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Introduction

Language development is relatively uniform across nationali-
ties and cultures. It is also easily observed by following robust 
milestones in language development, that typical developing 
children reach within a certain age.1 However, children with 
developmental language disorder (DLD) fail to achieve these 
milestones and their language development is slow and pro-
tracted. Children with DLD have significant difficulties in one 
or more areas that affect spoken or written language, compre-
hension, and communication (i.e., social interaction). Early 
signs of suspected or confirmed DLD can be lack of babbling 
and late onset of the first spoken words.2,3 As the child grows 
older, DLD can manifest as the use of short and grammatically 
incorrect sentences, limited vocabulary, deviant speech sound 
production and problems understanding spoken language.4 
DLD is one of the most common developmental disorders 
among children and affects 7%–8% of the population.5,6 If a 

What this study adds
In a register-based cohort of 11,895 children, we found increased 
risks of both suspected and confirmed developmental language 
disorder, particularly among girls, after early-life exposure to 
high levels of primarily PFHxS and PFOS. The results empha-
size the role of PFAS as a neurotoxicant and highlights a need 
for further research in this area. The results are also of clinical 
importance as they signal a potential need to increase the aware-
ness of the association in Child Health Care services in highly 
exposed communities so that interventions, such as intensified 
screening, can be considered.

aGillberg Neuropsychiatry Centre, Institute of Neuroscience and Physiology, 
Sahlgrenska Academy, University of Gothenburg, Gothenburg, Sweden; 
bDepartment of Pediatric Speech and Language Pathology, Queen Silvia 
Childrens´ Hospital, Sahlgrenska University Hospital, Gothenburg, Sweden; 
cDivision of Occupational and Environmental Medicine, Department of 
Laboratory Medicine, Lund University, Lund, Sweden; dSchool of Public Health 
and Community Medicine, Sahlgrenska Academy, University of Gothenburg, 
Gothenburg, Sweden; eOccupational and Environmental Medicine, Sahlgrenska 
University Hospital, Gothenburg, Sweden; fDepartment of Child Neuropsychiatry, 
Queen Silvia Childrens´ Hospital, Sahlgrenska University Hospital, Gothenburg, 
Sweden; and gClinical Pharmacology, Pharmacy and Environmental Medicine, 
Department of Public Health, University of Southern Denmark, Odense, Denmark.

The study has ethical approval from the Swedish Ethical Review Authority 
(2019-04551).

No informed consent was required because the study was based solely on 
registry data.

C.S. and M.E. share first authorship to this article. Also, C.N. and C.M. share the 
last authorship of this article.

The results herein correspond to specific aims of grant 2018-00289 to investigator 
CM from The Swedish Research Council for Health, Working Life and Welfare 
(FORTE). This work was supported by grants 2017-00896 from Formas (CN), 
2017-01359 from the Swedish Research Council for Medicine (CG), and in-kind 
contributions from University of Gothenburg (KJ), and Silverskiöld foundation (CS).

Data contains sensitive personal information and cannot be made publicly 
available for legal reasons (GDPR). However, it can be accessed by other 
researchers after renewed ethical vetting. Any data inquiries are referred to the 
corresponding author.

Supplemental digital content is available through direct URL citations in 
the HTML and PDF versions of this article (www.environepidem.com).

*Corresponding Author. Address: Gillberg Neuropsychiatry Centre, Sahlgrenska 
Academy, University of Gothenburg, Kungsgatan 12, SE 411 19 Gothenburg, 
Sweden. E-mail: charlotte.stubner@gu.se (C. Stübner).

