
Increased Impact of Air Pollution on Lung Function in Preterm vs. Term Infants: The 

BILD Study

Fabienne Decrue1,2, Olga Gorlanova1,2, Yasmin Salem1,2, Danielle Vienneau3,4, Kees de 

Hoogh3,4, Amanda Gisler1, Jakob Usemann1,2,5, Insa Korten1,2, Uri Nahum1,2, Pablo Sinues1,6, 

Sven Schulzke1, Oliver Fuchs1,2, Philipp Latzin1,2, Martin Röösli3,4 and Urs Frey1,2 on behalf 

of the BILD7 study group

1 University Children's Hospital Basel UKBB, University of Basel, Basel, Switzerland

2 Pediatric Respiratory Medicine, Department of Pediatrics, Inselspital, Bern University 

Hospital, University of Bern, Switzerland

3 Swiss Tropical and Public Health Institute Basel, Basel, Switzerland 

4 University of Basel, Basel, Switzerland

5 Division of Respiratory Medicine, University Children’s Hospital of Zürich, Zürich, 

Switzerland

6 Department of Biomedical Engineering, University of Basel, Allschwil, Switzerland

7 Basel Bern Infant Lung Development (BILD) cohort, current study group: Pinelopi 

Anagnostopoulou, MD, Bern; Carmen Casaulta, MD, Bern; Kees de Hoogh, PhD, Basel; 

Fabienne Decrue, MD, Basel; Urs Frey, MD, PhD, Basel; Oliver Fuchs, MD, PhD, Bern; 

Amanda Gisler, Basel; Olga Gorlanova, MD, Basel; Insa Korten, MD, PhD, Bern; Johanna 

Kurz, Bern; Claudia Kühni, MD, PhD, Bern; Philipp Latzin, MD, PhD, Bern; Loretta Müller, 

MD, PhD, Bern; Uri Nahum, PhD, Basel; Sylvia Nyilas, MD, PhD, Bern; Marc-Alexander 

Oestreich, MD, Bern; Elena Proietti, MD, PhD, Basel; Kathryn Ramsey, MD, PhD, Bern; 

Martin Röösli, MD, PhD, Basel; Yasmin Salem, MD, Bern; Andràs Soti, MD, Bern; Jakob 

Usemann, MD, PhD, Basel; Danielle Vienneau, PhD, Basel; Corin Willers, MD, Bern; Sophie 

Yammine, MD, PhD, Bern. 

Page 1 of 70

 AJRCCM Articles in Press. Published September 29, 2021 as 10.1164/rccm.202102-0272OC 
 Copyright © 2021 by the American Thoracic Society 



Corresponding author:

Prof. Urs Frey, MD, PhD

University Children's Hospital Basel UKBB, Switzerland

University of Basel

Spitalstrasse 33, 4056 Basel, Switzerland

Telephone: 0041 61704 1900

Email: urs.frey@ukbb.ch

Contributions UF, MR, PL conceived the study. FD, UF performed data analysis and 

manuscript writing. Measurements were recruited, recorded or analyzed by SS, FD, OG, JU, 

IK and YS. Statistical analyses were done by FD, OG and MR. DV and KdH modeled the air 

pollution data. PS provided biochemical expertise. All coauthors have critically reviewed the 

manuscript and have seen and approved the final manuscript. 

Sources of support: This study was supported by the Swiss National Science Foundation grant 

320030_163311.

Air pollution and postnatal lung function in preterm infants

Descriptor number: 14.3  

Total word count: text 3494/3500

Today, approximately 10% of all infants are born prematurely, pre-existing vulnerability means 

that their lungs are potentially more susceptible to ambient air pollution. This is the first study 

showing that the effect size of low-to-moderate levels of air pollution exposure during 

pregnancy on postnatal lung function is significantly higher in preterm than in healthy term 

infants of similar postconceptional age of 44 weeks. The effect was best detectable in moderate 

to late preterm infants and these findings are highly relevant, since recent evidence indicates 
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that early-life lung functional impairment and its lifespan developmental tracking may be an 

important early-life risk factor for chronic obstructive lung disease in adulthood. 

This article has an online data supplement, which is accessible from this issue’s table of content 

online at www.atsjournals.org.

At a Glance

What is the current scientific knowledge on this subject?

Today, approximately 10% of all infants are born prematurely, pre-existing vulnerability means 

that their lungs are potentially more susceptible to ambient air pollution. However, upto date it 

is unkown whether these infants show impaired lung function after pre- and postnatal air 

pollution exposure in comparison to their term peers.

What does this study add to the field?

This is the first study showing that the effect size of low-to-moderate levels of air pollution 

exposure during pregnancy on postnatal lung function is significantly higher in preterm than in 

healthy term infants of similar postconceptional age of 44 weeks. The effect was best detectable 

in moderate to late preterm infants and these findings are highly relevant, since recent evidence 

indicates that early-life lung functional impairment and its lifespan developmental tracking 

may be an important early-life risk factor for chronic obstructive lung disease in adulthood.
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ABSTRACT 

Rationale Infants born prematurely have impaired capacity to deal with oxidative stress shortly 

after birth. 

Objectives We hypothesize that the relative impact of exposure to air pollution on lung 

function is higher in preterm than in term infants. 

Methods In the prospective BILD-birth-cohort of 254 preterm and 517 term infants, we 

investigated associations of particulate matter (PM10) and nitrogen dioxide with lung function 

at 44 weeks postconceptional age and exhaled markers of inflammation and oxidative stress 

response (fraction of exhaled nitric oxide (FeNO)) in an explorative hypothesis-driven study 

design. Multilevel mixed-effects models were used and adjusted for known confounders.

Measurements and Main Results Significant associations of PM10 during the second 

trimester of pregnancy with lung function and FeNO were found in term and preterm infants. 

Importantly, we observed stronger positive associations in preterm infants (born 32 – 36 

weeks), with an increase of [184.9 (79.1, 290.7) mL/min] minute ventilation per 10 µg/m3 

increase in PM10 than in term infants [75.3 (19.7, 130.8) mL/min] (pprematurity × PM10 interaction = 

0.04, after multiple comparison adjustment padj = 0.09). Associations of PM10 and FeNO 

differed between moderate to late preterm [3.4 (-0.1, 6.8) ppb] and term [-0.3 (-1.5, 0.9) ppb] 

infants, the interaction with prematurity was significant (pprematurity × PM10 interaction = 0.006, padj = 

0.036). 

