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A B S T R A C T   

Introduction: The immunosuppressive properties of PFASs are widely recognized. Early-life exposure to PFAS has 
been linked to reduced immune response to childhood vaccinations and increased rates of common infectious 
diseases, but implications for hospitalizations are unclear. 
Objectives: To investigate the association between maternal serum concentrations of five PFASs during pregnancy 
and the child’s rate of hospitalization due to common infectious diseases between birth and 4 years of age. 
Methods: Serum samples from first trimester pregnant women from the Odense Child Cohort (OCC) collected in 
2010–2012 were analyzed for concentrations of perfluorooctanesulfonic acid (PFOS), perfluorooctanoic acid 
(PFOA) and three other PFASs. Data on child hospitalizations with an ICD-10 code for infectious disease was 
obtained from the Danish National Patient Register. The following were identified: upper respiratory tract in-
fections (URTI), lower respiratory tract infections (LRTI), gastrointestinal infections (GI), and other infections. 
The Andersen-Gill Cox proportional hazard model for recurrent events was used to investigate the association 
between PFAS exposure and hospitalizations. The resulting estimates were hazard ratios (HRs), which express 
the relative change in the instantaneous risk of hospitalization with a doubling in maternal PFAS concentration. 
Results: A total of 1,503 mother–child pairs were included, and 26% of the children were hospitalized at least 
once for infectious disease. A doubling in maternal PFOS concentration was associated with a 23% increase in the 
risk of hospitalization due to any infection (HR: 1.23 (95% CI: 1.05, 1.44). There was indication of an interaction 
between child sex and PFOS (p = 0.07) and PFDA (p = 0.06), although in opposite directions. Further, every 
doubling of PFOA or PFOS increased the risk of LRTI by 27% (HR: 1.27 (1.01, 1.59)) and 54% (HR: 1.54 (1.11, 
2.15)), respectively. Similar tendencies were seen for URTI and the group of other infections. For GIs, the 
opposite pattern of association was seen as HR’s were consistently below 1 (PFOA, HR: 0.55 (0.32, 0.95)). 
Discussion: We found an association between PFOS and the overall risk of infectious disease, and between PFOS 
and PFOA exposures and the risk of LRTI’s. These results are in agreement with previous findings from the OCC, 
in which maternal PFOS and PFOA concentrations were positively associated with the number of days that the 
children experienced fever, thereby suggesting that PFOS and PFOA may affect the prevalence of both mild and 
more severe infectious diseases even in a rather low-exposed population.   
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1. Introduction 

Perfluoroalkyl acids (PFASs) are a group of highly persistent chem-
icals widely used as surfactants in consumer products such as disposable 
food packaging, textiles and furniture and cause global environmental 
contamination (Lau et al., 2007, EFSA CONTAM Panel, 2020). Per-
fluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) 
remain the most commonly detected PFAS in humans, but new PFASs 
are continuously being introduced (Sunderland et al., 2019). Concen-
trations of these chemicals in serum are fairly stable and suggest elim-
ination half-lives between 3 and 8 years (EFSA CONTAM Panel, 2020, Li 
et al., 2018). Further, PFASs are transferred both through the placenta 
and via breast milk to fetuses and infants (Needham et al., 2011, 
Mogensen et al., 2015). 

The widespread dissemination is a cause for serious concern since the 
PFASs have immunotoxic properties (DeWitt et al., 2019, EFSA CON-
TAM Panel, 2020) and have been found to change inflammatory re-
sponses, production of cytokines and adaptive and innate immune 
responses in animal models (DeWitt et al., 2019). Epidemiological 
studies based on cohorts from The Faroe Islands and Norway have found 
early-life exposure to be associated with reduced response to childhood 
vaccinations (Grandjean et al., 2012, Granum et al., 2013, Grandjean 
et al., 2017). In the Norwegian cohort and a Japanese cohort, an 
increased prevalence of common childhood infections was further re-
ported (Granum et al., 2013, Kvalem et al., 2020, Impinen et al., 2019, 
Impinen et al., 2018, Goudarzi et al., 2017), while no association was 
seen in another Japanese cohort (Okada et al., 2012). In a previous study 
from the Odense Child Cohort, in which information on symptoms of 
infection was obtained repeatedly during a one-year period via text 
message, we found a positive association between maternal PFOS and 
PFOA concentrations and days with fever in children aged 1–4 years 
(Dalsager et al., 2016). Conversely, a Danish study from 2010 found no 
association between prenatal exposure to PFOS and PFOA and the rate of 
hospitalization due to any infectious disease up to the age of 11 (Fei 
et al., 2010). 