Background: There are indications that early-life exposure to perfluoroalkyl substances (PFAS) can impact neurodevelopment, 
but results are inconclusive. The objective was to investigate if high early-life exposure to primarily perfluorohexanesulfonic acid 
(PFHxS) and perfluorooctanesulfonic acid (PFOS) increases the risk of developmental language disorder in children up to seven years 
of age.
Methods: A register-based cohort of all children born 1998–2013 in Blekinge county, Sweden, was studied. Maternal residential 
history, that is, with or without highly PFAS-contaminated drinking water, during the 5-year period before childbirth was used as a 
proxy for early-life exposure. Exposure was categorized as high (n = 646), intermediate (n = 1,650), or background (n = 9,599). We 
used Cox proportional hazards regression to estimate hazard ratios (HR) for (1) referral to a speech- and language pathologist after 
routine screening at Child Health Services, and (2) subsequent language disorder diagnosis after clinical assessment. Models were 
adjusted for parity, maternal age, education level, and smoking, and explored effect modification by sex.
Results: In children from the high-exposed area, the adjusted HR for referral was 1.23 (95% CI = 1.03, 1.47) and 1.13 (95% CI = 
0.97, 1.56) for subsequent diagnosis. There was no increased risk in the intermediate exposure category.
Conclusion: Children, particularly girls, with high exposure had an increased risk of both referral and confirmed developmental lan-
guage disorder. Further research is needed on PFAS in the context of general neurodevelopment, for which language development 
is a proxy.
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child still meets criteria for DLD after 5 years of age, there 
is a risk that the condition becomes persistent with long-term 
effects on language and literacy development.7,8 Language 
development is also a well-known proxy for other neurodevel-
opmental domains and can predict, for example, hyperactivity, 
inattention, and conduct problems,5,9,10 and social and educa-
tional underachievement.5,8,11 This also includes an increased 
risk of psychiatric and social adaption problems through ado-
lescence and into adult life.11

The etiology of DLD is multifactorial, including genetic, 
social, and environmental risk factors.4,6,12,13 Family history of 
language and learning difficulties, parental education, smoking, 
and breastfeeding are important determinants.14 Boys are more 
often referred to speech and language pathologists (SLP) for 
clinical assessment and therefore more likely to be diagnosed 
with DLD.5 However, sex-ratios tend to be more equal in popu-
lation-based investigations.5,6,13

Sex hormones affect the developing brain, and the hor-
monal environment is therefore different in boys and girls.15,16 
This has been associated with differences with respect to lan-
guage development.17–19 Perfluoroalkyl substances (PFAS) may 
disrupt hormone systems that are essential for brain devel-
opment.20,21 PFAS are synthetically produced chemicals that 
have been in use since the 1950s and are now ubiquitous in 
the environment. They are highly persistent, not metabolized 
and accumulate in humans.22–24 Transfer from mother to child 
during pregnancy and breastfeeding implies exposure of the 
fetus and the child during developmentally sensitive time 
windows.21,24

Background PFAS exposure generally derives from food 
and indoor environment. Additionally, high exposure may 
occur after contamination from fire-fighting foam or PFAS-
manufacturing sites resulting in contaminated drinking water.25 
One such “hotspot” is Ronneby in southern Sweden, where 
one-third of the population for decades received heavily con-
taminated municipal drinking water with an exposure profile 
dominated by perfluorohexanesulfonic acid (PFHxS) and per-
fluorooctanesulfonic acid (PFOS).26,27

A few studies in populations with background levels of 
PFAS exposure have investigated effects on children’s language 
development with inconsistent results, overall as well as with 
respect to sex differences.28–32 These studies have large variation 
with respect to age at assessment of both exposure and at out-
come. Further, language outcomes have generally been assessed 
using psychometric instruments or questionnaires intended for 
assessment of general cognitive development, where language 
constitutes only a part, for example, receptive language (com-
prehension) or expressive language (vocabulary, sentences). 
At high exposures, only one study from the Mid-Ohio Valley 
area with industrial PFOA contamination has been published.33 
Hitherto, no study has addressed clinically relevant outcomes 
of language and communication problems according to clinical 
diagnoses.

The aim of this study was to assess associations between 
high early-life PFAS exposure and DLD in boys and girls up to 
7 years of age. We used administrative data from the regional 
healthcare register, which cover all health care provided in the 

county of Blekinge, of assessments and clinical diagnoses made 
by SLPs after referral from Child Health Service (CHS), where 
standardized language screening reaching virtually all children 
is routinely performed.

Methods

Setting

In December 2013, it was discovered that the drinking water 
from one of two municipal waterworks in Ronneby, situated in 
the county of Blekinge, Sweden, was heavily contaminated by 
PFAS. The municipality had at that time 28,000 inhabitants. The 
outgoing drinking water from the contaminated waterworks 
had supplied one-third of the households and had a sum12 PFAS 
concentration above 10,000 ng/L.34 This can be compared with 
the Swedish action limit at the time of 90 ng/L sum7 PFAS.35,36 
The source of the contamination was fire-fighting foam used 
at a military airport since the mid-1980s. PFOS and PFHxS 
dominated the exposure profile, but the level of PFOA was also 
elevated. No analysis of PFAS in the drinking water had been 
performed before 2013. Notably, the sum7 PFAS concentration 
in water from the uncontaminated waterworks was <5 ng/L.

