also be associated with socioeco-
nomic status and the neighborhood of residence. Therefore, we determined the asthma status of each child’s mother and
father using the same algorithm that we used to identify incident cases in children in the main analysis [35]. A parent was
considered to have asthma (yes or no) if they met the diagnosis criteria for asthma at any point in the study (2006—2022),
and the final parental asthma status was considered as an indicator variable where “yes” indicated that at least one parent
had asthma, and “no” indicated that neither parent had asthma.

2.6. Statistical analysis

Our exposure validation analysis used Jonckheere—Terpstra tests to assess trends in PFAS concentrations across the
ordered categorical exposure groups [48,49]. In the outcome validation analysis, we calculated outcome-specific sen-
sitivity and specificity where the “true” diagnosis was ascertained from the Blekinge primary care records and the “test”
diagnosis was determined from our algorithms using the National Patient Register and National Prescribed Drug Register
records.

We used the Kaplan—Meier method to visualize the cumulative incidence of each outcome by prenatal PFAS exposure
group, without adjustment for confounding variables. For formal inference, we applied Cox proportional hazard models
to estimate the association between prenatal PFAS exposure and disease incidence, using robust variance estimators
to account for potential residual correlation within siblings [50,51]. All models used age as the time axis and stratified the
baseline hazard by sex and parity (primiparous or multiparous) to account for non-proportional hazards. Adjusted models
included the following covariates: maternal smoking status in early pregnancy (smoker or non-smoker); maternal educa-
tion at the year of delivery (primary and lower secondary, upper secondary, and post-secondary); an indicator variable
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for at least one foreign-born parent (yes or no) and parental asthma (yes or no); family disposable income at the year of
delivery (quartiles); and maternal age at delivery (quartiles). Primary models were limited to children with complete covari-
ate information. The proportional hazards assumption was evaluated for each covariate using scaled Schoenfeld residuals
regressed against a Kaplan—Meier transformation of time [52]. We formally assessed the proportional hazards assumption
for our categorical exposure variable by jointly testing the time-by-exposure interaction terms using robust Wald tests,
which account for the cluster-robust covariance estimates from the fitted Cox models; this assessment was added in
response to peer review.

To assess the impact of missing data on our estimated associations, we used multiple imputation by chained equations
(MICE) to impute missing covariates. For each outcome, we generated 20 imputed datasets with 20 iterations per dataset.
The imputation model included all covariates used in our Cox proportional hazards models, additional potential predictors
of missing covariates, the outcome-specific event indicator, and the Nelson—Aalen estimate of the marginal cumulative
hazard evaluated at each individual’'s observed follow-up time [53—55]. We then fit Cox proportional hazards models with
cluster-robust standard errors for each imputed dataset and pooled the estimates using Rubin’s rules [53,56].

PFAS are known EDCs with sex-specific effects [57], and therefore we hypothesized that sex may modify any associa-
tion between PFAS and asthma. To test this, we evaluated an interaction term between prenatal PFAS exposure and child
sex using a robust Wald test for the sex-interaction terms for each outcome. We then repeated all analyses stratified by
child sex to compare the sex-specific estimated hazards.

Following the primary survival analyses, we conducted a secondary analysis using a Rubin Causal Model (RCM)
potential outcomes framework to assess the possible causal effect of very high versus background prenatal PFAS expo-
sure on childhood wheeze and asthma. We constructed a hypothetical randomized experiment by matching each child
in the very high exposure group to three controls from the background group using 3:1 nearest neighbor matching with
robust rank-based Mahalanobis distance [58—61]. Matching included the same confounders as our primary survival
models and was restricted to children with complete covariate data. We estimated the difference in cumulative incidence
by the end of follow-up between the two matched exposure groups with Kaplan—Meier survival models. We then tested
the Fisher sharp null hypothesis which states that each child’s outcome would have been identical under both exposure
levels (formally Hp : Yi(W; = 0) = Y(W, = 1), for all children (i) using the difference in cumulative incidence as our test
statistic [62,63]. Under this null hypothesis, treatment assignment can be viewed as hypothetically randomized within each
matched set of four children, allowing us to approximate one-sided Fisher’s exact p-values for each outcome with 100,000
exposure permutations [64,65]. Causal interpretation of this secondary analysis relies on the assumptions outlined in
Imbens and Rubin (2015): the stable unit treatment assignment value assumption, where there is no interference between
units and the treatment is well-defined (i.e., consistency); probabilistic assignment mechanism, where every unit has a
non-zero probability of each treatment; and unconfoundedness, where exposure is independent of potential outcomes
after matching on background covariates [63].

All analyses were performed in R version 4.5.1 (2025-06-13) using the following packages: “Tidyverse” version 2.0.0
[66], “survival” version 3.8.3 [67], “survminer” version 0.5.1 [68], “car” version 3.1.3 [69], “mice” version 3.18.0 [53], and
“Matchlit” version 4.7.2 [70]. We reported our study following the Reporting of Studies Conducted using Observational
Routinely-Collected Data (RECORD) Statement (S1 RECORD Checklist) [71].

3. Results

Of the 12,585 children in our cohort born in Blekinge between 2006 and 2013, 11,488 (91%) had complete covariate
information and were included in our final study population. The variable with the highest rate of missingness was mater-
nal smoking status during early pregnancy (6%). Individuals with missing covariate information were more likely to have a
lower family disposable income, at least one parent born abroad, and to be categorized in the background exposure group
(S3 Table).
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Baseline characteristics of the final study population are shown in Table 1. Most children in the study had older siblings
(58%), were born to non-smoking mothers (92%), and had parents who were both born in Sweden (81%). The median
maternal age at delivery was 30 years (interquartile range, IQR: 26—-34). Overall, 17% of children in the study had at least
one parent with prevalent asthma. Nearly one-quarter (24%) of children had at least one maternal sibling also included in
the study population.

The study included 194 children (2%) in the very high prenatal exposure group, 479 children (4%) in the high prenatal
exposure group, 1,591 children (14%) in the intermediate exposure group, and 9,224 children (80%) in the background
exposure group. Children in the very high exposure group were less likely to have at least one parent born abroad (9%
versus 19% overall). Their mothers were more likely to have only completed primary or lower-secondary education (32%
versus 20% overall) and to have had a previous pregnancy (75% versus 58% overall) (Table 1).

In the exposure validation cohort (N=209), PFAS concentrations increased across exposure categories for the three
PFAS compounds measured in the cohort (perfluorooctane sulfonic acid, PFOS; perfluorohexane sulfonic acid, PFHxXS;
and perfluorooctanoic acid, PFOA; Table 2 and S2 Fig), and Jonckheere-Terpstra tests indicated a strong trend for all
three PFAS (p<0.001). For example, the median PFHxS concentration in the very high exposure group was 164.8ng/
mL (IQR: 106.1, 283.0) compared to 100.0ng/mL (IQR: 64.8, 180.3) in the high exposure group, 30.5ng/mL (IQR: 21.3,
102.4) in the intermediate group, and 0.8 ng/mL (IQR: 0.7, 1.1) in the background group.

A total of 2,653 study children (23%) had at least one outcome. Wheeze had the highest overall prevalence in the
study population at 18%, while the prevalence of asthma was 17%, and the prevalence of asthma (3+) was 13%. For
children with at least one outcome, it was most common to have all three outcomes (N=891; 34%) or to just have wheeze
(N=657; 25%) (S3 Fig). In the outcome validation cohort of 16,145 children born in Blekinge between 2010 and 2021, our
outcome algorithms based on the National Patient Register and National Prescribed Drug Register performed well com-
pared to primary care records, with outcome-specific sensitivities between 0.76 and 0.86 and specificities between 0.93
and 0.97 (S4 Table).

Unadjusted cumulative incidence curves indicated higher cumulative incidence of asthma and asthma (3+), but not
wheeze, in children with very high prenatal exposure (Fig 1). Similar results were also found in our unadjusted Cox
proportional hazard models. In our fully adjusted models, we observed an increased hazard in the very high prenatal
exposure group compared to background for asthma (HR: 1.44, 95% CI [1.08, 1.92]) and asthma (3+) (HR: 1.59, 95%

Table 1. Cohort baseline characteristics, displayed as N (%) or median [interquartile range].