The aim of this study was therefor to examine associations between 
prenatal PFAS exposure and childhood hospitalizations from common 
types of infectious disease in the Odense Child Cohort. 

2. Methods 

2.1. Study participants and data collection 

This study is based on the Odense Child Cohort (OCC), an ongoing 
cohort study focusing on the health and development of children born in 
Odense, Denmark. Details on recruitment, data collection and partici-
pants of the OCC have been published (Kyhl et al., 2015). Between 2010 
and 2012, 2,874 women were enrolled in the cohort. By January 2020, 
390 had dropped out, leaving 2,484 families. At the time of inclusion 
(GW 8–16), a blood sample was drawn from the participating women. 
They filled in a questionnaire (Q) on general health, lifestyle and social 
factors (Q1: GW 10–26, Q2: GW 27-birth) twice during pregnancy and 
three times following childbirth (Q3: age 3 months, Q4: age 18 months, 
Q5: age 3 years). 

Information on maternal educational level obtained from Q1 was 
missing for 393 women for whom occupation was retrieved from the 
birth records, allowing estimation of educational level for 362 of these 
women. By combining information from Q3, Q4 and a sub-project on 
breastfeeding reported via text messages, the total duration of breast-
feeding was obtained. All remaining information on participants were 
derived from the hospital birth records. Children with severe diseases (e. 
g., cancer and cystic fibrosis) and twins were excluded from the study. 

The study was performed in accordance with the second Helsinki 
Declaration and approved by the regional Ethical Review Committee 
(Project ID S-20090130). All mothers received written and oral infor-
mation and gave their written consent. 

2.2. PFAS measurements 

Serum samples obtained at inclusion from 1,699 women were 
analyzed for concentrations of PFOS, PFOA, perfluorohexane sulfonic 
acid (PFHxS), perfluorodecanoic acid (PFDA) and perfluorononanoic 
acid (PFNA) using online solid phase extraction followed by liquid 
chromatography and triple quadropole mass spectrometry (LC–MS/ MS) 
at Environmental Medicine, University of Southern Denmark (Vorkamp 
et al., 2014). Of the samples, 199 were analyzed in 2011, further 330 
were analyzed in 2013, 191 more in 2014 and the remaining 979 in 
primo 2019. The within-batch coefficients of variation (CVs) were < 3% 
and the between batch CVs for all sets analyzed were < 10.5%. For this 
study, PFOS, PFOA, PFNA and PFDA were measurable in all blood 
samples, whereas six women had a PFHxS concentration below the limit 
of quantification (LOQ (0.03 ng/ml)) that was replaced by LOQ/2. 

2.3. Hospitalizations 

Data on admission to a hospital with an ICD-10 code for infection 
was collected for all children in the OCC from the Danish National Pa-
tient Register (Schmidt et al., 2015) starting from their date of birth 
(between June 1st 2010 and October 14th 2013) through the end of 
August 2015. Admissions were included only if infectious disease was 
the primary cause of hospitalization or if the primary diagnosis was 
caused by an infection. Uncertainties regarding reason for admission 
were clarified through medical records. The admissions were grouped 
into four categories: upper respiratory tract infections (URTI), lower 
respiratory tract infections (LRTI), gastrointestinal infections (GI) and 
other infections (including primarily unspecified viral infections, uri-
nary tract infection, unspecified fever and skin infections) (Christensen 
et al., 2018). ICD-10 codes included are shown in Table S1. 