Conclusion Preterm infants showed significant higher susceptibility even to low-to-moderate 

prenatal air pollution exposure than term infants, leading to increased impairment of postnatal 

lung function. FeNO results further elucidate differences in inflammatory/oxidative stress 

response comparing preterms to terms.
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INTRODUCTION 

Adverse effects of high air pollution levels on respiratory health in children and adults have 

been shown (1-3). Similarly, low-to-moderate air pollution levels and their impact on lung 

function and respiratory symptoms in infants and children have been subject to recent research 

(4-8). Most recent studies indicate the necessity of further air pollution reductions, since clear 

associations between low-to-moderate air pollution and impaired lung function in preschool 

and school-aged children have been found (4-6). These studies further indicate the need for 

precise analysis and large prospective cohort studies to assess the impact on more vulnerable 

subgroups, such as asthmatics, preterm born children or boys (9, 10). Children starting with 

impaired lung function are especially at risk for later respiratory morbidity and mortality (11, 

12). Further, specific exposure windows, especially the second and third trimester of 

pregnancy, have been shown to be vulnerable phases for air pollution exposure in terms of 

association with lung function in the offspring (5, 13).  

Survival rates of preterm infants are increasing throughout high-income countries (14) due to 

substantial progress in perinatal care. However, preterm infants are known to have impaired 

capacity to deal with oxidative stress shortly after birth, which reflects in higher levels of 

inflammatory and oxidative stress markers, such as FeNO (15-18). Air pollution, a known 

oxidative stressor to the airways and lungs (18) and its effects on lung function in this 

vulnerable subgroup, should therefore be examined. We have previously shown that prenatal 

air pollution exposure affects lung function in healthy term born infants (19). We hypothesize 

that exposure to pre- and postnatal air pollution has a stronger effect on lung function in preterm 

infants due to increased vulnerability. Our main aim was therefore to investigate whether 

moderate to late preterm infants show stronger impairment of lung function (ventilatory need) 

and airway inflammation (FeNO) in infancy following pre- and postnatal air pollution 

exposure. 
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In an explorative-multivariable statistical approach after adjustment for known covariates of 

prematurity, we aimed to determine whether pre- and postnatal exposure to particulate matter 

with an aerodynamic diameter of <10 µm (PM10) and nitrogen dioxide (NO2) affects lung 

function at 44 weeks of postconceptional age (PCA, defined as the time between the date of 

conception and the date of lung function (20)) in preterm more prominently than in term infants. 

Following our main hypothesis, we stratified the analysis in groups of preterm infants born 

prior to or after 32 weeks of gestational age (GA, defined as the time between the first day of 

the last menstrual period and the date of birth (20)), knowing that in the earlier group lung 

functional abnormalities may be more affected by mechanical ventilation and chronic lung 

disease (CLD) of infancy (21). Some of the study participants (207 healthy term infants) from 

this study have been previously included in a study by Latzin et al. (19). 

METHODS 

Study design

The prospective Basel-Bern Infant Lung Development (BILD) cohort (https://www.bild-

cohort.ch/) comprises unselected neonates recruited since 1999 in the region of Bern and since 

2012 in Basel, Switzerland (22). Prematurity was defined as GA at birth <37 weeks (23). The 

ethics committees from Basel and Bern approved the study and written consent was obtained. 

We performed an explorative hypothesis-driven analysis in accordance with previous study 

designs (5, 9, 19) on air pollution effects in small children.  

Air pollution exposure 

For the calculation of individual mean exposure to NO2 and PM10 time-space hybrid models 

were used. Background air pollution was measured at the Payerne monitoring station. For the 

NO2 model high-quality information on land use, population density, traffic, dispersion 
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models, meteorological data and air quality from Payerne was integrated with 28,849 NO2 

biweekly and monthly passive sampler measurements. Observations were collected 

consecutively over more than ten years at 146 locations, for external validation of the model 

(24). Air pollution models are described in more detail in previously published articles (4, 24) 

and in the online supplement. Due to best comparability and highest expected effect size (19), 

mean exposure for the 2nd trimester was calculated, for sensitivity analysis exposure of the 1st 

and 3rd trimester and postnatal time period were compared. 

Lung function outcomes 

Pulmonary function was performed at 44 weeks PCA using Exhalyzer D (EcoMedics, 

Duernten, Switzerland) according to current ERS/ATS guidelines (25) and procedures for 

analysis as described previously (19). 

We investigated minute ventilation (VE = respiratory rate * tidal volume) and ratio of time to 

peak tidal expiratory flow (PTEF) and expiratory time (tPTEF/tE) was used to describe TBFVL 

shapes. Further, fraction of exhaled nitric oxide (FeNO) was measured as a marker for airway 

inflammatory response and oxidative stress (18). 

Covariates

After inclusion of a priori selected covariates from previous literature (3, 19, 21), we performed 

a stepwise backward selection and removed one covariate at a time with the highest p-value 

until only significantly associated variables were left, and built one final model including all 

the variables that were significantly associated (p-value <0.05). For FeNO analyses we 

additionally adjusted for VE (19).

Statistical analysis
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We performed multilevel mixed-effects linear regression, adjusted for the covariates from the 

stepwise backward selection and corrected for clustering on center level (Basel vs. Bern). 

Since we previously showed that lung functional abnormalities can be the result of prematurity 

and perinatal insults, particularly in extremely and very early preterm infants (21), we 

conducted a stratified analysis according to GA at birth into four clinically relevant groups: 

extremely (<28 weeks GA), very early (29 – 31 weeks GA) or moderate to late (32 – 36 weeks 

GA) preterm and term infants. We tested the presence of interaction within term and moderate 

to late preterm infants adding the interaction terms between exposure to air pollution and 

prematurity.

In a sensitivity analysis, we performed multiple comparison adjustments for our main 

hypothesis according to Benjamini-Hochberg (26). More detailed information on method, 

sensitivity analyses and power calculation is given in the online supplement. 