Variable Overall Prenatal exposure group
Very High High Intermediate Background
N 11,488 194 479 1,591 9,224
Maternal smoking in early pregnancy (Yes) 901 (7.8) 19 (9.8) 82 (17.1) 132 (8.3) 668 (7.2)
Parity (Multiparous) 6,674 (58.1) 146 (75.3) 259 (54.1) 908 (57.1) 5,361 (58.1)
Sex (Female) 5,539 (48.2) 87 (44.8) 238 (49.7) 799 (50.2) 4,415 (47.9)
Maternal education
Primary and lower secondary 2,292 (20.0) 62 (32.0) 135 (28.2) 307 (19.3) 1,788 (19.4)
Upper secondary 3,630 (31.6) 79 (40.7) 175 (36.5) 508 (31.9) 2,868 (31.1)
Post secondary 5,566 (48.5) 53 (27.3) 169 (35.3) 776 (48.8) 4,568 (49.5)
Maternal age at delivery 30.0 [26.4, 33.7] 30.9[26.8, 34.9] 27.7 [24.4, 32.0] 30.1[26.7, 33.7] 30.1[26.5, 33.7]
At least one parent born abroad (Yes) 2,223 (19.4) 18 (9.3) 75 (15.7) 273 (17.2) 1857 (20.1)
Annual family disposable income 3.8[3.0, 4.5] 3.7[3.0,4.4] 3.5[2.7,4.1] 3.8[2.8,4.4] 3.8[3.0, 4.6]
(Swedish krona x 10°)
Parental asthma (Yes) 1963 (17.1) 37 (19.1) 106 (22.1) 250 (15.7) 1,570 (17.0)
https://doi.org/10.1371/journal.pmed.1004659.t001
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Table 2. Validation of the prenatal exposure category definitions using measured PFAS concentrations (ng/mL) from a subset of the Ronneby

Biomarker Cohort (female participants between ages 21 and 40 years, N=209) [24].

Exposure | Definition N PFAS, ng/mL: median [interquartile range]

category PFOS PFHxS

PFOA

Very high Registered at an address receiving contaminated water for all five 80 |218.7[140.4,344.1] |164.8[106.1, 283.0]
years preceding the year of delivery.

11.8[7.2, 18.9]

High Registered at an address receiving contaminated water for at least 54 |137.4[80.7, 194.8] 100.0 [64.8, 180.3] 7.3[3.7,14.2]
one year in the five years preceding the year of delivery, but does
not meet criteria for very high exposure.
Intermedi- | Registered at an address in Ronneby for at least one year in the 39 |47.7[30.8, 121.1] 30.5[21.3, 102.4] 3.8[2.0, 5.6]
ate five years preceding the year of delivery, but does not meet criteria
for very high or high exposure.
Back- Registered at an address in Blekinge County, but never lived in 36 |3.6[2.6,4.8] 0.810.7,1.1] 1.6 0.8, 1.9]
ground Ronneby.
https://doi.org/10.1371/journal.pmed.1004659.t002
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Prenatal exposure group — Background — Intermediate — High — Very High
Fig 1. Cumulative incidence by outcome, estimated using the Kaplan—Meier method.
https://doi.org/10.1371/journal.pmed.1004659.9001
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ClI[1.14, 2.21]) but not in the high and intermediate exposure groups (Table 3). Other model covariates, including
parental asthma, maternal smoking status in early pregnancy, and having at least one parent born abroad, were also
associated with our outcomes (S4 Fig). For all outcomes, robust Wald tests for the exposure-by-time interaction terms
indicated no evidence of non-proportional hazards by exposure category (wheeze: p=0.71; asthma: p=0.14; asthma
(3+): p=0.29).

Pooled hazard ratios (HRs) estimated from the multiple-imputed datasets were similar to the primary model results (S5
Fig and S5 Table). In models including sex-by-exposure interaction terms, the interaction p-value was lower for wheeze
(p=0.08) than for asthma (p=0.33) or asthma (3+) (p=0.52). In sex-stratified models for wheeze, the HR comparing very
high with background exposure differed in direction between girls (HR: 0.50, 95% CI [0.24, 1.04]) and boys (HR: 1.23,
95% CI [0.84, 1.79]) (S6 Table and S6 Fig).

In our secondary analysis, our matched subcohort included all 194 very high-exposed children with complete covari-
ates (out of 202 total high-exposed children) and 582 matched background-exposed children. The subcohort had
excellent covariate balance between exposed and background individuals, with a standardized mean difference of 0.02
or less for all covariates (S7 Fig). We found a higher cumulative incidence of asthma and asthma (3+) by age 12 in the
very high-exposed group compared to the matched background-exposed group (Fig 2). The estimated cumulative inci-
dence of asthma was 10.6 percentage points higher in the very high exposure group compared to background (26.7%
versus 16.1%; Fisherian p< 0.001) and the estimated cumulative incidence of asthma (3+) was 10.4 percentage points
higher in the very high exposure group compared to background (21.5% versus 11.1%; Fisherian p<0.001). The cumu-
lative incidence of wheeze was comparable between the two exposure groups and we could not reject the null hypoth-
esis (Fisherian p=0.6). The null randomization distributions of the difference in cumulative incidence for each outcome
are shown in S8 Fig.

Table 3. Hazard ratios of disease incidence by prenatal exposure group.

Prenatal exposure group Events Person-years Hazard ratio (95% confidence interval)

Simple model’ Adjusted model?
Wheeze
Background 1,661 (18%) 24,678 - -
Intermediate 284 (18%) 4,269 1.00 (0.87, 1.14) 0.99 (0.87, 1.14)
High 103 (22%) 1,255 1.22 (0.98, 1.52) 1.08 (0.87, 1.35)
Very high 37 (19%) 509 1.08 (0.76, 1.53) 0.97 (0.69, 1.37)
Asthma
Background 1,596 (17%) 95,960 - -
Intermediate 261 (16%) 16,728 0.95 (0.83, 1.09) 0.95 (0.83, 1.09)
High 89 (19%) 4,925 1.09 (0.86, 1.39) 0.96 (0.75, 1.22)
Very high 50 (26%) 1,919 1.56 (1.16, 2.08) 1.44 (1.08, 1.92)
Asthma (3+)
Background 1,170 (13%) 100,518 - -
Intermediate 186 (12%) 17,531 0.92 (0.79, 1.08) 0.92 (0.79, 1.08)
High 63 (13%) 5,207 1.05 (0.80, 1.37) 0.94 (0.72, 1.23)
Very high 40 (21%) 2,033 1.68 (1.21, 2.32) 1.59 (1.14, 2.21)

'Baseline hazard is stratified by child sex.

’Baseline hazard is stratified by child sex and parity (primiparous or multiparous). The model is also adjusted for the following covariates: maternal smok-
ing status in early pregnancy (smoker or non-smoker); maternal education (primary and lower secondary, upper secondary, and post-secondary); at least
one foreign-born parent (yes or no); family disposable income (quantiles); maternal age at delivery (quantiles), and maternal asthma (yes or no).

https://doi.org/10.1371/journal.pmed.1004659.t003
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Fig 2. Cumulative incidence by outcome in the matched subcohort (N=776), estimated using the Kaplan—Meier method.

https://doi.org/10.1371/journal.pmed.1004659.9002

4. Discussion

In this large registry-based cohort of children born in Blekinge County, Sweden, very high prenatal PFAS exposure was
associated with higher incidence of asthma and asthma (3+) when compared to background levels of prenatal PFAS
exposure, but we found no apparent effect of very high PFAS exposure on early-childhood wheeze. We also could not
reject the null hypothesis when examining associations between intermediate and high PFAS exposure compared to back-
ground exposure for any of the outcomes after covariate adjustment. In our secondary RCM analysis, we similarly found
higher cumulative incidence of asthma and asthma (3+) in the highly-exposed population compared to a matched control
population of background-exposed individuals.

An association between high prenatal PFAS exposure and increased incidence of asthma is biologically possible, as
lung development, which begins early in embryonic development and extends through adolescence, is highly sensitive to
disruption by environmental toxicants because of its dependence on coordinated developmental processes [22]. PFAS
concentrations in both mice and human fetuses are highest in lung tissue [72,73], suggesting that the lungs may be an
important target of prenatal PFAS toxicity. In vitro studies have found that PFAS exposure aggravates mast cell-mediated
allergic inflammation [74—77] and at high concentrations, PFAS may exacerbate airway hypersensitivity reactions [20].

In vivo studies have demonstrated that high- to moderate-PFAS exposures can aggravate allergic lung responses in
ovalbumin-sensitized mice and shift cytokine production towards a T-helper cell (T, 2)-dominated response [77-80].
Prenatal PFOS exposure in rats has been shown to inhibit perinatal lung development [81], induce oxidative injury and
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apoptosis leading to histopathological changes in the lung [82], reduce alveolar numbers and increase lung inflammation
[83], and change gene expression in the lung [84].

Despite this experimental evidence, results from epidemiological studies are mixed. Cross-sectional studies of children
and adolescents have generally identified a positive association between serum or plasma PFAS concentrations and
self-reported current or past asthma [85-91], although other cross-sectional studies failed to reject the null hypothesis
[39,57,92,93]. Longitudinal studies of prenatal PFAS exposure and the prevalence of asthma and/or wheeze in childhood
have had mixed results, with most studies identifying null or weakly negative associations [39,94—100] while others have
identified positive associations [95,101,102]. However, previous studies have varied considerably on the specific outcome
definitions used and the timing of outcome ascertainment, making it difficult to directly compare results. Almost all previ-
ous longitudinal studies have relied on parental-reported outcomes, and all studies except one [103] have included less
than 3,000 participants.