Study design

We used a register-based cohort to follow all children born 
between 1998 and 2013 in Blekinge county with respect to 
DLD, from birth up to 7 years of age. The mothers’ residential 
address history was used as a proxy for early-life exposure.

Study population

We included all children with a residential address in Blekinge 
for at least 1 year between birth and age 7. We excluded multiple 
births, children who had a reused personal identification num-
ber, and children born prematurely (<37 weeks of gestation).

Variables

Exposure assessment

Yearly information on the water supply source to each address in 
Ronneby between 1980 and 2013 was retrieved from the munic-
ipality and linked by Statistics Sweden to the Total Population 
Register,36 to retrieve information on maternal residential expo-
sure. We limited the exposure window to the five years before 
childbirth because it covers 1–1.5 half-lives of PFOS, PFOA, and 
PFHxS, as estimated by Li et al.26,37

We categorized exposure into:

High: The mother had a residential address in Ronneby with 
highly contaminated water for at least one year during the 
5-year period before childbirth,

Intermediate: The mother had a residential address in 
Ronneby with uncontaminated water for at least 1 year 
during the 5-year period before childbirth, and

Background: The mother had a residential address in Blekinge 
county at the year of birth and did not have a residential 
address in Ronneby municipality during the 5-year period 
before childbirth.

A child qualifying for more than one of the exposure cate-
gories was assigned to the category with the highest exposure.

Validation of exposure assessment

We used a cohort with measured PFAS serum concentrations 
from residents in Ronneby and Karlshamn, a nearby munici-
pality with background levels of exposure, described in detail 
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by Xu et al34 to validate our proxy measure of exposure. For 
women with 21–38 years of age, who were sampled in 2014 and 
2016, we categorized exposure in the 5-year period before sam-
pling according to the same exposure assessment as in the pres-
ent study and compared the results with their measured serum 
concentrations (Figure 1).

For all three PFAS, the serum concentrations were consid-
erably higher among women in the high exposure category 
(median PFHxS 129 ng/mL, PFOS 169 ng/mL, and PFOA 9 ng/
mL) compared with women in the intermediate (median PFHxS 
40 ng/mL, PFOS 48 ng/mL, and PFOA 3 ng/mL), and the back-
ground exposure category (median PFHxS 0.8 ng/mL, PFOS 
4 ng/mL, and PFOA 2 ng/mL.

Outcomes

Children with suspected DLD are primarily identified through the 
language screening programs performed by pediatric nurses within 
the CHS screening programs in Sweden since the early 1970s. 
Participation in screening at CHS is not selective, it is offered to all 
children in Sweden, free of charge and the compliance rate is almost 
98%.38 The remaining 2%–2.5% have parents who decline screen-
ing because the child is already enrolled in services for children with 
other major neurological disorders, for example, cerebral palsy, or 
learning disorders.39 Thus, they were not at risk of having a referral/
diagnosis registered in the register we used for outcome assessment.

The screening program includes two standardized instru-
ments at 2.5 and 3 years of age40,41 and standardized national 
guidelines for language examinations at 4 years.42

Children who screen positive in the language screening pro-
grams within CHS are referred to a speech and language patholo-
gist (SLP) for further assessments, also free of charge. SLPs diagnose 
DLD according to three main categories from the Swedish version 
of ICD-10 that is used in Europe for classification when assessing 
language disorders (Table S1, http://links.lww.com/EE/A207).43 
Miniscalco et al.40 found that the 2.5 years screening instrument 
had a sensitivity of 0.69 and specificity of 0.93. Later, Schachinger-
Lorentzon et al.44 found that after screening at age 2.5, out 87 of 
100 referred children received a language disorder diagnosis and 
were followed at an SLP clinic. Thus, the language screening pro-
gramme in use seems to reliably identify children with DLD.