2.4. Statistics 

The characteristics of the study participants were compared to those 
of the OCC members who did not participate in this study using t- or 
chi2-tests. The serum-PFAS concentrations were not normally distrib-
uted and therefore reported as medians with 95th percentiles and listed 
according to relevant maternal and child characteristics. Characteristics 
included were maternal pre-pregnancy body mass index (BMI) (<25 kg/ 
m2, 25–30 kg/m2, >30 kg/m2), maternal educational level (high school 
only, vocational training or less, high school + 1–4 years, high school +
5 or more years), parity (0/ >0), smoking during pregnancy (yes/no), 
maternal age at childbirth (<25, 30–34, >34 years), prematurity 
(gestational age < 37 weeks/≥37 weeks), birth weight (<3000, 
3000–4000, >4000 g), child sex (boy/girl), duration of breastfeeding 
(0–19, 20–39, 40–144 weeks, missing) and child age in six-month in-
tervals at end of follow-up. Correlations between log transformed PFAS 
were investigated using Pearson’s correlation. 

Data on hospital admissions were considered as recurrent event data, 
where each admission was counted as one event, and was presented as 
incidence rates (IR) per 100 person-years at risk. Days when a child was 
hospitalized with an infection were excluded from the time under risk, 
as there was no risk of a new admission during this period. 

The association between prenatal PFAS exposure and hospitalization 
was investigated using the Andersen-Gill Cox proportional hazard model 
for recurrent events (Amorim and Cai, 2015, Andersen and Gill, 1982). 
Before conducting these analyses, PFAS concentrations were ln(2)- 
transformed to obtain a better model fit and a more meaningful inter-
pretation of the effect estimates. The resulting estimates were hazard 
ratios (HRs), which express the relative change in the instantaneous risk 
of hospitalization with a doubling in maternal PFAS concentration. To 
avoid violating the proportional hazard assumption, we included parity 
as a time-dependent covariate. 

The covariates to include in the regression models were determined a 
priori using a Directed Acyclic Graph (DAG) created using the online tool 
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DAGitty.net (Textor et al., 2011). Factors related to either maternal 
PFAS concentrations or the child’s risk of being admitted with an in-
fectious disease were included in the DAG (Fig. 1). 

Accordingly, maternal educational level, age, parity and child age 
were included in the regression analyses to control for confounding. 
Child sex was included as a strong predictor of the outcome (Muenchhoff 
and Goulder, 2014). Since some studies on PFAS exposure and child-
hood infections have found differences according to child sex (Impinen 
et al., 2019), we also included an interaction term between PFAS and 
sex. A p-value of the interaction term < 0.1 was considered as evidence 
of sex differences. Further, to investigate only the direct path between 
maternal PFAS exposure and child hospitalization, an analysis including 
mediators (prematurity and breastfeeding) was conducted as well. We 
also tried to include an interaction term between maternal PFAS and 
duration of breastfeeding as non-breastfed children may be more 
vulnerable to infections and have lower postnatal PFAS exposure levels. 
Finally, to eliminate the possibility that any associations found were 
driven by the children with multiple hospitalizations, we conducted an 
analysis solely focusing on whether a child was ever admitted due to an 
infectious disease or never (ever = 1, never = 0). 

3. Results 

Of the 2,874 women enrolled in the OCC, 1,735 donated a blood 
sample, of which 1,699 had sufficient volume to be analyzed for PFASs. 
Further attrition occurred due to 58 women experiencing a miscarriage, 
30 moved away, and 79 withdrew from the cohort for other reasons. 
Further, one child with leukemia, one with a very large number of ad-
missions (11 within 12 months) but no final diagnosis, and 27 twin-pairs 

were excluded, thus leaving 1,503 mother–child pairs for this study 
(Fig. 2). 

The majority of our study participants had an intermediate 

Fig. 1. Directed Acyclic Graph (DAG) showing the relationship between maternal PFAS concentrations, child hospitalization due to infectious disease and related 
risk factors. Light grey dots: unmeasured variables. White dots: adjusted variables. Black arrows: unbiased paths. Red arrows: biased paths. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Flowchart showing the selection of 1503 mother–child pairs.  
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educational level (High school + 1–4 years) (49.1%), a BMI below 25 
(65.3%), were non-smokers (94.4%) and nulliparous (56.3%). The 
mean ± SD maternal age at the time of delivery was 30.7 ± 4.5 years and 
the mean birth weight of the children was 3,517 ± 530 g (41 children 
had a birthweight < 2500 g). This distribution of characteristics did not 
differ markedly from that of the entire OCC (twins excluded), although a 
slightly larger proportion of our study participants had a BMI between 
25 and 30 in (Table 1). 