Our study differs from previous epidemiological investigations by including a subset of participants with very high
exposure to AFFF-associated PFAS, yielding a much wider exposure range than typically observed in population-based
studies. This community-wide contamination from drinking water allows evaluation of potential health effects at PFAS
concentrations relevant to highly exposed populations worldwide. Although PFAS concentrations could not be measured
directly in the study participants, we validated our exposure classification in a separate cohort of women of childbearing
age. Samples in the validation cohort were collected after the contaminated drinking water supply had been identified and
replaced (2014—2016), which likely led to some underestimation of true exposure levels in our study population. Even with
this potential underestimation, concentrations of AFFF-related PFAS in the very-high exposure group were several hun-
dred times higher than in other epidemiological birth cohorts. For example, the median PFHxS concentration in our very-
high exposure group (164.8 ng/mL) far exceeded those reported in the Japan Environment and Children’s study (0.34 ng/
mL), in the Danish Odense Child cohort (0.36 ng/mL), and in the American Healthy Heart Study (0.7 ng/mL) [95,102,103].
The fact that associations with asthma were detected only among children with very high prenatal PFAS exposure may
indicate a threshold effect that was not observable in background-exposed populations.

Our study has several limitations. Although we used detailed Swedish registries to accurately adjust for important con-
founding factors like maternal age at delivery and maternal smoking in pregnancy [104], we cannot rule out other sources
of unmeasured confounding like parental smoking status after delivery. Our study could not account for parental history of
childhood asthma, but we adjusted for prevalent parental asthma during the study period. Other sources of environmental
contamination, including air pollution and noise, are similar across all study participants and are unlikely to confound the
observed PFAS-asthma association.

Our study also has some limitations in outcome ascertainment. Asthma in early childhood can be difficult to diagnose
because inflammation and small airway obstruction can cause symptoms that overlap with transient wheezing from
common viral infections. Diagnostic accuracy improves after age three, when transient causes become less common. We
addressed this by defining three outcomes: wheeze, asthma, and asthma (3+). In our registry data, the wheeze outcome
included medical records with asthma (ICD-10 J45) and acute lower respiratory infections (J20-J22), making this outcome
less specific than the asthma and asthma (3+) outcomes. This may have made it more difficult to detect any true PFAS-
wheeze association.

A final study limitation is its address-based categorical exposure assessment. This approach may induce non-
differential exposure error with both a classical-like error structure (i.e., inability to account for temporal changes in PFAS
concentrations in drinking water) and Berkson-like error structure (i.e., inability to account for individual differences in con-
taminated water consumption) [105]. These errors are generally expected to increase the variance of effect estimates and
bias them towards the null [106]. Furthermore, the exposure assessment is based on maternal exposure prior to delivery
and does not capture ongoing exposure in childhood. Many children with high or very high prenatal exposure continued
living in the contaminated area through 2013; for example, at age three, more than half (57%) of the children in the very
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high prenatal exposure group still resided at an address receiving contaminated water. Given the likelihood of continued
postnatal exposure, we cannot attribute the observed associations solely to prenatal exposure, and further research is
needed to clarify which developmental periods are most sensitive to high PFAS exposure.

Despite these limitations, our address-based exposure assessment also offers several advantages. Proxy measures
based on residential history are less prone to confounding from individual-level factors that influence both personal expo-
sure and disease risk [105], and the use of categorical exposure groups rather than continuous individual-level exposure
estimates may shift exposure error from a classical-like to a Berkson-like structure, thereby reducing bias in the estimated
exposure-response association [107].

This study has several additional strengths. The large population-based cohort (N=11,488) included detailed longi-
tudinal information on time-to-event and censoring, permitting survival analysis of asthma incidence and efficient use of
follow-up time [108,109]. Unlike many previous studies that relied on parental-reported outcomes subject to recall bias,
our study used clinically relevant outcomes ascertained from detailed medical and drug dispensation records with high
validity. Our study included all children born in Blekinge county and therefore is unlikely to be impacted by selection bias.
In addition, healthcare is free for all children in Sweden and is easily accessible across Blekinge county, reducing the like-
lihood of differential outcome detection. Finally, linkage to multiple national registries provided extensive individual-level
data, enabling adjustment for key confounders.

Overall, our findings indicate that children with very high prenatal PFAS exposure from AFFF-contaminated drinking
water experienced greater asthma incidence than those with background exposure. These findings likely have limited
generalizability to populations with only background-level exposures or different PFAS mixtures, as exposure-response
relationships remain uncertain and individual compounds vary in toxicity. However, AFFF-related PFAS contamination is a
major source of high environmental exposure globally [18,110], and evidence from Ronneby offers important insights into
the potential health effects of such contamination in affected communities. Replication in other highly exposed populations
is needed to confirm these results, but they point to a substantial and previously unrecognized public health consequence
of AFFF-related PFAS contamination.

Supporting information
S1 RECORD Checklist. The REporting of studies Conducted using Observational Routinely-collected health Data

(RECORD) checklist.
(DOCX)

S1 Table. Summary of the different cohorts used in the study.
(DOCX)

S2 Table. Outcome definitions.
(DOCX)

S3 Table. Baseline characteristics for children with and without complete covariate data.
(DOCX)

S4 Table. Outcome algorithm performance compared to primary care records.
(DOCX)

S5 Table. Pooled hazard ratios from the 20 multiple-imputed datasets.
(DOCX)

S6 Table. Hazard ratios for each outcome stratified by sex.
(DOCX)

PLOS Medicine | https://doi.org/10.1371/journal.pomed.1004659 April 9, 2026 13/19



http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004659.s001
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004659.s002
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004659.s003
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004659.s004
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004659.s005
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004659.s006
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004659.s007

PLON- Medicine

$1 Fig. Directed acyclic graph (DAG) for the association between PFAS exposure via the municipal water source
and diagnosis of childhood asthma.
(DOCX)

S2 Fig. PFAS concentrations (ng/mL) in a subset of the Ronneby Biomarker Cohort.
(DOCX)

S3 Fig. UpSet plot of outcome combinations among children with at least one outcome (N=2,653).
(DOCX)

S4 Fig. Hazard ratios for covariates from the primary adjusted models.
(DOCX)

S5 Fig. Hazard ratios from the primary complete case analysis (“Primary”) compared to the multiple-imputed
datasets (“MICE”).
(DOCX)

S6 Fig. Hazard ratios in the primary models stratified by sex.
(DOCX)

S7 Fig. Love plot for the matched balanced cohort.
(DOCX)

S8 Fig. Null randomization distributions of the test statistic used for the approximation of the Fisher exact
p-value.
(DOCX)

Acknowledgments

Views and opinions expressed are those of the authors only and do not necessarily reflect those of the European Union or
the European Research Executive Agency (REA), and neither the European Union or the REA can be held responsible for
them.

Author contributions

Conceptualization: Annelise J. Blomberg, Anna Saxne Jéud.
Data curation: Annelise J. Blomberg.

Formal analysis: Annelise J. Blomberg.

Funding acquisition: Annelise J. Blomberg, Anna Saxne Jéud.
Investigation: Annelise J. Blomberg.

Methodology: Annelise J. Blomberg, Christel Nielsen, Beata Borgstrom Bolmsjo, Marie-Abele Bind, Linda Hartman.
Project administration: Annelise J. Blomberg.

Software: Annelise J. Blomberg, Marie-Abéle Bind.

Supervision: Christel Nielsen, Linda Hartman, Anna Saxne Joud.
Validation: Annelise J. Blomberg.

Visualization: Annelise J. Blomberg.

Writing — original draft: Annelise J. Blomberg.

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004659  April 9, 2026 14 /19



http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004659.s008
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004659.s009
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004659.s010
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004659.s011
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004659.s012
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004659.s013
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004659.s014
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004659.s015

PLON. Medicine

Writing — review & editing: Annelise J. Blomberg, Christel Nielsen, Beata Borgstrom Bolmsjo, Marie-Abéle Bind, Linda

Hartman, Anna Saxne Joud.