All referred children were assessed at the SLP clinic at Blekinge 
hospital, which was the only caregiver for 0- to 7-year-old chil-
dren with DLD during the study period. Information on all 
referrals from CHS to the SLP clinic with assessment by an SLP 
between 1998 and 2019 were retrieved from the regional health 
care register, together with ICD-10 language disorder diagno-
ses.43 At the time of data extraction, there were 18 CHS with 52 
nurses employed in Blekinge county, and all followed national 

guidelines and used standardized screening instruments.45 It 
should be noted, that although the CHS is the primary source of 
referral to SLPs, concerned parents can contact the clinic directly.

We used two separate outcome definitions:

 (1) Referral for assessment by an SLP after CHS screening: 
Children with ≥1 referral followed by assessment by 
an SLP (n = 2,173). This outcome is hereafter denoted 
referral.

 (2) Clinical diagnosis of DLD: Children who had a clinical 
ICD-10 speech, language, or communication diagnosis 
set by an SLP at ≥2 occasions (n = 1,181). We chose the 
latter requirement to increase validity of the outcome 
assessment and reduce the risk of misclassification. This 
outcome is hereafter referred to as DLD.

Subgroup analysis

We explored if three specific subtypes of DLD might be dif-
ferently affected by early-life PFAS exposure. Children were 
required to have been diagnosed with an ICD-10 diagnosis 
within one of the specific categories (Table S2, http://links.lww.
com/EE/A207) on ≥2 occasions.

 (1) Expressive language disorder, including impaired expres-
sive grammar, semantics, phonology, articulation, and 
dyspraxia of speech,

 (2) Mixed receptive-expressive language disorder, including 
impaired receptive and expressive grammar, semantics, 
phonology, pragmatics, and other specified and unspec-
ified communicative abilities, and

 (3) Other developmental disorders of speech and language 
fluency disorders such as stuttering, lisping, other speci-
fied, and unspecified abilities related to fluency.

Validation of outcomes

Two pilot studies were performed in 2019 to assess the con-
sistency of assessments and use of diagnostic codes over time. 
An experienced SLP (CS) interviewed two SLPs and the head 
of the SLP clinic, who had been working there since 1998. The 
aim was to clarify the routines for assessments of patients, reg-
istration in medical charts, and reporting to regional health 
care registers. All aspects were found to be consistent over 
the study period. One or two randomly chosen medical charts 
per calendar year for children who had visited the SLP clinic 
1998–2013 (n = 37) were scrutinized with focus on referral 
(i.e., age and cause) and diagnostics (i.e., use of validated test 
and ICD-10 codes). In addition, the charts for all children (n = 

Figure 1. Serum concentrations (ng/mL) of PFOS, PFHxS, and PFOA in 228 women aged 21–38, participating in open serum samplings 2014–2016.34 
Exposure categories were defined as high (n = 147), intermediate (n = 45), or background exposure (n = 36) according to maternal residential address during 
the 5-year period before sampling.
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127) born between January and June 2008 that had visited the 
clinic were scrutinized. Most children, 81%, were referred from 
CHS, while the caregivers of 13% of the children had initiated 
contact with the SLP clinic. The reason for referral was missing 
for 7 children (5%). Overall, we found that the SLPs work had 
followed common clinical practice and that the healthcare reg-
ister obtained diagnostic codes automatically from digitalized 
medical charts.

Confounders

We used a directed acyclic graph (DAG; Figure S1, http://links.
lww.com/EE/A207) to identify potential confounders a priori 
through the software program DAGitty.46 The final set of con-
founders consisted of parity, maternal age at delivery, maternal 
educational attainment in the year of childbirth, and maternal 
smoking in early pregnancy.

The Medical Birth Register, with full coverage of all Swedish 
pregnancies,47 provided information on maternal age, smoking, 
and parity. Information on maternal education was obtained 
from the Longitudinal integrated database for health insurance 
and labor market studies.48

Statistical methods

We used Cox proportional hazards regression to estimate haz-
ard ratios (HR) of referral and DLD for children with high and 
intermediate exposure relative to the reference category with 
background exposure. Cox regression with calendar year as 

the underlying time variable was used because we had different 
follow-up times for the children. The children were censored 
at the outcome, at age 7, or at the end of the study period. We 
ran the analyses on a complete case dataset because only 6% 
(n = 693) of the participants had missing data for any of the 
confounders. Women with more than one child in the data-
set (n = 2,481) introduced correlated observations, which we 
accounted for by computing the robust sandwich covariance 
estimate.49

We investigated effect modification by sex by introducing an 
interaction term in the models. The confounders were treated 
as categorical variables: parity (1, 2, or 3+), maternal age (<25, 
25–29, 30–34, or ≥35 years), maternal educational attainment 
(compulsory school, upper secondary school, or university), and 
maternal smoking in early pregnancy (yes or no).