Higher PFAS concentrations were generally seen in younger women, 
women with lower BMI, nulliparous women and women giving birth to 
average-weight children (3000–4000 g) (Table 2). Further, PFAS con-
centrations varied somewhat across levels of education and smoking 
status, although the pattern was not consistent. Mothers of the youngest 
children at end of follow-up tended to have lower PFAS concentrations 
during pregnancy. The highest correlations were seen between PFOS 
and PFOA (rp: 0.6), PFOS and PFNA (rp: 0.6), PFOA and PFNA (rp: 0.7), 
and PFNA and PFDA (rp: 0.7). The remaining were between 0.1 and 0.5. 

The children’s median duration of follow-up was 3.6 years (total 
observation time 5,376 years), during which 394 children (26%) were 
hospitalized at least once because of diagnosed infectious disease. Of 
these, 238 children had one admission only, 99 had two, and 57 had 
three or more (maximum of seven), equivalent to a total of 654 hospital 
admissions (Table 3). The incidence rate for any infection was 12.14 
(95% CI: 11.24; 13.11) per 100 person-years. URTI diagnoses were the 
most frequent (26% of admissions), followed by LRTI (23.5%) and GI 
(6.1%). 

After covariate adjustments, every doubling in PFOS was associated 
with a 23% increase in the risk of admission due to any infection 
(adjusted HR: 1.23 (95% CI: 1.05, 1.44)). The HR for PFOA was 1.13 
(95% CI: 0.97, 1.29), whereas the estimates for the remaining PFASs 
were closer to 1 (Table 4). There was some indication of an interaction 
between PFOS exposure and child sex (p = 0.07) with a larger HR for 
admissions among boys as compared to girls, and between PFDA and 

child sex (p = 0.06) with a larger HR among girls than boys (Table 4, 
Table S2). 

When dividing the infections into groups, HRs for respiratory tract 
infections tended to be above 1, with the clearest associations between 
PFOS and PFOA in regard to LRTI. A doubling in the PFOS concentration 
was associated with a 54% increase in the risk of admission due to LRTI 
(adjusted HR: 1.54 (1.11, 2.15)), whereas a doubling in PFOA concen-
tration was associated with a 27% increased risk (adjusted HR: 1.27 
(1.01, 1.59)). Conversely, the risk of admission for GI infections tended 
to decrease with increasing concentrations of all investigated PFASs 
(PFOA, HR: 0.55 (0.32, 0.95)). 

Further adjustment for breastfeeding and prematurity attenuated the 
associations only marginally (<10% change in the estimates) (Table S3), 
and no interaction was observed between maternal PFAS concentrations 
and duration of breastfeeding (all p-values > 0.2). Finally, when 
ignoring the number of hospitalizations and solely focusing on whether 
a child was ever admitted or not, we saw the same associations. The 
estimates were positive for all PFASs, and statistically significant for 
PFOS and PFOA (data not shown). 

4. Discussion 

In this prospective cohort study of 1,503 mother–child pairs, we 
generally saw a positive trend between maternal serum concentrations 
of PFASs in early pregnancy and the risk of admissions due to infectious 
disease in the children during the first years of life. The risk for any 
infection increased at elevated PFOS concentrations, whereas the spe-
cific risk of LRTI increased with higher concentration of both PFOS and 
PFOA. A similar tendency was seen for URTI and the group of other 
infections, although not statistically significant. The pattern of a lower 
risk of GI infections at higher concentrations of all five PFASs seemed 
consistent, although the biological plausibility is doubtful. The possible 
influence of local outbreaks of food-mediated infections (e.g. outbreaks 
of norovirus) could not be explored. We found some indication of an 
interaction effect between child sex and PFOA and PFDA, respectively, 
although in opposite directions. Whether these are true findings or due 
to statistical chance is hard to judge. 