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Gibson GJ, Loddenkemper R, Lundback B, Sibille Y. Respiratory health and disease in Europe: the new European Lung White Book. Eur Respir J.
2013;42(3):559-63. https://doi.org/10.1183/09031936.00105513 PMID: 24000245

Asher MI, Rutter CE, Bissell K, Chiang C-Y, El Sony A, Ellwood E, et al. Worldwide trends in the burden of asthma symptoms in school-aged chil-
dren: Global Asthma Network Phase | cross-sectional study. Lancet. 2021;398(10311):1569-80. https://doi.org/10.1016/S0140-6736(21)01450-1
PMID: 34755626

O’Connell EJ. The burden of atopy and asthma in children. Allergy. 2004;59 Suppl 78:7—11. https://doi.org/10.1111/j.1398-9995.2004.00563.x
PMID: 15245350

Ferrante G, La Grutta S. The burden of pediatric asthma. Front Pediatr. 2018;6:186. https://doi.org/10.3389/fped.2018.00186 PMID: 29988370

Hakansson KEJ, Lakke A, Ibsen R, Hilberg O, Backer V, Ulrik CS. Beyond direct costs: individual and societal financial burden of asthma in young
adults in a Danish nationwide study. BMJ Open Respir Res. 2023;10(1):e001437. https://doi.org/10.1136/bmjresp-2022-001437 PMID: 37156597

Nunes C, Pereira AM, Morais-Almeida M. Asthma costs and social impact. Asthma Res Pract. 2017;3:1. https://doi.org/10.1186/s40733-016-0029-3
PMID: 28078100

Dharmage SC, Perret JL, Custovic A. Epidemiology of asthma in children and adults. Front Pediatr. 2019;7:246. https://doi.org/10.3389/
fped.2019.00246 PMID: 31275909

Smit LAM, Lenters V, Hayer BB, Lindh CH, Pedersen HS, Liermontova |, et al. Prenatal exposure to environmental chemical contaminants and
asthma and eczema in school-age children. Allergy. 2015;70(6):653—60. https://doi.org/10.1111/all.12605 PMID: 25753462

Mattila T, Santonen T, Andersen HR, Katsonouri A, Szigeti T, Uhl M, et al. Scoping review-the association between asthma and environmental
chemicals. Int J Environ Res Public Health. 2021;18(3):1323. https://doi.org/10.3390/ijerph18031323 PMID: 33535701

Buck RC, Franklin J, Berger U, Conder JM, Cousins IT, de Voogt P, et al. Perfluoroalkyl and polyfluoroalkyl substances in the environment: termi-
nology, classification, and origins. Integr Environ Assess Manag. 2011;7(4):513—41. https://doi.org/10.1002/ieam.258 PMID: 21793199

Fenton SE, Ducatman A, Boobis A, DeWitt JC, Lau C, Ng C, et al. Per- and polyfluoroalkyl substance toxicity and human health review: current
state of knowledge and strategies for informing future research. Environ Toxicol Chem. 2021;40(3):606—30. https://doi.org/10.1002/etc.4890 PMID:
33017053

Blomberg AJ, Norén E, Haug LS, Lindh C, Sabaredzovic A, Pineda D, et al. Estimated transfer of perfluoroalkyl substances (PFAS) from maternal
serum to breast milk in women highly exposed from contaminated drinking water: a study in the Ronneby mother-child cohort. Environ Health
Perspect. 2023;131(1):17005. https://doi.org/10.1289/EHP 11292 PMID: 36688826

Gao K, Zhuang T, Liu X, Fu J, Zhang J, Fu J. Prenatal exposure to per- and polyfluoroalkyl substances (PFASs) and association between the
placental transfer efficiencies and dissociation constant of serum proteins—PFAS complexes. Environ Sci Technol. 2019;53:6529-38. https://doi.
org/10.1021/acs.est.9b00715

La Merrill MA, Vandenberg LN, Smith MT, Goodson W, Browne P, Patisaul HB, et al. Consensus on the key characteristics of endocrine-disrupting
chemicals as a basis for hazard identification. Nat Rev Endocrinol. 2020;16(1):45-57. https://doi.org/10.1038/s41574-019-0273-8 PMID: 31719706

Ghassabian A, Vandenberg L, Kannan K, Trasande L. Endocrine-disrupting chemicals and child health. Annu Rev Pharmacol Toxicol.
2022;62:573-94. https://doi.org/10.1146/annurev-pharmtox-021921-093352

Gore AC, Chappell VA, Fenton SE, Flaws JA, Nadal A, Prins GS, et al. EDC-2: the endocrine society’s second scientific statement on endocrine-
disrupting chemicals. Endocrine Rev. 2015;36:E1-150. https://doi.org/10.1210/er.2015-1010

Gomez-Olarte S, Mailander V, Castro-Neves J, Stojanovska V, Schumacher A, Meyer N, et al. The ENDOMIX perspective: how everyday chemi-
cal mixtures impact human health and reproduction by targeting the immune systemt. Biol Reprod. 2024;111(6):1170-87. https://doi.org/10.1093/
biolre/ioae142 PMID: 39446589

De Silva AO, Armitage JM, Bruton TA, Dassuncao C, Heiger-Bernays W, Hu XC, et al. PFAS exposure pathways for humans and wildlife: a syn-
thesis of current knowledge and key gaps in understanding. Environ Toxicol Chem. 2021;40(3):631-57. https://doi.org/10.1002/etc.4935 PMID:
33201517

Grandjean P, Andersen EW, Budtz-Jgrgensen E, Nielsen F, Mglbak K, Weihe P, et al. Serum vaccine antibody concentrations in children exposed
to perfluorinated compounds. JAMA. 2012;307(4):391-7. https://doi.org/10.1001/jama.2011.2034 PMID: 22274686

Ehrlich V, Bil W, Vandebriel R, Granum B, Luijten M, Lindeman B, et al. Consideration of pathways for immunotoxicity of per- and polyfluoroalkyl
substances (PFAS). Environ Health. 2023;22(1):19. https://doi.org/10.1186/s12940-022-00958-5 PMID: 36814257

Ebel M, Blomberg AJ, Bolmsjo BB, Joud AS, Jensen TK, Nielsen C. Common infections in children aged 6 months to 7 years after high prena-

tal exposure to perfluoroalkyl substances from contaminated drinking water in Ronneby, Sweden. Environ Res. 2025;268:120787. https://doi.
org/10.1016/j.envres.2025.120787 PMID: 39788443

PLOS Medicine | https://doi.org/10.1371/journal.pomed.1004659 April 9, 2026 15719



https://doi.org/10.1183/09031936.00105513
http://www.ncbi.nlm.nih.gov/pubmed/24000245
https://doi.org/10.1016/S0140-6736(21)01450-1
http://www.ncbi.nlm.nih.gov/pubmed/34755626
https://doi.org/10.1111/j.1398-9995.2004.00563.x
http://www.ncbi.nlm.nih.gov/pubmed/15245350
https://doi.org/10.3389/fped.2018.00186
http://www.ncbi.nlm.nih.gov/pubmed/29988370
https://doi.org/10.1136/bmjresp-2022-001437
http://www.ncbi.nlm.nih.gov/pubmed/37156597
https://doi.org/10.1186/s40733-016-0029-3
http://www.ncbi.nlm.nih.gov/pubmed/28078100
https://doi.org/10.3389/fped.2019.00246
https://doi.org/10.3389/fped.2019.00246
http://www.ncbi.nlm.nih.gov/pubmed/31275909
https://doi.org/10.1111/all.12605
http://www.ncbi.nlm.nih.gov/pubmed/25753462
https://doi.org/10.3390/ijerph18031323
http://www.ncbi.nlm.nih.gov/pubmed/33535701
https://doi.org/10.1002/ieam.258
http://www.ncbi.nlm.nih.gov/pubmed/21793199
https://doi.org/10.1002/etc.4890
http://www.ncbi.nlm.nih.gov/pubmed/33017053
https://doi.org/10.1289/EHP11292
http://www.ncbi.nlm.nih.gov/pubmed/36688826
https://doi.org/10.1021/acs.est.9b00715
https://doi.org/10.1021/acs.est.9b00715
https://doi.org/10.1038/s41574-019-0273-8
http://www.ncbi.nlm.nih.gov/pubmed/31719706
https://doi.org/10.1146/annurev-pharmtox-021921-093352
https://doi.org/10.1210/er.2015-1010
https://doi.org/10.1093/biolre/ioae142
https://doi.org/10.1093/biolre/ioae142
http://www.ncbi.nlm.nih.gov/pubmed/39446589
https://doi.org/10.1002/etc.4935
http://www.ncbi.nlm.nih.gov/pubmed/33201517
https://doi.org/10.1001/jama.2011.2034
http://www.ncbi.nlm.nih.gov/pubmed/22274686
https://doi.org/10.1186/s12940-022-00958-5
http://www.ncbi.nlm.nih.gov/pubmed/36814257
https://doi.org/10.1016/j.envres.2025.120787
https://doi.org/10.1016/j.envres.2025.120787
http://www.ncbi.nlm.nih.gov/pubmed/39788443

PLON. Medicine

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Kajekar R. Environmental factors and developmental outcomes in the lung. Pharmacol Ther. 2007;114(2):129-45. https://doi.org/10.1016/j.
pharmthera.2007.01.011 PMID: 17408750

EFSA Panel on Contaminants in the Food Chain. Risk to human health related to the presence of perfluoroalkyl substances in food. EFSA J.
2020;18:e06223. https://doi.org/10.2903/j.efsa.2020.6223