The proportionality assumption was tested by including time 
dependent covariates to assess whether they were statistically 
significant (p < 0.05). Parity did not meet the assumption and 
was therefore stratified and allowed to have separate baseline 
hazard functions.

We explored effect modification by time period with an ad 
hoc cutoff in 2005,34,50,51 as we assumed exposure levels to have 
been highest toward the end of the study period.

In the subgroup analysis, the proportional hazards assump-
tion was not fulfilled in the adjusted models. Thus, parity and 
maternal age were stratified in the model for expressive lan-
guage disorder, whereas maternal education was stratified in the 
model for mixed receptive-expressive language disorder. Only 
56 children were diagnosed with other developmental disorders 

Figure 2. Flowchart over the study population.
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of speech and language fluency disorders, and we did not con-
sider them for further analyses.

We used SAS 9.4 for analyses (version 9.4 for Microsoft 
Windows; SAS Institute Inc., Cary, NC).52

Ethics

The study was approved by the Swedish Ethical Review 
Authority (2019-04551), and the study protocol followed the 
requirements of the Declaration of Helsinki. The analysis plan 
was preregistered at Open Science Framework, https://doi.
org/10.17605/OSF.IO/3HD5N.

Results
The final study population consisted of 11,895 children 
(Figure 2).

Children in the high exposure category had mothers that 
were younger, had lower educational attainment, and more 
frequently smoked in early pregnancy (Table  1). Mothers to 
children in the intermediate and the background exposure 
categories were similar with respect to these characteristics. 
Irrespective of exposure category, the median age for the first 
visit to an SLP was 4 years. Overall, more boys than girls were 
referred to an SLP and received a DLD diagnosis. However, the 
age at first visit did not differ considerably between girls and 
boys.

Main results

There was an increased HR for referral in the high exposure 
category compared with the background exposure category in 
the crude analysis (Table 2). The strength of the association did 
not change after adjusting for potential confounders and the 
adjusted HR was 1.23 (95% CI = 1.03, 1.47). The unadjusted 
HR for DLD diagnosis in the high exposure category was similar 
to that of referral but attenuated after confounder adjustment 

(HR 1.13, 95% CI = 0.97, 1.56). We found no risk increase in 
the intermediate exposure category.

The adjusted associations were stronger among girls (Table 3), 
and, in the high exposure category, girls had an HR for referral 
of 1.36 (95% CI = 1.02, 1.80) and an HR of DLD diagnosis of 
1.62 (95% CI = 1.12, 2.35). Although the confidence intervals 
spanned over 1, the point estimates for the intermediate group 
was suggestive of an exposure-response relationship. Among 
boys in the high exposure category, there was a nominally 
increased HR for referral but not for DLD. There was no risk 
increase for boys with intermediate exposure levels. We found 
no evidence of effect modification by time period (p = 0.55 for 
referral and p = 0.32 for DLD).

Subgroup analyses

The incidence of expressive language disorder was higher than 
the incidence of mixed receptive-expressive language disorder 
(Table  4). Although not statistically significant, there was an 

Table 1.

Description of maternal and child characteristics for the 11,895 study participants, stratified by PFAS exposure category according 
to maternal residential address during the 5-year period before childbirth.