Our findings are in agreement with previously published data from 
the OCC, in which we found more days with fever among children with 
higher prenatal exposure to PFOS and PFOA (Dalsager et al., 2016). For 
that study, we obtained information on days with a rectal temperature 
above 38.5 ◦C every other Sunday for a one-year period via text message, 
when the children were between 1 and 4 years old. Together, our 
findings from the OCC suggest that PFOS and PFOA affect the prevalence 
of both mild and more severe infectious diseases. 

Several other epidemiological studies have investigated the associ-
ation between early-life PFAS exposure and childhood infections. Three 
Norwegian studies found associations between maternal or cord blood 
levels of the PFASs and self-reported number of infections during the 
first years of life (Impinen et al., 2019, Granum et al., 2013, Impinen 
et al., 2018). There were indications of a relationship between some of 
the PFASs investigated and common cold or GI, but the clearest asso-
ciations were seen between PFOS and PFOA in regard to infections of the 
lower respiratory tract system (e.g. pneumonia and bronchitis). 
Although some uncertainty must be expected using self-reported data on 
infections, the results of the Norwegian studies are in agreement with 
ours, as we also observed the strongest associations between PFOS and 
PFOA, and the group of LRTI. 

The results of a Japanese study further support the findings of the 
present study, as higher maternal PFOS concentrations were associated 
with higher odds of having experienced infections (otitis media, pneu-
monia, respiratory syncytial virus and/or varicella) during the first 4 
years of life (Goudarzi et al., 2017). In contrast, another study from 
Japan reported no association between maternal PFOS and PFOA con-
centrations and childhood infections (Okada et al., 2012). This conclu-
sion was, however, based on the presence of otitis media only, as the 

Table 1 
Characteristics of study population and the complete Odense Child Cohort 
(twins excluded).  

Characteristics Total OCC Study 
population 

P-value 
* 

All (N (%)) 2449 
(100) 

1503 (100)   

Mean ± SD  
Maternal age at delivery, years 30.8 ± 4.5 30.7 ± 4.5 0.767 
Child birth weight, grams 3528 ±

534 
3517 ± 530 0.488  

N (%)  
Parity   0.194 
0 1347 

(55.0) 
846 (56.3)  

> 0 1095 
(44.7) 

649 (43.2)  

Educational level   0.079 
High school, vocational training or 

less 
723 (29.5) 435 (28.9)  

High school + 1–4 years 1171 
(47.8) 

738 (49.1)  

High school + 5 or more years 493 (20.1) 299 (19.9)  
Missing 62 (2.5) 31 (2.1)  
Maternal pre-pregnancy BMI   0.013 
< 25 kg/m2 1620 

(66.2) 
981 (65.3)  

25–30 kg/m2 616 (25.2) 401 (26.7)  
> 30 kg/m2 211 (8.6) 114 (7.6)  
Smoking during pregnancy   0.286 
Yes 132 (5.4) 76 (5.1)  
No 2309 

(94.3) 
1419 (94.4)   

* Comparing our study population to the rest of the OCC participants using T- 
test for maternal age and child’s birth weight, and Chi2 -test for parity, maternal 
educational level, maternal pre-pregnancy BMI and smoking 
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number of cases of other types of infections was very low. The most 
recent Norwegian study also did not find otitis media clearly related to 
PFAS exposure (Impinen et al., 2019). The concentrations of the PFASs 
in the Norwegian and Japanese studies were comparable to those in the 
present study, and the sample sizes were either similar or smaller. A 
previous Danish study investigated prenatal PFOS and PFOA exposure 
and childhood hospital admissions up to age 11 years due to infectious 
disease and found no overall association (Fei et al., 2010). When 

stratifying on child sex, the study did reveal a positive association be-
tween higher concentrations of both PFOA and PFOS and the rate of 
admissions for girls, although not highlighted by the authors. The PFAS 
concentrations reported were considerable higher as blood samples 
were collected back in 1996–2002. However, the handling of blood 
samples before analysis could lead to imprecision in the PFAS mea-
surements, which might have affected the possibility to observe any 
clear associations (Bach et al., 2015). Further, the authors used the 
change-in-estimate method to identify variables for inclusion in the 
regression model which suffers from low validity and may introduce bias 
(VanderWeele, 2019). 