Xu'Y, Nielsen C, Li Y, Hammarstrand S, Andersson EM, Li H, et al. Serum perfluoroalkyl substances in residents following long-term drinking water
contamination from firefighting foam in Ronneby, Sweden. Environ Int. 2021;147:106333. https://doi.org/10.1016/j.envint.2020.106333 PMID:
33360412

Ludvigsson JF, Aimqvist C, Bonamy A-KE, Ljung R, Michaélsson K, Neovius M, et al. Registers of the Swedish total population and their use in
medical research. Eur J Epidemiol. 2016;31(2):125-36. https://doi.org/10.1007/s10654-016-0117-y PMID: 26769609

Ekbom A. The Swedish multi-generation register. Methods Mol Biol. 2011;675:215-20. https://doi.org/10.1007/978-1-59745-423-0_10 PMID:
20949391

Cnattingius S, Kallén K, Sandstrém A, Rydberg H, Mansson H, Stephansson O, et al. The Swedish medical birth register during five decades:
documentation of the content and quality of the register. Eur J Epidemiol. 2023;38(1):109-20. https://doi.org/10.1007/s10654-022-00947-5 PMID:
36595114

Ludvigsson JF, Svedberg P, Olén O, Bruze G, Neovius M. The longitudinal integrated database for health insurance and labour market studies
(LISA) and its use in medical research. Eur J Epidemiol. 2019;34(4):423-37. https://doi.org/10.1007/s10654-019-00511-8 PMID: 30929112
Ludvigsson JF, Andersson E, Ekbom A, Feychting M, Kim J-L, Reuterwall C, et al. External review and validation of the Swedish national inpatient
register. BMC Public Health. 2011;11:450. https://doi.org/10.1186/1471-2458-11-450 PMID: 21658213

Socialstyrelsen. Det statistiska registrets framstéllning och kvalitet - Patientregistret. 2025. Available from: https://www.socialstyrelsen.se/
statistik-och-data/register/patientregistret/framstallning-och-kvalitet/

Wallerstedt SM, Wettermark B, Hoffmann M. The first decade with the Swedish Prescribed Drug Register — a systematic review of the output in the
scientific literature. Basic Clin Pharmacol Toxicol. 2016;119(5):464-9. https://doi.org/10.1111/bcpt. 12613 PMID: 27112967

Nielsen C, Li Y, Lewandowski M, Fletcher T, Jakobsson K. Breastfeeding initiation and duration after high exposure to perfluoroalkyl sub-
stances through contaminated drinking water: a cohort study from Ronneby, Sweden. Environ Res. 2022;207:112206. https://doi.org/10.1016/j.
envres.2021.112206 PMID: 34653413

Ebel M, Rylander L, Fletcher T, Jakobsson K, Nielsen C. Gestational hypertension, preeclampsia, and gestational diabetes mellitus after high
exposure to perfluoroalkyl substances from drinking water in Ronneby, Sweden. Environ Res. 2023;239(Pt 1):117316. https://doi.org/10.1016/j.
envres.2023.117316 PMID: 37805182

Wettergren B, Blennow M, Hjern A, Sdder O, Ludvigsson JF. Child health systems in Sweden. J Pediatr. 2016;177:S187-202. https://doi.
org/10.1016/j.jpeds.2016.04.055

Ortqist AK, Lundholm C, Wettermark B, Ludvigsson JF, Ye W, Almqvist C. Validation of asthma and eczema in population-based Swedish drug
and patient registers. Pharmacoepidemiol Drug Saf. 2013;22(8):850—60. https://doi.org/10.1002/pds.3465 PMID: 23754713

Barnlakarforeningen delférening Allergi (Swedish Pediatric Society). Astmaterminologi och definitioner. 2020. Available from: https://aol.barnlakar-
foreningen.se/wp-content/uploads/sites/24/2020/08/b1_astmaterminologi_och_astmadiagnoser.pdf

Martin J, Townshend J, Brodlie M. Diagnosis and management of asthma in children. BMJ Paediatr Open. 2022;6(1):e001277. https://doi.
org/10.1136/bmjpo-2021-001277 PMID: 35648804

Manzano-Salgado CB, Granum B, Lopez-Espinosa M-J, Ballester F, lhiguez C, Gascén M, et al. Prenatal exposure to perfluoroalkyl substances,
immune-related outcomes, and lung function in children from a Spanish birth cohort study. Int J Hyg Environ Health. 2019;222(6):945-54. https://
doi.org/10.1016/j.ijheh.2019.06.005 PMID: 31262703

Impinen A, Nygaard UC, Ladrup Carlsen KC, Mowinckel P, Carlsen KH, Haug LS, et al. Prenatal exposure to perfluoralkyl substances (PFASSs)
associated with respiratory tract infections but not allergy- and asthma-related health outcomes in childhood. Environ Res. 2018;160:518-23.
https://doi.org/10.1016/j.envres.2017.10.012 PMID: 29106950

Gomez Real F, Burgess JA, Villani S, Dratva J, Heinrich J, Janson C, et al. Maternal age at delivery, lung function and asthma in offspring: a
population-based survey. Eur Respir J. 2018;51(6):1601611. https://doi.org/10.1183/13993003.01611-2016 PMID: 2988054 1

Laerum BN, Svanes C, Wentzel-Larsen T, Gulsvik A, Torén K, Norrman E, et al. Young maternal age at delivery is associated with asthma in adult
offspring. Respir Med. 2007;101(7):1431-8. https://doi.org/10.1016/j.rmed.2007.01.020 PMID: 17350816

Neuman A, Hohmann C, Orsini N, Pershagen G, Eller E, Kjaer HF, et al. Maternal smoking in pregnancy and asthma in preschool children. Am J
Respir Crit Care Med. 2012;186(10):1037-43. https://doi.org/10.1164/rccm.201203-05010c

Yang-Huang J, McGrath JJ, Gauvin L, Nikiéma B, Spencer NJ, Awad YA, et al. Early family socioeconomic status and asthma-related outcomes in
school-aged children: results from seven birth cohort studies. J Epidemiol Community Health. 2024;79(1):1-11. https://doi.org/10.1136/jech-2023-
220726 PMID: 38849153

Caffrey Osvald E, Gong T, Lundholm C, Larsson H, Bk B, Aimqvist C. Parental socioeconomic status and asthma in children: using a
population-based cohort and family design. Clin Exp Allergy. 2022;52(1):94—103. https://doi.org/10.1111/cea.14037 PMID: 34676942

Ny P, Dykes A-K, Molin J, Dejin-Karlsson E. Utilisation of antenatal care by country of birth in a multi-ethnic population: a four-year community-
based study in Malmg, Sweden. Acta Obstet Gynecol Scand. 2007;86(7):805—13. https://doi.org/10.1080/00016340701415095 PMID: 17611825

PLOS Medicine | https://doi.org/10.137 1/journal.pmed.1004659 April 9, 2026 16/19



https://doi.org/10.1016/j.pharmthera.2007.01.011
https://doi.org/10.1016/j.pharmthera.2007.01.011
http://www.ncbi.nlm.nih.gov/pubmed/17408750
https://doi.org/10.2903/j.efsa.2020.6223
https://doi.org/10.1016/j.envint.2020.106333
http://www.ncbi.nlm.nih.gov/pubmed/33360412
https://doi.org/10.1007/s10654-016-0117-y
http://www.ncbi.nlm.nih.gov/pubmed/26769609
https://doi.org/10.1007/978-1-59745-423-0_10
http://www.ncbi.nlm.nih.gov/pubmed/20949391
https://doi.org/10.1007/s10654-022-00947-5
http://www.ncbi.nlm.nih.gov/pubmed/36595114
https://doi.org/10.1007/s10654-019-00511-8
http://www.ncbi.nlm.nih.gov/pubmed/30929112
https://doi.org/10.1186/1471-2458-11-450
http://www.ncbi.nlm.nih.gov/pubmed/21658213
https://www.socialstyrelsen.se/statistik-och-data/register/patientregistret/framstallning-och-kvalitet/
https://www.socialstyrelsen.se/statistik-och-data/register/patientregistret/framstallning-och-kvalitet/
https://doi.org/10.1111/bcpt.12613
http://www.ncbi.nlm.nih.gov/pubmed/27112967
https://doi.org/10.1016/j.envres.2021.112206
https://doi.org/10.1016/j.envres.2021.112206
http://www.ncbi.nlm.nih.gov/pubmed/34653413
https://doi.org/10.1016/j.envres.2023.117316
https://doi.org/10.1016/j.envres.2023.117316
http://www.ncbi.nlm.nih.gov/pubmed/37805182
https://doi.org/10.1016/j.jpeds.2016.04.055
https://doi.org/10.1016/j.jpeds.2016.04.055
https://doi.org/10.1002/pds.3465
http://www.ncbi.nlm.nih.gov/pubmed/23754713
https://aol.barnlakarforeningen.se/wp-content/uploads/sites/24/2020/08/b1_astmaterminologi_och_astmadiagnoser.pdf
https://aol.barnlakarforeningen.se/wp-content/uploads/sites/24/2020/08/b1_astmaterminologi_och_astmadiagnoser.pdf
https://doi.org/10.1136/bmjpo-2021-001277
https://doi.org/10.1136/bmjpo-2021-001277
http://www.ncbi.nlm.nih.gov/pubmed/35648804
https://doi.org/10.1016/j.ijheh.2019.06.005
https://doi.org/10.1016/j.ijheh.2019.06.005
http://www.ncbi.nlm.nih.gov/pubmed/31262703
https://doi.org/10.1016/j.envres.2017.10.012
http://www.ncbi.nlm.nih.gov/pubmed/29106950
https://doi.org/10.1183/13993003.01611-2016
http://www.ncbi.nlm.nih.gov/pubmed/29880541
https://doi.org/10.1016/j.rmed.2007.01.020
http://www.ncbi.nlm.nih.gov/pubmed/17350816
https://doi.org/10.1164/rccm.201203-0501oc
https://doi.org/10.1136/jech-2023-220726
https://doi.org/10.1136/jech-2023-220726
http://www.ncbi.nlm.nih.gov/pubmed/38849153
https://doi.org/10.1111/cea.14037
http://www.ncbi.nlm.nih.gov/pubmed/34676942
https://doi.org/10.1080/00016340701415095
http://www.ncbi.nlm.nih.gov/pubmed/17611825