RESULTS

From 1999 to 2017, 1100 infants were recruited. We had complete data available for 890 (81%) 

children on pulmonary function testing at 44 weeks of PCA, modeled air pollution exposure 

and potential risk factors (Figure E1). Of these, data from 775 infants (87%) passed quality 

control of lung function measurements according to ERS/ATS guidelines (25), and after 

excluding outliers (see online supplement) in the moderate to late preterm infants with severe 

asphyxia a total of 771 infants were included for the main analyses. Anthropometric 

information and potential confounders are depicted in Table 1 and for extremely and very early 

preterm infants in Table E1. Of the 771 infants, 517 (67%) were term and 254 (33%) were 

preterm infants. The preterm population consisted of 65 (26%) extremely, 90 (35%) very early 

and 99 (39%) moderate to late preterm infants. Overall, 60 infants (8%) were children from 

actively smoking mothers, 85 (11%) had asthmatic mothers and 108 (14%) had a diagnosis of 
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CLD. Comparison between participants lost to follow-up and included participants is given in 

Table E2. As most infants lost to follow-up or excluded were preterm infants, the excluded 

population differed significantly from the population included in the study. Main differences 

were in GA at birth, maternal smoking during pregnancy, diagnosis of maternal asthma and 

duration of oxygen supplementation. 

Lung function data at 44 weeks of PCA, completed between 16th March 2000 and 12th January 

2018 are shown in Table 2. Lung function values differed between subgroups with the highest 

values of VE, VT and FeNO in moderate to late (32 – 36 weeks GA) preterm infants, when not 

adjusted for weight at lung function measurement. Distribution of duration of mechanical 

ventilation and of supplementary oxygen is shown for preterm infants in Figure E2. 

The distribution of air pollution in the study region over the 18-year study period is depicted 

in Figure 1. Air pollution concentrations for each pollutant during the second trimester of 

pregnancy and postnatal time period are shown in Table 3 and for all exposure windows in 

Table E4. 

Association of air pollution with lung function at 44 weeks of postconceptional age

(tidal breathing flow volume loops)

Due to the explorative nature of the analysis, we report the findings related to the main exposure 

(2nd trimester) and main outcomes (VE and its component VT and FeNO) in Table 4, and 

provide details of potential multiple comparison effects in the sensitivity analysis and in the 

online supplement. The association between prenatal air pollution with lung function in early 

infancy is given in Table 4 and for all exposure windows in Table E5. Associations of exposure 

to air pollution on lung function were observed during the second trimester of pregnancy. 
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Pollution exposures during other trimesters and the postnatal time period showed no 

differences (online supplement).

Moreover, when comparing preterm children, divided into three clinically relevant groups, to 

term born children, a clear differentiation was seen between moderate to late preterm (32 – 36 

weeks GA) and term infants; also, within these two groups an interaction of prematurity and 

air pollution was found (p-value for interaction = 0.040, padj = 0.09). However, no association 

of air pollutants on lung function was seen in the subgroup of extremely (<28 weeks GA) and 

very early (29 – 31 weeks GA) preterm infants (data shown in the online supplement and 

Figure E3).

Within the term group VE increased by [coefficient (β) (95% confidence intervals (CIs))] [75.3 

(19.7 to 130.8) mL/min] per 10 µg/m3 increase in PM10 during the second trimester, whereas in 

all preterm infants, VE increased by [88.6 (18.6 to 158.7) mL/min] and within the moderate to 

late preterm infants by [184.9 (79.1 to 290.7) mL/min] (Figure 2). Interactions of prematurity 

and PM10 during the second trimester of pregnancy for VE within the term and moderate to late 

preterm infants were significant (p = 0.040, padj = 0.09). 

Fraction of exhaled nitric oxide (FeNO)

In the preterm group, FeNO increased significantly by [2.8 (0.8 to 4.8) ppb] and in the moderate 

to late preterm infants by [3.4 (-0.1 to 6.8) ppb] per 10 µg/m3 increase in PM10 during the 

second trimester. However, in term infants, no clear associations between prenatal exposure to 

air pollution and FeNO were found. Associations of PM10 and FeNO differed between 

moderate to late preterm and term infants (pprematurity × PM10 interaction = 0.006, padj = 0.036). 

In several sensitivity analyses we checked whether known risk factors, such as CLD 

classification (27), education status of the mother (10, 28) or exposure to caffeine citrate (29, 
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30) were a confounder to the main model, and stratified the main model by sex (8-10). The 

inclusion of these additional confounders or mediators did not lead to substantial changes in 

the effect sizes and significance levels, which remained comparable to results reported from 

the main model. 

Sensitivity analysis

After multiple comparison adjustment according to Benjamini-Hochberg for our main 

hypothesis (6 tests = 2 exposures [PM10 and NO2 during the second trimester] * 3 outcomes 

[VE, tPTEF/tE and FeNO]), the interaction of prematurity and air pollution on VE in term and 

moderate to late preterm infants reached a non-significant p-value (pprematurity x PM10 = 0.09). 

However, the interaction between PM10 and prematurity on FeNO remained significant 

(pprematurity x PM10 = 0.036). Additional explorative analyses were further adjusted for multiple 

testing (176 tests) in a second step and non-adjusted and adjusted results are reported Table 4, 

Table E5, Table E6. Further results of sensitivity analyses are described in the online 

supplement. 

DISCUSSION

We showed significantly impaired lung function values with increasing air pollution exposure 

during the second trimester of pregnancy in term and preterm infants. However, in comparison 

to the age-matched term infants, the effect of air pollution on alterations of postnatal lung 

function in preterm infants was larger, although not statistically significant after multiple 

comparison adjustment (padj = 0.09). The effect was best detectable in the subgroup of moderate 

to late preterm infants (32 – 36 weeks GA). The stratified analysis was supported by 

complementary statistical analysis showing significant interaction of prematurity and PM10 

exposure in term and moderate to late preterm infants also after multiple comparison 

adjustment (padj = 0.036). Statistical findings remained robust after extensive sensitivity 
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analysis accounting for concomitant perinatal and biometric factors. This supports the 

suspected hypothesis of increased vulnerability of premature born infants due to pre-existing 

conditions (31). However, literature on the effects of outdoor air pollution on lung function in 

infancy is scarce. Latzin et al. (19) showed significant associations between prenatal PM10 

exposure and increases in VE at 44 weeks GA in around 240 healthy term children (207 infants 

are part of the healthy control group in this study). These effects are qualitatively similar but 

around three-times higher than the effect sizes seen in the term population in this current 

extended study. We assume that this was due to the larger sample size of 517 term infants, 

more precise exposure modeling (24), and decreasing air pollution levels in Switzerland over 

the observation time (1999–2016) by around 30%. The relatively low air pollution levels were 

potentially the reason why no associations of prenatal NO2 exposure with infant lung function 

was seen in the current study (NO2 levels were on average half of the World Health 

Organization annual guideline limits of 40 µg/m3, but PM10 levels were around the WHO 

threshold levels of 20 µg/m3 (32)). As a novel finding, effect sizes of exposure to PM10 were 

significantly larger in preterm vs. term infants, particularly in moderate to late preterm infants. 