The major strengths of the present study were the prospectively 
collected data, the large sample size and the objective measure of in-
fectious disease diagnoses. On the other hand, some limitations should 
be mentioned. Of the 6,707 pregnant women registered in Odense 
during 2010–2012, 4,017 were approached and 2,874 included, and 
they tended to be older, non-smoking, and nulliparous as compared to 
non-included women (Kyhl et al., 2015). Only members of the OCC, who 
donated a blood sample in early pregnancy, could participate (60%). 
There were, however, no notable differences between our study popu-
lation and the remaining OCC participants. In addition, the women were 
unaware of their PFAS exposure and the hospitalizations were not self- 
reported. 

The fact that we used maternal serum-PFAS concentrations only is a 
limitation, as previous studies have suggested that the child’s own serum 

Table 2 
Maternal PFAS concentrations (median (p95) ng/mL) according to maternal and child characteristics.   

N PFOS PFOA PFHxS PFNA PFDA 

Median (95th percentile) 1503 7.52 (15.08) 1.68 (4.01) 0.36 (0.81) 0.64 (1.43) 0.29 (0.79) 
Min - max  0.49–27.5 0.27–12.5 0.02–7.3 0.1–5.0 0.04–5.4 
Maternal characteristics       
Maternal pre-pregnancy BMI       
<25 kg/m2 981 7.66 (15.00) 1.72 (4.19) 0.37 (0.83) 0.67 (1.41) 0.30 (0.85) 
25–30 kg/m2 401 7.42 (14.98) 1.58 (3.66) 0.34 (0.79) 0.61 (1.40) 0.27 (0.67) 
>30 kg/m2 114 7.18 (16.23) 1.59 (3.89) 0.33 (0.80) 0.60 (1.51) 0.25 (0.55) 
Educational level       
High school, vocational training or less 435 7.58 (16.01) 1.83 (4.78) 0.34 (0.79) 0.65 (1.58) 0.29 (0.82) 
High school + 1–4 years 738 7.73 (15.14) 1.63 (3.81) 0.36 (0.80) 0.63 (1.31) 0.28 (0.76) 
High school + 5 or more years 299 7.24 (14.82) 1.58 (3.78) 0.39 (0.92) 0.65 (1.35) 0.30 (0.79) 
Parity       
0 846 8.37 (16.0) 2.06 (4.56) 0.40 (0.85) 0.71 (1.53) 0.30 (0.81) 
>0 649 6.79(13.8) 1.20 (3.00) 0.30 (0.71) 0.57 (1.15) 0.27 (0.77) 
Smoking during pregnancy       
Yes 141 7.52 (15.17) 1.67 (4.01) 0.36 (0.82) 0.64 (1.43) 0.29 (0.81) 
No 976 7.64 (12.30) 2.09 (4.14) 0.35 (0.74) 0.61 (1.48) 0.26 (0.55) 
Maternal age at birth, years       
< 30 604 7.84 (15.59) 1.89 (4.19) 0.36 (0.80) 0.68 (1.50) 0.29 (0.75) 
30–34 563 7.54 (14.38) 1.68 (3.89) 0.37 (0.83) 0.64 (1.40) 0.29 (0.85) 
> 34 309 7.15 (14.82) 1.30 (3.63) 0.34 (0.82) 0.61 (1.25) 0.28 (0.71) 
Child characteristics       
Premature (<37 weeks)       
No 1445 7.50 (15.08) 1.68 (4.03) 0.36 (0.81) 0.64 (1.43) 0.29 (0.80) 
Yes 58 7.82 (15.59) 1.83 (3.51) 0.39 (0.79) 0.68 (1.40) 0.28 (0.77) 
Birth weight, grams       
< 3000 213 7.52 (15.14) 1.76 (3.78) 0.34 (0.83) 0.64 (1.49) 0.28 (0.72) 
3000–4000 1026 7.74 (15.17) 1.73 (4.16) 0.37 (0.84) 0.66 (1.47) 0.30 (0.85) 
> 4000 255 6.94 (14.68) 1.45 (3.85) 0.30 (0.75) 0.58 (1.28) 0.26 (0.64) 
Sex       
Boy 801 7.66 (15.19) 1.70 (4.22) 0.36 (0.84) 0.64 (1.47) 0.29 (0.82) 
Girl 702 7.42 (14.96) 1.66 (3.84) 0.34 (0.79) 0.63 (1.32) 0.29 (0.76) 
Breastfeeding (weeks)       
0–19 363 8.15 (16.26) 1.88 (4.14) 0.36 (0.82) 0.68 (1.50) 0.29 (0.78) 
20–39 363 7.81 (15.45) 1.63 (3.85) 0.36 (0.81) 0.67 (1.41) 0.30 (0.72) 
40–144 427 7.19 (14.68) 1.57 (3.57) 0.34 (0.75) 0.60 (1.32) 0.28 (0.85) 
Missing 350 7.19 (14.36) 1.69 (4.56) 0.37 (0.84) 0.64 (1.47) 0.28 (0.77) 
Child age at end of follow-up, years       
< 3 395 6.89 (13.24) 1.53 (3.40) 0.34 (0.72) 0.57 (1.06) 0.29 (0.62) 
3–3.5 271 7.47 (14.37) 1.75 (4.29) 0.34 (0.76) 0.66 (1.58) 0.40 (1.41) 
3.5–4 294 7.68 (14.36) 1.54 (3.75) 0.37 (0.76) 0.73 (1.50) 0.27 (0.64) 
4–4.5 385 8.13 (17.36) 1.81 (4.81) 0.33 (0.84) 0.64 (1.48) 0.26 (0.57) 
> 4.5 158 7.64 (15.52) 1.94 (4.48) 0.49 (1.24) 0.66 (1.40) 0.33 (0.79)  