PLON. Medicine

46.

47.

48.

49.
50.

51.
52.

53.

54.

55.

56.

57.

58.

59.
60.

61.
62.
63.
64.

65.
66.

67.
68.

69.
70.

71.

72.

73.

74.

75.

Appoh L, Felix F, Pedersen PU. Barriers to access of healthcare services by the immigrant population in Scandinavia: a scoping review protocol.
BMJ Open. 2020;10(1):e032596. https://doi.org/10.1136/bmjopen-2019-032596 PMID: 31915164

Lim RH, Kobzik L, Dahl M. Risk for asthma in offspring of asthmatic mothers versus fathers: a meta-analysis. PLoS One. 2010;5(4):e10134. https://
doi.org/10.1371/journal.pone.0010134 PMID: 20405032

Sprent P, Smeeton NC. Applied nonparametric statistical methods. 4th ed. New York: Chapman and Hall/CRC; 2013. https://doi.org/10.1201/
b15842

Jonckheere AR. A distribution-free k-sample test against ordered alternatives. Biometrika. 1954;41:133—45. https://doi.org/10.2307/2333011

Lin DY, Wei LJ. The robust inference for the Cox proportional hazards model. J Am Stat Assoc. 1989;84:1074-8. https://doi.org/10.1080/01621459.
1989.10478874

Therneau TM, Grambsch PM. Modeling survival data: extending the cox model. New York: Springer; 2000.

Grambsch PM, Therneau TM. Proportional hazards tests and diagnostics based on weighted residuals. Biometrika. 1994;81:515-26. https://doi.
0rg/10.2307/2337123

van Buuren S, Groothuis-Oudshoorn K. Mice: multivariate imputation by chained equations in R. J Stat Softw. 2011;45:1-67. https://doi.
org/10.18637/jss.v045.i03

White IR, Royston P. Imputing missing covariate values for the Cox model. Stat Med. 2009;28(15):1982-98. https://doi.org/10.1002/sim.3618
PMID: 19452569

Austin PC. Multiple imputation with competing risk outcomes. Comput Stat. 2025;40(2):929-49. https://doi.org/10.1007/s00180-024-01518-w
PMID: 39975455

Rubin DB. Multiple imputation for nonresponse in surveys. John Wiley & Sons, Ltd; 1987. https://doi.org/10.1002/9780470316696.fmatter

Kvalem HE, Nygaard UC, Ladrup Carlsen KC, Carlsen KH, Haug LS, Granum B. Perfluoroalkyl substances, airways infections, allergy and asthma
related health outcomes — implications of gender, exposure period and study design. Environ Int. 2020;134:105259. https://doi.org/10.1016/j.
envint.2019.105259 PMID: 31733527

Greifer N, Stuart EA. Matching methods for confounder adjustment: an addition to the epidemiologist’s toolbox. Epidemiol Rev. 2022;43(1):118-29.
https://doi.org/10.1093/epirev/imxab003 PMID: 34109972

Rosenbaum PR. Design of Observational Studies. Cham: Springer International Publishing; 2020. https://doi.org/10.1007/978-3-030-46405-9

Austin PC. Statistical criteria for selecting the optimal number of untreated subjects matched to each treated subject when using many-to-one
matching on the propensity score. Am J Epidemiol. 2010;172(9):1092—7. https://doi.org/10.1093/aje/kwg224 PMID: 20802241

Rubin DB. Bias reduction using mahalanobis-metric matching. Biometrics. 1980;36(2):293. https://doi.org/10.2307/2529981
Fisher RA. The design of experiments. Oliver and Boyd; 1935.

Imbens GW, Rubin DB. Causal inference in statistics, social, and biomedical sciences. Cambridge University Press; 2015.

Bind MAC, Rubin DB. When possible, report a Fisher-exact P value and display its underlying null randomization distribution. Proc Natl Acad Sci.
2020;117:19151-8. https://doi.org/10.1073/pnas.1915454117

Fisher RA. Statistical methods for research workers. 1st ed. Edinburgh: Oliver and Boyd; 1925.

Wickham H, Averick M, Bryan J, Chang W, McGowan L, Frangois R, et al. Welcome to the Tidyverse. JOSS. 2019;4(43):1686. https://doi.
org/10.21105/joss.01686

Therneau T. A package for survival analysis in R. 2024. Available from: https://CRAN.R-project.org/package=survival

Kassambara A, Kosinski M, Biecek P. survminer: Drawing Survival Curves using “ggplot2”. 2024. Available from: https://CRAN.R-project.org/
package=survminer
Fox J, Weisberg S. An R companion to applied regression. 3rd ed. Thousand Oaks, California: SAGE Publications; 2019.

Ho D, Imai K, King G, Stuart EA. Matchlt: nonparametric preprocessing for parametric causal inference. J Stat Softw. 2011;42:1-28. https://doi.
0rg/10.18637/jss.v042.i108

Benchimol El, Smeeth L, Guttmann A, Harron K, Moher D, Petersen |, et al. The REporting of studies Conducted using Observational Routinely-
collected health Data (RECORD) statement. PLoS Med. 2015;12(10):e1001885. https://doi.org/10.1371/journal.pmed.1001885 PMID: 26440803

Mamsen LS, Bjérvang RD, Mucs D, Vinnars M-T, Papadogiannakis N, Lindh CH, et al. Concentrations of perfluoroalkyl substances (PFASSs) in
human embryonic and fetal organs from first, second, and third trimester pregnancies. Environ Int. 2019;124:482-92. https://doi.org/10.1016/j.
envint.2019.01.010 PMID: 30684806

Borg D, Bogdanska J, Sundstrém M, Nobel S, Hakansson H, Bergman A, et al. Tissue distribution of (35)S-labelled perfluorooctane sulfonate
(PFOS) in C57BI/6 mice following late gestational exposure. Reprod Toxicol. 2010;30(4):558—-65. https://doi.org/10.1016/j.reprotox.2010.07.004
PMID: 20656018

Lee J-K, Lee S, Baek M-C, Lee B-H, Lee H-S, Kwon TK, et al. Association between perfluorooctanoic acid exposure and degranulation of mast
cells in allergic inflammation. J Appl Toxicol. 2017;37(5):554—62. https://doi.org/10.1002/jat.3389 PMID: 27682001

Park SJ, Sim KH, Shrestha P, Yang JH, Lee YJ. Perfluorooctane sulfonate and bisphenol A induce a similar level of mast cell activation via a com-
mon signaling pathway, Fyn-Lyn-Syk activation. Food Chem Toxicol. 2021;156:112478. https://doi.org/10.1016/].fct.2021.112478