The GRAPHS trial, however, focused on the effects that indoor air pollution, in particular 

carbon monoxide (CO), might have on infant lung function in nearly 400 infants at 30-days of 

age (9). Within their cohort VE and RR increased significantly with increasing levels of CO. 

VE has been shown to be a parameter of ventilatory need (33), with preterm infants and infants 

with wheeze increasing their VT and lowering their respiratory rate in order to maintain or 

elevate VE. 

Air pollution also has an impact on biomarkers associated with airway inflammation and/or 

oxidative stress. In healthy term infants, associations of air pollution and increasing FeNO 

levels have been found (19). In the current study, we found associations between PM10 and 

NO2 levels during the second trimester, increasing FeNO values in preterm and moderate to 
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late preterm infants and no clear association in term infants. These findings reflect a different 

inflammatory context or oxidative stress response to pollutants in preterm infants in 

comparison to term infants. We hypothesize that in preterm infants there is a persisting 

underlying process, consistent with the observations of Filippone et al. (34) or Teig et al. (35), 

who show that even in adolescent children after prematurity, oxidative stress response is 

different. Alternatively, one could speculate differences in underlying inflammatory response 

in accordance with other observations e.g., of Paunescu et al. (36) who show increased FeNO 

values after higher black carbon exposures only in children with persistent respiratory 

symptoms. On a cellular level, inflammation in preterm infants after birth could be related to 

persistent neutrophil activity and oxidative stress, which have both previously been identified 

as affecting FeNO levels (18, 37). Both promote the oxygenation of nitrogen oxide (NO) to 

soluble NO metabolites, which have been shown in increased concentrations in plasma and 

bronchoalveolar lavage (BAL) fluids during the first month of life (38, 39). However, after 

peaking during this time window, the neutrophil activity seems to decrease (37). It is unclear 

how long this process persists after term. 

We and others have shown that infant lung function is most severely altered in very immature 

infants with chronic lung disease of infancy (21, 40, 41). Furthermore, in our cohort, extremely 

and very early preterm infants did not show any clear associations of air pollution on lung 

function. Although we carefully adjusted for known confounders and covariates, and 

performed extensive sensitivity analysis, in the very preterm group (GA <32 weeks), the 

relatively small association between air pollution and lung function may have been 

undetectable. We assume that the lack of association in this subgroup is due to the 

overwhelming effect of many other dominant developmental and perinatal therapeutic factors 

which may outweigh the small effects that air pollution might have on overall lung mechanics 

(21, 27) and ventilatory needs. 
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Nevertheless, to the best of our knowledge this is the first study examining the effects of low-

to-moderate air pollution levels during pregnancy and early infancy on infant lung function in 

preterm infants. Across all infants, air pollution showed the strongest association with lung 

function impairment when occurring during the second trimester of pregnancy. These findings 

are supported by the physiological development of the lung, where the second trimester is the 

most important and most susceptible phase (42). However, exact mechanisms underlying the 

associations of air pollution exposure in-utero with impaired lung function in offspring are still 

mostly unclear. There is evidence that the interplay of environmental factors and epigenetics 

lead to impairment of lung development, although the exact interaction is not fully understood 

(43, 44). It has been suggested that epigenetic mechanisms of lung gene regulation, DNA 

methylation, ATP-dependent complexes and noncoding RNA might play a role (43). The basic 

principle seems to be that the pregnant mother inhales pollutants, which either cross the alveoli 

and the placental barrier and act directly on the fetus or lead to systemic immune or 

inflammatory reactions in the mother, which ultimately decrease fetal supply of nutrients 

and/or oxygen (45).

Clinical relevance 

Harmful effects of air pollution on the developing lung, especially during time windows of fast 

growth and when exposed to high air pollution levels have been explored widely (5, 46, 47). 

As a novelty and proof of principle, we demonstrated that groups of infants with pre-existing 

vulnerability, such as preterm infants, are more susceptible to detrimental effects of air 

pollution. Furthermore, the effect of air pollution may depend on the window of exposure 

during rapid lung development (42, 47), e.g., during the second trimester of pregnancy. The 

results additionally support the hypothesis of susceptibility of preterm infants to oxidative 

stress and therefore the necessity to protect them. The findings also have a highly relevant 

impact on population health. Recent evidence has shown that early-life lung function 
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impairment may track through the lifespan, and poor lung functional trajectories from 

childhood to late senescence are important early-life risk factors for chronic respiratory disease 

in adults (2, 48-50). Prevention in early-life is therefore one of the most important factors to 

avert development of chronic respiratory disease (e.g., COPD) and long-term negative health 

effects in adulthood, and subsequently senescence (2, 12, 48-52). Even though the effect size 

on an individual level might be small, the effect on a population basis (attributable risk) is of 

major concern (53). Today, approximately 10% of all infants are born prematurely (14). We 

best see pollution effects in the epidemiologically largest group of moderate to late preterm 

infants (32 – 36 weeks GA) and, in some areas of the world, air pollution levels might be even 

higher (32).  

Strengths and limitations

A challenge in this study is the comparison of the exposure windows. The second trimester (a 

priori chosen main exposure window) offered the best comparability and is known for its 

importance in respect to lung development (42, 47). In our cohort, mothers of preterm infants 

were often hospitalized on prenatal obstetrics wards several days before giving birth. Term 

infants left hospital after days, whereas preterm infants were typically hospitalized for weeks 

after birth. Thus, the calculated and weighted outdoor air pollution exposures for the perinatal 

(mainly third trimester and postnatal) time periods probably overestimate the true level of air 

pollution these children were exposed to inside the hospital. This may explain why we did not 

find any associations between air pollution exposure and lung function during those time 

periods in the preterm infants. 

One clear strength of our study was the assessment of air pollution during pregnancy and after 

birth, enabling us to study different exposure windows in a sensitivity analysis. Due to the 

prospective design of the BILD cohort, we additionally had detailed data on potential 
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confounders and effect modifiers, gathered from questionnaires and medical records. 

Additionally, throughout the whole study period lung function measurements were performed 

using the same equipment and following ERS/ATS guidelines (25). As major improvements in 

perinatal care were already present at the beginning of this study and pertain predominantly to 

the care of extremely preterm infants, the main message of the paper is unaffected by changes 

in perinatal care over the study period.