Table 3 
Numbers of children admitted to hospitals because of infections, number of 
admissions and incidence-rate of admission per 100 person-years   

N (%)  IR per 100 person-years (95% 
CI)  

Children 
admitted 

Admissions  

Any 
infection 

394 (26.2) 654 (100) 12.14 (11.24; 13.11) 

URTIa 148 (9.8) 170 (26.0) 3.16 (2.72; 3.67) 
LRTIb 114 (7.6) 154 (23.5) 2.86 (2.44; 3.35) 
GIc 35 (2.3) 40 (6.1) 0.74 (0.54; 1.01) 
Other 199 (13.2) 290 (44.3) 5.38 (4.80; 6.04)  

a Upper Respiratory Tract Infections 
b Lower Respiratory Tract Infections 
c Gastrointestinal Infections 
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concentrations may be a more important predictor of immunological 
function during and after infancy(Grandjean et al., 2017, Abraham 
et al., 2020, Impinen et al., 2019). The negative impact of early-life 
exposure to PFASs on childhood hospitalizations may therefore be 
larger than apparent from our study. Additionally, the number of severe 
infections may be imprecise, as additional factors other than clinical 
severity may determine whether a child is admitted to hospital. Lower 
socio-economic status (SES) is a risk-factor for hospitalizations (Thrane 
et al., 2005) and could also act as a determinant of PFAS exposure 
(Buekers et al., 2018). Results were adjusted for maternal educational 
level as a proxy for SES, but as illustrated in Fig. 1, we cannot exclude 
the possibility of residual confounding. The lack of sufficient adjustment 
for SES will, however, likely have biased the effect estimates towards the 
null (Hernán and Robins, 2020). 

Finally, the analyses of some specific types of infections were based 
on a relatively small number of events (especially GI with only 40 
events), which makes the estimates of the associations with PFASs 
subject to some uncertainty. Overall, these limitations are unlikely to 
explain the associations found in this study. 