PLOS Medicine | https://doi.org/10.1371/journal.pomed.1004659 April 9, 2026 171719



https://doi.org/10.1136/bmjopen-2019-032596
http://www.ncbi.nlm.nih.gov/pubmed/31915164
https://doi.org/10.1371/journal.pone.0010134
https://doi.org/10.1371/journal.pone.0010134
http://www.ncbi.nlm.nih.gov/pubmed/20405032
https://doi.org/10.1201/b15842
https://doi.org/10.1201/b15842
https://doi.org/10.2307/2333011
https://doi.org/10.1080/01621459.1989.10478874
https://doi.org/10.1080/01621459.1989.10478874
https://doi.org/10.2307/2337123
https://doi.org/10.2307/2337123
https://doi.org/10.18637/jss.v045.i03
https://doi.org/10.18637/jss.v045.i03
https://doi.org/10.1002/sim.3618
http://www.ncbi.nlm.nih.gov/pubmed/19452569
https://doi.org/10.1007/s00180-024-01518-w
http://www.ncbi.nlm.nih.gov/pubmed/39975455
https://doi.org/10.1002/9780470316696.fmatter
https://doi.org/10.1016/j.envint.2019.105259
https://doi.org/10.1016/j.envint.2019.105259
http://www.ncbi.nlm.nih.gov/pubmed/31733527
https://doi.org/10.1093/epirev/mxab003
http://www.ncbi.nlm.nih.gov/pubmed/34109972
https://doi.org/10.1007/978-3-030-46405-9
https://doi.org/10.1093/aje/kwq224
http://www.ncbi.nlm.nih.gov/pubmed/20802241
https://doi.org/10.2307/2529981
https://doi.org/10.1073/pnas.1915454117
https://doi.org/10.21105/joss.01686
https://doi.org/10.21105/joss.01686
https://CRAN.R-project.org/package=survival
https://CRAN.R-project.org/package=survminer
https://CRAN.R-project.org/package=survminer
https://doi.org/10.18637/jss.v042.i08
https://doi.org/10.18637/jss.v042.i08
https://doi.org/10.1371/journal.pmed.1001885
http://www.ncbi.nlm.nih.gov/pubmed/26440803
https://doi.org/10.1016/j.envint.2019.01.010
https://doi.org/10.1016/j.envint.2019.01.010
http://www.ncbi.nlm.nih.gov/pubmed/30684806
https://doi.org/10.1016/j.reprotox.2010.07.004
http://www.ncbi.nlm.nih.gov/pubmed/20656018
https://doi.org/10.1002/jat.3389
http://www.ncbi.nlm.nih.gov/pubmed/27682001
https://doi.org/10.1016/j.fct.2021.112478

PLON. Medicine

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Singh TSK, Lee S, Kim H-H, Choi JK, Kim S-H. Perfluorooctanoic acid induces mast cell-mediated allergic inflammation by the release of hista-
mine and inflammatory mediators. Toxicol Lett. 2012;210(1):64—70. https://doi.org/10.1016/j.toxlet.2012.01.014 PMID: 22322153

Lee J-K, Kim S-H. Correlation between mast cell-mediated allergic inflammation and length of perfluorinated compounds. J Toxicol Environ Health
A. 2018;81(9):302—13. https://doi.org/10.1080/15287394.2018.1440188 PMID: 29482476

Lee JK, Lee S, Choi YA, Jin M, Kim YY, Kang BC, et al. Perfluorooctane sulfonate exacerbates mast cell-mediated allergic inflammation by the
release of histamine. Mol Cell Toxicol. 2018;14:173-81. https://doi.org/10.1007/s13273-018-0019-z

Yang M, Li L-Y, Qin X-D, Ye X-Y, Yu S, Bao Q, et al. Perfluorooctanesulfonate and perfluorooctanoate exacerbate airway inflammation in asthmatic
mice and in vitro. Sci Total Environ. 2021;766:142365. https://doi.org/10.1016/j.scitotenv.2020.142365 PMID: 33601665

Zeng Z, Ma W, Zhao R, Dong X. Airway exposure to perfluorooctanoate exacerbates airway hyperresponsiveness and downregulates glucocorti-
coid receptor expression in asthmatic mice. Transl Pediatr. 2021;10(2):323-32. https://doi.org/10.21037/tp-20-246 PMID: 33708518

Grasty RC, Bjork JA, Wallace KB, Wolf DC, Lau CS, Rogers JM. Effects of prenatal perfluorooctane sulfonate (PFOS) exposure on lung maturation
in the perinatal rat. Birth Defects Res B Dev Reprod Toxicol. 2005;74(5):405-16. https://doi.org/10.1002/bdrb.20059 PMID: 16249997

Chen T, Zhang L, Yue J-Q, Lv Z-Q, Xia W, Wan Y-J, et al. Prenatal PFOS exposure induces oxidative stress and apoptosis in the lung of rat off-
spring. Reprod Toxicol. 2012;33(4):538—45. https://doi.org/10.1016/j.reprotox.2011.03.003 PMID: 21440054

Zhang H, Lu H, Yu L, Yuan J, Qin S, Li C, et al. Effects of gestational exposure to perfluorooctane sulfonate on the lung development of offspring
rats. Environ Pollut. 2021;272:115535. https://doi.org/10.1016/j.envpol.2020.115535 PMID: 33223333

Ye L, Zhao B, Yuan K, Chu Y, Li C, Zhao C, et al. Gene expression profiling in fetal rat lung during gestational perfluorooctane sulfonate exposure.
Toxicol Lett. 2012;209(3):270-6. https://doi.org/10.1016/j.toxlet.2011.12.013 PMID: 22237054

Averina M, Brox J, Huber S, Furberg A-S, Sgrensen M. Serum perfluoroalkyl substances (PFAS) and risk of asthma and various allergies in ado-
lescents. Environ Res. 2019;169:114-21. https://doi.org/10.1016/j.envres.2018.11.005

Dong G-H, Tung K-Y, Tsai C-H, Liu M-M, Wang D, Liu W, et al. Serum polyfluoroalkyl concentrations, asthma outcomes, and immunological
markers in a case-control study of Taiwanese children. Environ Health Perspect. 2013;121(4):507—13. https://doi.org/10.1289/ehp.1205351 PMID:
23309686

Humblet O, Diaz-Ramirez LG, Balmes JR, Pinney SM, Hiatt RA. Perfluoroalkyl chemicals and asthma among children 12-19 years of age:
NHANES (1999-2008). Environ Health Perspect. 2014;122(10):1129-33. https://doi.org/10.1289/ehp.1306606 PMID: 24905661

Jackson-Browne MS, Eliot M, Patti M, Spanier AJ, Braun JM. PFAS (per- and polyfluoroalkyl substances) and asthma in young children: NHANES
2013-2014. Int J Hyg Environ Health. 2020;229:113565. https://doi.org/10.1016/j.ijheh.2020.113565 PMID: 32485600

Stein CR, McGovern KJ, Pajak AM, Maglione PJ, Wolff MS. Perfluoroalkyl and polyfluoroalkyl substances and indicators of immune function in chil-
dren aged 12-19 y: National Health and Nutrition Examination Survey. Pediatr Res. 2016;79(2):348-57. https://doi.org/10.1038/pr.2015.213 PMID:
26492286

Wang Y-F, Xie B, Zou Y-X. Association between PFAS congeners exposure and asthma among US children in a nationally representative sample.
Environ Geochem Health. 2023;45(8):5981-90. https://doi.org/10.1007/s10653-023-01614-8 PMID: 37195568

Zhu 'Y, Qin X-D, Zeng X-W, Paul G, Morawska L, Su M-W, et al. Associations of serum perfluoroalkyl acid levels with T-helper cell-specific
cytokines in children: by gender and asthma status. Sci Total Environ. 2016;559:166—73. https://doi.org/10.1016/j.scitotenv.2016.03.187 PMID:
27060656

Gaylord A, Berger Kl, Naidu M, Attina TM, Gilbert J, Koshy TT, et al. Serum perfluoroalkyl substances and lung function in adolescents exposed to
the World Trade Center disaster. Environ Res. 2019;172:266—72. https://doi.org/10.1016/j.envres.2019.02.024 PMID: 30822559

Pan Z, Guo Y, Zhou Q, Wang Q, Pan S, Xu S, et al. Perfluoroalkyl substance exposure is associated with asthma and innate immune cell count in
US adolescents stratified by sex. Environ Sci Pollut Res Int. 2023;30(18):52535-48. https://doi.org/10.1007/s11356-023-26065-7 PMID: 36840869

Ait Bamai Y, Goudarzi H, Araki A, Okada E, Kashino |, Miyashita C, et al. Effect of prenatal exposure to per- and polyfluoroalkyl substances on
childhood allergies and common infectious diseases in children up to age 7 years: the Hokkaido study on environment and children’s health. Envi-
ron Int. 2020;143: 105979. https://doi.org/10.1016/j.envint.2020.105979

Beck IH, Timmermann CAG, Nielsen F, Schoeters G, Jahnk C, Kyhl HB, et al. Association between prenatal exposure to perfluoroalkyl substances
and asthma in 5-year-old children in the Odense Child Cohort. Environ Health. 2019;18(1):97. https://doi.org/10.1186/s12940-019-0541-z PMID:
31730470

Impinen A, Longnecker MP, Nygaard UC, London SJ, Ferguson KK, Haug LS, et al. Maternal levels of perfluoroalkyl substances (PFASs) during
pregnancy and childhood allergy and asthma related outcomes and infections in the Norwegian Mother and Child (MoBa) cohort. Environ Int.
2019;124:462—72. https://doi.org/10.1016/j.envint.2018.12.041 PMID: 30684804