Although PM2.5 effects may biologically be more detrimental, satellite models measuring PM2.5 

were not available in the early phase of the study period. There is a high collinearity between 

PM2.5 and PM10 exposure in Switzerland (54).  

Multiple testing adjustment procedures naturally reduce significance levels. Thus, since this is 

mainly an explorative hypothesis-driven study, further very large studies with higher numbers 

of subjects are needed to confirm our findings or to perform subgroup analyses as reported by 

others (6, 46). 

Children lost to follow-up were significantly more often exposed to tobacco during pregnancy 

compared to those followed up. A lower rate of maternal smoking during pregnancy in those 

children investigated may have led to a selection of children with potentially better lung 

function.

Conclusion 

We demonstrated that prenatal exposure to low-to-moderate air pollution levels as observed in 

Switzerland was associated with impaired postnatal lung function in term and preterm infants. 

Significantly increased effects were shown in the moderate to late preterm infants, suggestive 

of an amplified susceptibility to environmental stimuli such as air pollution. A broad body of 

literature provides evidence that impaired early-life lung function is associated with later 
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respiratory morbidity in adulthood (e.g., COPD). This proof of principle study highlights that 

some parts of the population, in our situation 10% of infants born prematurely, may have 

differences in susceptibility to air pollution. This will impact future health and prevention 

policies in respect to our newborns.

Acknowledgments The authors thank the participants of the study, the BILD cohort team 

(UKBB, Switzerland; Division of Respiratory Medicine, Department of Pediatrics, Inselspital, 

Bern University Hospital) and Fiona Beck (UKBB) for her manuscript editing.

Page 18 of 70

 AJRCCM Articles in Press. Published September 29, 2021 as 10.1164/rccm.202102-0272OC 
 Copyright © 2021 by the American Thoracic Society 



References 

1. Gauderman WJ, Urman R, Avol E, Berhane K, McConnell R, Rappaport E, Chang R, Lurmann F, 

Gilliland F. Association of improved air quality with lung development in children. The New 

England journal of medicine 2015; 372: 905-913.

2. Postma DS, Bush A, van den Berge M. Risk factors and early origins of chronic obstructive 

pulmonary disease. Lancet (London, England) 2015; 385: 899-909.

3. Stern G, Latzin P, Roosli M, Fuchs O, Proietti E, Kuehni C, Frey U. A prospective study of the 

impact of air pollution on respiratory symptoms and infections in infants. American journal of 

respiratory and critical care medicine 2013; 187: 1341-1348.

4. Usemann J, Decrue F, Korten I, Proietti E, Gorlanova O, Vienneau D, Fuchs O, Latzin P, Roosli M, 

Frey U. Exposure to moderate air pollution and associations with lung function at school-age: 

A birth cohort study. Environment international 2019; 126: 682-689.

5. Morales E, Garcia-Esteban R, de la Cruz OA, Basterrechea M, Lertxundi A, de Dicastillo MD, 

Zabaleta C, Sunyer J. Intrauterine and early postnatal exposure to outdoor air pollution and 

lung function at preschool age. Thorax 2015; 70: 64-73.

6. Schultz ES, Gruzieva O, Bellander T, Bottai M, Hallberg J, Kull I, Svartengren M, Melén E, 

Pershagen G. Traffic-related air pollution and lung function in children at 8 years of age: a 

birth cohort study. American journal of respiratory and critical care medicine 2012; 186: 

1286-1291.

7. Bougas N, Rancière F, Beydon N, Viola M, Perrot X, Gabet S, Lezmi G, Amat F, De Blic J, Just J, 

Momas I. Traffic-related Air Pollution, Lung Function, and Host Vulnerability. New Insights 

from the PARIS Birth Cohort. Annals of the American Thoracic Society 2018; 15: 599-607.

8. Bose S, Rosa MJ, Mathilda Chiu YH, Leon Hsu HH, Di Q, Lee A, Kloog I, Wilson A, Schwartz J, 

Wright RO, Morgan WJ, Coull BA, Wright RJ. Prenatal nitrate air pollution exposure and 

Page 19 of 70

 AJRCCM Articles in Press. Published September 29, 2021 as 10.1164/rccm.202102-0272OC 
 Copyright © 2021 by the American Thoracic Society 



reduced child lung function: Timing and fetal sex effects. Environmental research 2018; 167: 

591-597.

9. Lee AG, Kaali S, Quinn A, Delimini R, Burkart K, Opoku-Mensah J, Wylie BJ, Yawson AK, 

Kinney PL, Ae-Ngibise KA, Chillrud S, Jack D, Asante KP. Prenatal Household Air Pollution 

Is Associated with Impaired Infant Lung Function with Sex-Specific Effects. Evidence from 

GRAPHS, a Cluster Randomized Cookstove Intervention Trial. American journal of 

respiratory and critical care medicine 2019; 199: 738-746.

10. Cai Y, Hansell AL, Granell R, Blangiardo M, Zottoli M, Fecht D, Gulliver J, Henderson AJ, 

Elliott P. Prenatal, Early-Life, and Childhood Exposure to Air Pollution and Lung Function: 

The ALSPAC Cohort. American journal of respiratory and critical care medicine 2020; 202: 

112-123.

11. Lange P, Celli B, Agustí A, Boje Jensen G, Divo M, Faner R, Guerra S, Marott JL, Martinez FD, 

Martinez-Camblor P, Meek P, Owen CA, Petersen H, Pinto-Plata V, Schnohr P, Sood A, 

Soriano JB, Tesfaigzi Y, Vestbo J. Lung-Function Trajectories Leading to Chronic 

Obstructive Pulmonary Disease. The New England journal of medicine 2015; 373: 111-122.

12. Stern DA, Morgan WJ, Wright AL, Guerra S, Martinez FD. Poor airway function in early infancy 

and lung function by age 22 years: a non-selective longitudinal cohort study. Lancet (London, 

England) 2007; 370: 758-764.

13. Jedrychowski WA, Perera FP, Maugeri U, Mroz E, Klimaszewska-Rembiasz M, Flak E, Edwards 

S, Spengler JD. Effect of prenatal exposure to fine particulate matter on ventilatory lung 

function of preschool children of non-smoking mothers. Paediatric and perinatal 

epidemiology 2010; 24: 492-501.