The association between PFOS, PFOA and infectious disease seems 
biologically plausible. In animal studies, PFOS and PFOA concentrations 
similar to those seen in highly exposed humans have been found to affect 
inflammatory responses, production of cytokines and adaptive and 
innate immune responses (DeWitt et al., 2019), thus indicating that the 
PFASs are able to interfere with several aspects of immune system 
functioning. The fact that we saw the strongest associations for LRTI 
indicates that the immune function protecting the lungs might be 
particularly sensitive to PFAS exposure. A study in mice showed that 
PFOS levels were higher in lung tissue than in blood, suggesting the 
lungs to be a preferred target of PFOS (Borg et al., 2010). In addition, a 
recent in vitro study investigated the immunomodulatory effects of PFAS 
in lung tissue by exposing human bronchial epithelial cells to PFASs with 
and without priming to a synthetic double stranded RNA analogue often 
used to mimic virus infection. This study found that PFOS suppressed the 
release of the chemokines CXCL8 and CXCL10, and both PFOS and PFOA 
stimulated the release of the pro-inflammatory cytokine IL-1β in the 
immune stimulated cells (Sørli et al., 2020). These results are in accor-
dance with previously conducted in vitro studies (Corsini et al., 2011, 
Midgett et al., 2015), and taken together they suggest that PFOS and 
PFOA are able to increase the risk and severity of airway infections. 
While the European Food Safety Authority (EFSA) recently argued that 
lowered vaccine antibody responses represented a biological change, 
but not necessarily an adverse effect (EFSA CONTAM Panel, 2020), our 
findings suggest that decreased resistance against infectious disease 
occurs at levels of PFAS exposure similar to those that are associated 
with deficient vaccine responses. 

5. Conclusion 

This study found associations between maternal PFOS exposure and 
the total risk of hospitalization for infectious disease in the offspring, 
and between PFOS and PFOA exposure and the risk of hospitalizations 

for LRTI. For the remaining PFASs, we saw a consistent pattern of esti-
mates above 1, except for the smaller number of GI infections. These 
results support our previous findings from the OCC, and, in concert, the 
studies indicate that PFOS and PFOA are able to interfere with the 
developing immune system, thereby contributing to a higher prevalence 
of both mild and more severe infectious diseases. 
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Table 4 
Hazard ratios (HR’s) and 95% confidence intervals (95% CI) for the association between maternal PFAS concentrations and the rate of hospitalization for infections 
(any and according to type)   

Any infection (N =
1472, events = 633)  

Interaction,PFAS and 
child sex, p-value 

URTI (N = 1472, 
events = 167) 

LRTI (N = 1472, 
events = 151) 

GI (N = 1472, 
events = 40) 

Other (N = 1472, 
events = 275)  

Crude HRa Adjustedb HRa  Adjustedb HRa Adjustedb HRa Adjustedb HRa Adjustedb HRa 

PFOS 1.18 (1.02, 1.36) 1.23 (1.05, 1.44) 0.067 1.25 (0.97, 1.61) 1.54 (1.11, 2.15) 0.77 (0.46, 1.29) 1.17 (0.98, 1.40) 
PFOA 1.12 (0.97, 1.25) 1.13 (0.97, 1.29) 0.882 1.18 (0.93, 1.50) 1.27 (1.01, 1.59) 0.55 (0.32, 0.95) 1.12 (0.93, 1.35) 
PFHxS 1.00 (0.89, 1.13) 1.02 (0.90, 1.16) 0.214 1.01 (0.83, 1.21) 1.01 (0.78, 1.32) 0.85 (0.50, 1.43) 1.07 (0.91, 1.25) 
PFNA 1.04 (0.90, 1.21) 1.07 (0.92, 1.25) 0.592 1.18 (0.90, 1.53) 1.17 (0.89, 1.55) 0.80 (0.46, 1.40) 1.00 (0.82, 1.22) 
PFDA 1.02 (0.89, 1.18) 1.06 (0.93, 1.22) 0.061 1.16 (0.95, 1.42) 1.06 (0.85, 1.32) 0.81 (0.46, 1.43) 1.04 (0.85, 1.27)  

a The change in the instantaneous risk with every doubling of maternal serum PFAS concentration; 
b adjusted for maternal age, parity, maternal educational level, child sex and child age 
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