Variable High exposure n = 646 Intermediate exposure n = 1,650 Background exposure n = 9,599

 n %  n % n % 

Parity       
 1 316 48 856 50 4,983 49
 2 225 34 626 37 3,650 36
 3+ 124 19 225 13 1,583 16
Maternal age (years)       
 <25 181 27 310 18 1,823 18
 25–29 220 33 603 35 3,470 34
 30–34 172 26 552 32 3,322 33
 ≥35 92 14 242 14 1,601 16
Maternal education       
 Compulsory school 109 16 136 8 1,018 10
 Upper secondary school 388 58 789 46 4,534 44
 University 160 24 759 45 4,481 44
Maternal smoking in early pregnancy (yes) 121 18 168 10 898 9
Sex       
 Girls 293 45 826 48 4,455 46
 Boys 353 55 851 52 5,141 54
Referral to SLP 140 22 305 19 1,728 18
Age at first SLP visita       
 140 4.1 (3.3–4.4) 305 4.1 (3.2–4.4) 1,728 4.1 (3.2–4.6)
 Girls 52 4.1 (3.3–4.4) 118 4.2 (3.3–4.5) 589 4.2 (3.3–4.6)
 Boys 88 4.1 (3.3–4.4) 187 4.1 (3.2–4.3) 1,139 4.1 (3.2–4.5)
Diagnosis set by SLPb 76 12 165 10 940 10

aMedian; IQR.
bAt ≥2 occasions.

Table 2.

Crude and adjusted HR with 95% CI for referral to and DLD 
diagnosis from a SLP after early-life exposure to PFAS.

Exposure classification Events HR Crude (95% CI) HR Adjusteda (95% CI) 

Referral to an SLP    
 High exposure 140 1.23 (1.03, 1.47) 1.23 (1.03, 1.47)b

 Intermediate exposure 305 1.03 (0.91, 1.17) 1.03 (0.91, 1.17)b

 Background exposure 1,728 1.00 1.00
DLD diagnosis    
 High exposure 76 1.22 (0.96, 1.54) 1.13 (0.97, 1.56)
 Intermediate exposure 165 1.02 (0.87, 1.21) 1.04 (0.88, 1.23)
 Background exposure 940 1.00 1.00

All estimates were obtained from Cox regression. PFAS exposure was categorized according to 
maternal residential address during the 5-year period before childbirth.
aThe models were adjusted for parity, maternal age, maternal education, and smoking in early 
pregnancy.
bEstimates changed, but only in the third digit.

https://doi.org/10.17605/OSF.IO/3HD5N
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increased HR for expressive language disorder in the high expo-
sure category. We found no association neither between high 
exposure and mixed language disorder nor between an interme-
diate exposure level and any of the subtypes.

Discussion
We studied clinically relevant language-development out-
comes in a large and unselected population of children with 
PFAS exposure levels ranging from background to very high. 
In the high exposure category, there were increased HRs for 
both referral and confirmed ICD-10 DLD diagnosis com-
pared with children with background exposure. The associ-
ation was strongest among girls. In girls, there was also a 
nominally increased risk in the intermediate exposure cate-
gory, which can be suggestive of a sex-specific dose-response 
relationship.

This study is distinct from other studies that have investi-
gated the association between PFAS and child language devel-
opment. Most previous research has been conducted in birth 
cohorts, thus with limited sampling size and a risk of selective 
participation. No other study has been performed in a general 
population with such a large exposure contrast as in Ronneby, 
or with an exposure profile dominated by PFHxS and PFOS. 
With one exception, previous studies only considered popula-
tions with background exposure. Some of these studies suggest 
that PFAS might have an adverse impact on children’s language 
development but, overall, their findings are inconclusive.28,30–32 
The only existing study at higher exposure levels found no asso-
ciation between PFOA exposure and the verbal scale results 
from the Wechsler Abbreviated Scale of Intelligence, Vocabulary 
and Similarities.33,53 Furthermore, previous studies usually 
collected data with the purpose of examine children’s overall 
cognitive development, and report results for language, verbal, 

and communication domains in standardized test batteries. In 
contrast, CHS uses standardized screening instruments target-
ing almost 98% of all eligible children directly focusing on lan-
guage ability in combination with clinical SLP assessments for 
language disorders, resulting in ICD-10 diagnoses—that is, out-
comes with highly relevant clinical outcomes.