14. Blencowe H, Cousens S, Oestergaard MZ, Chou D, Moller AB, Narwal R, Adler A, Vera Garcia 

C, Rohde S, Say L, Lawn JE. National, regional, and worldwide estimates of preterm birth 

Page 20 of 70

 AJRCCM Articles in Press. Published September 29, 2021 as 10.1164/rccm.202102-0272OC 
 Copyright © 2021 by the American Thoracic Society 



rates in the year 2010 with time trends since 1990 for selected countries: a systematic analysis 

and implications. Lancet (London, England) 2012; 379: 2162-2172.

15. Norishadkam M, Andishmand S, Zavar Reza J, Zare Sakhvidi MJ, Hachesoo VR. Oxidative stress 

and DNA damage in the cord blood of preterm infants. Mutation research 2017; 824: 20-24.

16. Wang J, Dong W. Oxidative stress and bronchopulmonary dysplasia. Gene 2018; 678: 177-183.

17. Comporti M, Signorini C, Leoncini S, Buonocore G, Rossi V, Ciccoli L. Plasma F2-isoprostanes 

are elevated in newborns and inversely correlated to gestational age. Free Radic Biol Med 

2004; 37: 724-732.

18. Ricciardolo FLM, Sterk PJ, Gaston B, Folkerts G. Nitric Oxide in Health and Disease of the 

Respiratory System. Physiological Reviews 2004; 84: 731-765.

19. Latzin P, Roosli M, Huss A, Kuehni CE, Frey U. Air pollution during pregnancy and lung 

function in newborns: a birth cohort study. The European respiratory journal 2009; 33: 594-

603.

20. Committee on Fetus and Newborn. Age Terminology During the Perinatal Period. Pediatrics 

2004; 114: 1362-1364.

21. Latzin P, Roth S, Thamrin C, Hutten GJ, Pramana I, Kuehni CE, Casaulta C, Nelle M, Riedel T, 

Frey U. Lung volume, breathing pattern and ventilation inhomogeneity in preterm and term 

infants. PloS one 2009; 4: e4635.

22. Fuchs O, Latzin P, Kuehni CE, Frey U. Cohort profile: the Bern infant lung development cohort. 

Int J Epidemiol 2012; 41: 366-376.

23. World Health Organization (WHO). International Statistical Classification of Diseases and 

Related Health Problems; ICD-10. 2019 [cited 2020 21.09.2020]. Available from: 

https://icd.who.int/browse10/2019/en#/P07.3.

Page 21 of 70

 AJRCCM Articles in Press. Published September 29, 2021 as 10.1164/rccm.202102-0272OC 
 Copyright © 2021 by the American Thoracic Society 

https://icd.who.int/browse10/2019/en#/P07.3


24. Proietti E, Delgado-Eckert E, Vienneau D, Stern G, Tsai MY, Latzin P, Frey U, Roosli M. Air 

pollution modelling for birth cohorts: a time-space regression model. Environmental health : 

a global access science source 2016; 15: 61.

25. Bates JH, Schmalisch G, Filbrun D, Stocks J. Tidal breath analysis for infant pulmonary function 

testing. ERS/ATS Task Force on Standards for Infant Respiratory Function Testing. European 

Respiratory Society/American Thoracic Society. The European respiratory journal 2000; 16: 

1180-1192.

26. Ferreira JA. The Benjamini-Hochberg method in the case of discrete test statistics. Int J Biostat 

2007; 3: Article 11.

27. Simpson SJ, Logie KM, O'Dea CA, Banton GL, Murray C, Wilson AC, Pillow JJ, Hall GL. 

Altered lung structure and function in mid-childhood survivors of very preterm birth. Thorax 

2017; 72: 702-711.

28. Polak M, Szafraniec K, Kozela M, Wolfshaut-Wolak R, Bobak M, Pająk A. Socioeconomic status 

and pulmonary function, transition from childhood to adulthood: cross-sectional results from 

the polish part of the HAPIEE study. BMJ Open 2019; 9: e022638.

29. Roiha HL, Kuehni CE, Zanolari M, Zwahlen M, Baldwin DN, Casaulta C, Nelle M, Frey U. 

Alterations of exhaled nitric oxide in pre-term infants with chronic lung disease. The 

European respiratory journal 2007; 29: 251-258.

30. Frey U, Kuehni C, Roiha H, Cernelc M, Reinmann B, Wildhaber JH, Hall GL. Maternal Atopic 

Disease Modifies Effects of Prenatal Risk Factors on Exhaled Nitric Oxide in Infants. 

American journal of respiratory and critical care medicine 2004; 170: 260-265.

31. Pope CA, 3rd. Epidemiology of fine particulate air pollution and human health: biologic 

mechanisms and who's at risk? Environmental health perspectives 2000; 108 Suppl 4: 713-

723.

Page 22 of 70

 AJRCCM Articles in Press. Published September 29, 2021 as 10.1164/rccm.202102-0272OC 
 Copyright © 2021 by the American Thoracic Society 



32. World Health Organization (WHO). Ambient (outdoor) air quality and health. 2018 30.05.2018]. 

Available from: http://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-

quality-and-health.

33. Proietti E, Riedel T, Fuchs O, Pramana I, Singer F, Schmidt A, Kuehni C, Latzin P, Frey U. Can 

infant lung function predict respiratory morbidity during the first year of life in preterm 

infants? The European respiratory journal 2014; 43: 1642-1651.

34. Filippone M, Bonetto G, Corradi M, Frigo AC, Baraldi E. Evidence of unexpected oxidative stress 

in airways of adolescents born very pre-term. The European respiratory journal 2012; 40: 

1253-1259.

35. Teig N, Allali M, Rieger C, Hamelmann E. Inflammatory Markers in Induced Sputum of School 

Children Born Before 32 Completed Weeks of Gestation. The Journal of pediatrics 2012; 

161: 1085-1090.

36. Paunescu AC, Casas M, Ferrero A, Pañella P, Bougas N, Beydon N, Just J, Lezmi G, Sunyer J, 

Ballester F, Momas I. Associations of black carbon with lung function and airway 

inflammation in schoolchildren. Environment international 2019; 131: 104984.

37. Kotecha S, Mildner RJ, Prince LR, Vyas JR, Currie AE, Lawson RA, Whyte MKB. The role of 

neutrophil apoptosis in the resolution of acute lung injury in newborn infants. Thorax 2003; 

58: 961-967.

38. Vyas JR, Currie AE, Shuker DE, Field DJ, Kotecha S. Concentration of nitric oxide products in 

bronchoalveolar fluid obtained from infants who develop chronic lung disease of prematurity. 