Okada E, Sasaki S, Kashino |, Matsuura H, Miyashita C, Kobayashi S, et al. Prenatal exposure to perfluoroalkyl acids and allergic diseases in early
childhood. Environ Int. 2014;65:127-34. https://doi.org/10.1016/j.envint.2014.01.007 PMID: 24486970

Philippat C, Coiffier O, Lyon-Caen S, Boudier A, Jovanovic N, Quentin J, et al. In utero exposure to poly- and perfluoroalkyl substances and chil-
dren respiratory health in the three first years of life. Environ Res. 2023;234:116544. https://doi.org/10.1016/j.envres.2023.116544 PMID: 37406719

Timmermann CAG, Budtz-Jgrgensen E, Jensen TK, Osuna CE, Petersen MS, Steuerwald U, et al. Association between perfluoroalkyl substance
exposure and asthma and allergic disease in children as modified by MMR vaccination. J Immunotoxicol. 2017;14(1):39—49. https://doi.org/10.1080
/1547691X.2016.1254306 PMID: 28091126

PLOS Medicine | https://doi.org/10.137 1/journal.pmed.1004659 April 9, 2026 18719



https://doi.org/10.1016/j.toxlet.2012.01.014
http://www.ncbi.nlm.nih.gov/pubmed/22322153
https://doi.org/10.1080/15287394.2018.1440188
http://www.ncbi.nlm.nih.gov/pubmed/29482476
https://doi.org/10.1007/s13273-018-0019-z
https://doi.org/10.1016/j.scitotenv.2020.142365
http://www.ncbi.nlm.nih.gov/pubmed/33601665
https://doi.org/10.21037/tp-20-246
http://www.ncbi.nlm.nih.gov/pubmed/33708518
https://doi.org/10.1002/bdrb.20059
http://www.ncbi.nlm.nih.gov/pubmed/16249997
https://doi.org/10.1016/j.reprotox.2011.03.003
http://www.ncbi.nlm.nih.gov/pubmed/21440054
https://doi.org/10.1016/j.envpol.2020.115535
http://www.ncbi.nlm.nih.gov/pubmed/33223333
https://doi.org/10.1016/j.toxlet.2011.12.013
http://www.ncbi.nlm.nih.gov/pubmed/22237054
https://doi.org/10.1016/j.envres.2018.11.005
https://doi.org/10.1289/ehp.1205351
http://www.ncbi.nlm.nih.gov/pubmed/23309686
https://doi.org/10.1289/ehp.1306606
http://www.ncbi.nlm.nih.gov/pubmed/24905661
https://doi.org/10.1016/j.ijheh.2020.113565
http://www.ncbi.nlm.nih.gov/pubmed/32485600
https://doi.org/10.1038/pr.2015.213
http://www.ncbi.nlm.nih.gov/pubmed/26492286
https://doi.org/10.1007/s10653-023-01614-8
http://www.ncbi.nlm.nih.gov/pubmed/37195568
https://doi.org/10.1016/j.scitotenv.2016.03.187
http://www.ncbi.nlm.nih.gov/pubmed/27060656
https://doi.org/10.1016/j.envres.2019.02.024
http://www.ncbi.nlm.nih.gov/pubmed/30822559
https://doi.org/10.1007/s11356-023-26065-7
http://www.ncbi.nlm.nih.gov/pubmed/36840869
https://doi.org/10.1016/j.envint.2020.105979
https://doi.org/10.1186/s12940-019-0541-z
http://www.ncbi.nlm.nih.gov/pubmed/31730470
https://doi.org/10.1016/j.envint.2018.12.041
http://www.ncbi.nlm.nih.gov/pubmed/30684804
https://doi.org/10.1016/j.envint.2014.01.007
http://www.ncbi.nlm.nih.gov/pubmed/24486970
https://doi.org/10.1016/j.envres.2023.116544
http://www.ncbi.nlm.nih.gov/pubmed/37406719
https://doi.org/10.1080/1547691X.2016.1254306
https://doi.org/10.1080/1547691X.2016.1254306
http://www.ncbi.nlm.nih.gov/pubmed/28091126

PLON. Medicine

100.

101.

102.

103.

104.

105.

106.
107.

108.

109.

110.

Zeng X, Chen Q, Zhang X, Li H, Liu Q, Li C, et al. Association between prenatal exposure to perfluoroalkyl substances and asthma-related dis-
eases in preschool children. Environ Sci Pollut Res Int. 2019;26(29):29639-48. https://doi.org/10.1007/s11356-019-05864-x PMID: 31399834

Sevelsted A, Pedersen C-ET, Gurdeniz G, Rasmussen MA, Schullehner J, Sdougkou K, et al. Exposures to perfluoroalkyl substances and
asthma phenotypes in childhood: an investigation of the COPSAC2010 cohort. EBioMedicine. 2023;94:104699. https://doi.org/10.1016/j.
ebiom.2023.104699 PMID: 37429082

Zell-Baran LM, Venter C, Dabelea D, Norris JM, Glueck DH, Adgate JL, et al. Prenatal exposure to poly- and perfluoroalkyl substances and the
incidence of asthma in early childhood. Environ Res. 2023;239(Pt 1):117311. https://doi.org/10.1016/j.envres.2023.117311 PMID: 37805178

Atagi T, Hasegawa K, Motoki N, Inaba Y, Toubou H, Shibazaki T, et al. Associations between prenatal exposure to per- and polyfluoroalkyl
substances and wheezing and asthma symptoms in 4-year-old children: the Japan Environment and Children’s Study. Environ Res. 2024;240(Pt
1):117499. https://doi.org/10.1016/j.envres.2023.117499 PMID: 37914018

Mattsson K, Kallén K, Rignell-Hydbom A, Lindh CH, Jonsson BAG, Gustafsson P, et al. Cotinine validation of self-reported smoking during preg-
nancy in the Swedish Medical Birth Register. Nicotine Tob Res. 2016;18(1):79-83. https://doi.org/10.1093/ntr/ntv087 PMID: 25895950
Weisskopf MG, Webster TF. Trade-offs of personal versus more proxy exposure measures in environmental epidemiology. Epidemiology.
2017;28(5):635—43. https://doi.org/10.1097/EDE.0000000000000686 PMID: 28520644

Yi GY. Statistical analysis with measurement error or misclassification. New York, NY: Springer; 2017. https://doi.org/10.1007/978-1-4939-6640-0
Kim H-M, Richardson D, Loomis D, Van Tongeren M, Burstyn |. Bias in the estimation of exposure effects with individual- or group-based expo-
sure assessment. J Expo Sci Environ Epidemiol. 2011;21(2):212—21. https://doi.org/10.1038/jes.2009.74 PMID: 20179749

Harrell FE. Regression modeling strategies: with applications to linear models, logistic and ordinal regression, and survival analysis. Cham:
Springer International Publishing; 2015. https://doi.org/10.1007/978-3-319-19425-7

George B, Seals S, Aban |. Survival analysis and regression models. J Nucl Cardiol. 2014;21(4):686—-94. https://doi.org/10.1007/s12350-014-
9908-2 PMID: 24810431

Hu XC, Andrews DQ, Lindstrom AB, Bruton TA, Schaider LA, Grandjean P. Detection of poly- and perfluoroalkyl substances (PFASs) in U.S.
drinking water linked to industrial sites, military fire training areas, and wastewater treatment plants. Environ Sci Technol Lett. 2016;3:344-50.
https://doi.org/10.1021/acs.estlett.6b00260

PLOS Medicine | https://doi.org/10.1371/journal.pomed.1004659 April 9, 2026 19/19



https://doi.org/10.1007/s11356-019-05864-x
http://www.ncbi.nlm.nih.gov/pubmed/31399834
https://doi.org/10.1016/j.ebiom.2023.104699
https://doi.org/10.1016/j.ebiom.2023.104699
http://www.ncbi.nlm.nih.gov/pubmed/37429082
https://doi.org/10.1016/j.envres.2023.117311
http://www.ncbi.nlm.nih.gov/pubmed/37805178
https://doi.org/10.1016/j.envres.2023.117499
http://www.ncbi.nlm.nih.gov/pubmed/37914018
https://doi.org/10.1093/ntr/ntv087
http://www.ncbi.nlm.nih.gov/pubmed/25895950
https://doi.org/10.1097/EDE.0000000000000686
http://www.ncbi.nlm.nih.gov/pubmed/28520644
https://doi.org/10.1007/978-1-4939-6640-0
https://doi.org/10.1038/jes.2009.74
http://www.ncbi.nlm.nih.gov/pubmed/20179749
https://doi.org/10.1007/978-3-319-19425-7
https://doi.org/10.1007/s12350-014-9908-2
https://doi.org/10.1007/s12350-014-9908-2
http://www.ncbi.nlm.nih.gov/pubmed/24810431
https://doi.org/10.1021/acs.estlett.6b00260