In all exposure category, more boys than girls were referred 
and clinically assessed, which corresponds well with the clin-
ical picture; although population-based studies indicate a 
more even distribution, ratio 1.2:1.5 We found a higher risk 
for DLD among high-exposed girls but not among high-ex-
posed boys. This indicates that the effects of early-life PFAS 
exposure affects girls’ and boys’ developing brain differently, 
possibly through disruption of sex-specific hormonal path-
ways. Sex-dimorphic effects have been observed in studies of 
other neurodevelopmental outcomes (e.g., behavioral traits) 
after exposure to endocrine disruptors.15,16 Additionally, early 
language development is affected by the sex-specific hormonal 
environment.17–19

The association between PFAS exposure and DLD was 
driven by expressive language disorders. The study design 
likely resulted in lower detection rate of mixed receptive-ex-
pressive disorders because young children may not be able to 
comply with the assessment. These conditions are more severe 
and associated with other neurodevelopmental disorders such 
as autism, learning, and intellectual disorders,5,8–11 and more 
research on the role of high PFAS exposure in their etiology 
is clearly warranted. Such studies in the Ronneby population 
are underway.

Strengths and limitations

We avoided the risk of selection bias that potentially could 
have been caused by awareness of the exposure among health 
care personnel and caregivers by restricting our study pop-
ulation to children born before 2013 when the contamina-
tion was discovered. Our strict criteria for DLD of an ICD-10 
diagnosis at ≥2 occasions likely improved the validity of our 
outcome assessment, although it obviously caused a reduc-
tion of the number of cases and hence less statistical power. 
The proportion of children with only one DLD diagnosis was 
similar across the exposure categories. We adjusted for rele-
vant socioeconomic variables in the analyses but, as always in 
observational studies, residual confounding cannot be ruled 
out.

In Sweden, there is a strong tradition to drink tap water,54 
and we used a proxy measure of exposure based on maternal 
residential address history. However, proxy measures can be 
sensitive to misclassification unless they are of decent quality. 
We assessed the validity of our proxy against measured serum 
concentrations, which confirmed clear contrasts in exposure 
between the exposure categories. Thus, we consider the risk of 
exposure misclassification to be of lesser concern.

Table 3.

Adjusted HR with 95% CI for referral to and DLD diagnosis from a SLP in girls and boys after early-life exposure to PFAS.

  Girls Boys

Exposure classification Events HRa (95% CI) Events HRa (95% CI) 

Referral to an SLP     
 High exposure 52 1.36 (1.02, 1.80) 88 1.16 (0.93, 1.44)
 Intermediate exposure 118 1.13 (0.93, 1.38) 187 0.99 (0.85, 1.17)
 Background exposure 589 1.00 1,139 1.00
Confirmed DLD diagnosis     
 High exposure 31 1.62 (1.12, 2.35) 45 1.04 (0.77, 1.42)
 Intermediate exposure 62 1.18 (0.90, 1.55) 103 0.99 (0.80, 1.22)
 Background exposure 296 1.00 644 1.00

 PFAS exposure was categorized according to maternal residential address during the 5-year period before childbirth. All estimates are obtained from Cox regression.
aThe models were adjusted for parity, maternal age, maternal education, and smoking in early pregnancy, and effect modification by sex assessed through an interaction term.

Table 4.

Adjusted HRs with 95% CI for expressive language disorders and 
mixed receptive-expressive language disorders after early-life 
exposure to PFAS.

Exposure classification Events HRa (95% CI) 

Expressive language disorder   
 High exposure 59 1.25 (0.96, 1.64)
 Intermediate exposure 127 1.03 (0.85, 1.25)
 Background exposure 728 1.00
Mixed receptive-expressive language disorder   
 High exposure 21 0.98 (0.63, 1.53)
 Intermediate exposure 40 0.82 (0.59, 1.14)
 Background exposure 291 1.00

PFAS exposure was categorized according to maternal residential address during the 5-year period 
before childbirth.
aThe models were adjusted for parity, maternal age, maternal education, and smoking
in early pregnancy.
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Conclusions
Our study showed an increased risk of DLD after high exposure 
to primarily PFOS and PFHxS. In absolute figures, the estimated 
HR for girls translates into a yearly excess of 13 referrals per 
1,000 individuals and an excess of 12 DLD diagnoses per 1,000 
children in the high exposure category. Notably, we did not 
observe an increased risk among children with an intermediate 
level of exposure, whose mothers may have serum concentra-
tion that are more comparable with those in other international 
hotspot populations. The results suggest a need for increased 
awareness in CHS of the potential link between high PFAS 
exposure and DLD in highly exposed areas.
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