Arch Dis Child Fetal Neonatal Ed 1999; 81: F217-220.

39. Banks BA, Ischiropoulos H, McClelland M, Ballard PL, Ballard RA. Plasma 3-nitrotyrosine is 

elevated in premature infants who develop bronchopulmonary dysplasia. Pediatrics 1998; 

101: 870-874.

Page 23 of 70

 AJRCCM Articles in Press. Published September 29, 2021 as 10.1164/rccm.202102-0272OC 
 Copyright © 2021 by the American Thoracic Society 

http://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health
http://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health


40. Sanchez-Solis M, Garcia-Marcos L, Bosch-Gimenez V, Perez-Fernandez V, Pastor-Vivero MD, 

Mondejar-Lopez P. Lung function among infants born preterm, with or without 

bronchopulmonary dysplasia. Pediatric pulmonology 2012; 47: 674-681.

41. Colin AA, McEvoy C, Castile RG. Respiratory Morbidity and Lung Function in Preterm Infants 

of 32 to 36 Weeks' Gestational Age. Pediatrics 2010; 126: 115-128.

42. Guo P, Chen Y, Wu H, Zeng J, Zeng Z, Li W, Zhang Q, Huo X, Feng W, Lin J, Miao H, Zhu Y. 

Ambient air pollution and markers of fetal growth: A retrospective population-based cohort 

study of 2.57 million term singleton births in China. Environment international 2020; 135: 

105410.

43. Abman S, Jobe A, Chernick V, Blaisdell C, Castro M, Ramirez MI, Gern JE, Cutting G, Redding 

G, Hagood JS, Whitsett J, Abman S, Raj JU, Barst R, Kato GJ, Gozal D, Haddad GG, 

Prabhakar NR, Gauda E, Martinez FD, Tepper R, Wood RE, Accurso F, Teague WG, 

Venegas J, Cole FS, Wright RJ, Gail D, Hamvas A, Kercsmar C, Kiley J, Weinmann G. 

Strategic plan for pediatric respiratory diseases research: an NHLBI working group report. 

Pediatric pulmonology 2009; 44: 2-13.

44. Bhattacharya S, Mariani TJ. Systems biology approaches to identify developmental bases for lung 

diseases. Pediatric research 2013; 73: 514-522.

45. Kannan S, Misra DP, Dvonch JT, Krishnakumar A. Exposures to Airborne Particulate Matter and 

Adverse Perinatal Outcomes: A Biologically Plausible Mechanistic Framework for Exploring 

Potential Effect Modification by Nutrition. Environmental health perspectives 2006; 114: 

1636-1642.

46. Rice MB, Rifas-Shiman SL, Litonjua AA, Oken E, Gillman MW, Kloog I, Luttmann-Gibson H, 

Zanobetti A, Coull BA, Schwartz J, Koutrakis P, Mittleman MA, Gold DR. Lifetime 

Exposure to Ambient Pollution and Lung Function in Children. American journal of 

respiratory and critical care medicine 2016; 193: 881-888.

Page 24 of 70

 AJRCCM Articles in Press. Published September 29, 2021 as 10.1164/rccm.202102-0272OC 
 Copyright © 2021 by the American Thoracic Society 



47. Hsu HH, Chiu YH, Coull BA, Kloog I, Schwartz J, Lee A, Wright RO, Wright RJ. Prenatal 

Particulate Air Pollution and Asthma Onset in Urban Children. Identifying Sensitive 

Windows and Sex Differences. American journal of respiratory and critical care medicine 

2015; 192: 1052-1059.

48. Decrue F, Gorlanova O, Usemann J, Frey U. Lung functional development and asthma 

trajectories. Semin Immunopathol 2020; 42: 17-27.

49. Tagiyeva N, Devereux G, Fielding S, Turner S, Douglas G. Outcomes of Childhood Asthma and 

Wheezy Bronchitis. A 50-Year Cohort Study. American journal of respiratory and critical 

care medicine 2016; 193: 23-30.

50. Agusti A, Faner R. Lung function trajectories in health and disease. The Lancet Respiratory 

medicine 2019; 7: 358-364.

51. Sears MR, Greene JM, Willan AR, Wiecek EM, Taylor DR, Flannery EM, Cowan JO, Herbison 

GP, Silva PA, Poulton R. A longitudinal, population-based, cohort study of childhood asthma 

followed to adulthood. The New England journal of medicine 2003; 349: 1414-1422.

52. Martinez FD. Early-Life Origins of Chronic Obstructive Pulmonary Disease. The New England 

journal of medicine 2016; 375: 871-878.

53. Kunzli N, Kaiser R, Medina S, Studnicka M, Chanel O, Filliger P, Herry M, Horak F, Jr., 

Puybonnieux-Texier V, Quenel P, Schneider J, Seethaler R, Vergnaud JC, Sommer H. Public-

health impact of outdoor and traffic-related air pollution: a European assessment. Lancet 

(London, England) 2000; 356: 795-801.

54. de Hoogh K, Heritier H, Stafoggia M, Kunzli N, Kloog I. Modelling daily PM2.5 concentrations 

at high spatio-temporal resolution across Switzerland. Environmental pollution (Barking, 

Essex : 1987) 2018; 233: 1147-1154.

Page 25 of 70

 AJRCCM Articles in Press. Published September 29, 2021 as 10.1164/rccm.202102-0272OC 
 Copyright © 2021 by the American Thoracic Society 



Figure 1 Decreasing air pollution levels over the 18 years of observation. Depicted are the 

individual mean levels of PM10 (µg/m3) exposure for the whole observation period, consisting 

of pregnancy and postnatal time (defined time between birth and lung function measurement). 

Figure 2 Adjusted effect of PM10 during the second trimester of pregnancy on lung 

function parameters in term, preterm and moderate to late preterm infants. Effect 

estimates of (A) minute ventilation (mL/min), (B) FeNO (ppb) are presented as coefficient (β) 

and 95% confidence intervals (CIs) for each 10 µg/m3 increase in PM10 during second trimester 

of pregnancy for term, preterm and moderate to late preterm infants. The model was adjusted 

for sex, weight at lung function measurement, season and postconceptional age at lung function 

measurement, gestational age at birth, maternal smoking during pregnancy, maternal asthma 

(defined as self-reported or doctor-diagnosed), days of supplementary oxygen, days of 

mechanical ventilation (defined as cPAP and intubation). Analyses for FeNO were additionally 

adjusted for minute ventilation (mL/min).
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Table 1 Anthropometric data and considered risk factors 

Overall Term Preterm Moderate to late 

preterm (32 – 36 weeks)

Study participants, n 771 517 254 99

Gestational age at birth, w 36.7 (4.8) 39.8 (3.3) 30.6 (3.2) 33.9 (1.4)

Postconceptional age at lung function 

measurement, w

44.8 (1.1) 44.8 (1.1) 44.7 (1.2) 44.5 (1.0)

Weight at lung function measurement, g 4327.8 (631.4) 4394.5 (548.1) 4192.0 (757.0) 4438.2 (711.0)

Length at lung function measurement, cm 54.2 (2.7) 54.7 (2.2) 53.2 (3.2) 54.5 (2.8)

Male sex 413 (54) 268 (52) 144 (57) 56 (57)

Maternal smoking during pregnancy 59 (8) 33 (6) 26 (10) 4 (4)

Maternal asthma * 85 (11.0) 65 (13) 20 (8) 9 (9)

Duration of oxygen supplementation, d 10.2 (30.7) 0 30.9 (47.1) 2.6 (5.8)

Duration of mechanical ventilation †, d 5.9 (15.1) 0 18.0 (21.7) 1.5 (2.7)
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Values are mean (standard deviation) or number (percentage). * Asthma was defined as self-reported or doctor-diagnosed asthma. † mechanical 

ventilation was defined as cPAP and intubation
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Table 2 Lung function data at 44 weeks of postconceptional age

Overall Term Preterm Moderate to late 

preterm (32 – 36 

weeks)

Tidal breathing

Minute ventilation, mL/min 1469.3 (323.0) 1451.4 (308.3) 1505.7 (348.7) 1580.3 (339.6)

Respiratory rate, /min 46.9 (11.6) 45.0 (10.6) 50.6 (12.7) 46.9 (9.5)

Tidal volume, mL 32.4 (7.0) 33.1 (5.9) 31.0 (8.6) 34.7 (8.2)

TPTEF/TE, % 34.0 (10.8) 36.6 (10.9) 28.8 (8.7) 31.9 (9.1)

FeNO, ppb * 14.1 (6.9) 13.7 (6.4) 15.0 (7.7) 17.6 (7.4)

Values are mean (standard deviation) or number (percentage). * information is missing for 71 children (26 term, 45 preterm infants)
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Table 3 Distribution of estimated residential outdoor air pollutants

Overall Term Preterm Moderate to late 

preterm (32 – 36 

weeks)

PM10 µg/m3

PM10 2nd trimester 19.9 (6.1–44.7) 19.9 (7.5–37.7) 20.0 (6.1–44.7) 18.5 (6.3–38.3)

Postnatal PM10 * 19.1 (6.8–54.7) 18.9 (6.8–54.7) 19.5 (10.0–43.9) 17.1 (10.0–43.9)

NO2 µg/m3

NO2 2nd trimester 17.6 (5.3–52.8) 17.9 (5.5–40.7) 16.9 (5.3–52.8) 16.1 (5.3–52.8)

Postnatal NO2 * 17.4 (4.8–42.3) 16.7 (5.3–41.8) 18.8 (4.8–42.3) 15.2 (4.8–42.3)

Values are mean (range). * postnatal was defined as time between birth and lung function measurement.
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Table 4 Associations of prenatal air pollution exposure with lung function at 44 weeks of postconceptional age 

Minute 

ventilation, 

mL/min

Term 

n = 517

Preterm 

n = 254

Moderate to late preterm (32 – 36 weeks) 

n = 99

Coef    95% CIs p-value
Adj. p-

value
Coef    95% CIs p-value

Adj. p-

value
Coef    95% CIs p-value

Adj. p-

value

PM10 2nd trimester 75.3 (19.7,130.8) 0.008 0.074 88.6 (18.6,158.7) 0.013 0.090 184.9 (79.1,290.7) 0.001 0.139

NO2 2nd trimester -2.5 (-43.8,38.9) 0.907 0.769 -12.7 (-71.5,46.0) 0.671 0.707 45.4 (-32.4,123.2) 0.252 0.422

tPTEF/tE

PM10 2nd trimester 0.27 (-1.74,2.28) 0.794 0.726 -0.66 (-2.59,1.27) 0.506 0.657 -0.49 (-3.71,2.74) 0.767 0.746

NO2 2nd trimester 1.07 (-0.46,2.61) 0.17 0.369 0.82 (-0.83,2.47) 0.331 0.489 1.25 (-1.02,3.51) 0.281 0.444

FeNO, ppb
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PM10 2nd trimester -0.3 (-1.5,0.9) 0.601 0.679 2.8 (0.8,4.8) 0.005 0.063 3.4 (-0.1,6.8) 0.056 0.229

NO2 2nd trimester -0.6 (-1.4,0.3) 0.226 0.413 1.5 (-0.2,3.1) 0.075 0.282 0.5 (-1.4,2.5) 0.591 0.679

Estimates derived from mixed modelling for the association per 10 µg/m3 increase of PM10 and NO2 with lung function measurements at 44 weeks of 

postconceptional age. Multivariable model adjusted for sex, weight at lung function measurement, season and postconceptional age at lung function 

measurement, gestational age at birth, maternal smoking during pregnancy, maternal asthma (defined as self-reported or doctor-diagnosed), days of 

supplementary oxygen, days of mechanical ventilation (defined as cPAP and intubation). Analyses for FeNO were additionally adjusted for minute 

ventilation (mL/min). Results are presented as coefficient (Coef) and 95% confidence intervals (95% CIs) and adjusted p-values after Benjamini-Hochberg 

correction (for 176 tests).
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Figure 2 Adjusted effect of PM10 during the second trimester of pregnancy on lung function 
parameters in term, preterm and moderate to late preterm infants. Effect estimates of (A) minute 

ventilation (mL/min), (B) FeNO (ppb) are presented as coefficient (β) and 95% confidence intervals (CIs) for 
each 10 µg/m3 increase in PM10 during second trimester of pregnancy for term, preterm and moderate to 
late preterm infants. The model was adjusted for sex, weight at lung function measurement, season and 
postconceptional age at lung function measurement, gestational age at birth, maternal smoking during 

pregnancy, maternal asthma (defined as self-reported or doctor-diagnosed), days of supplementary oxygen, 
days of mechanical ventilation (defined as cPAP and intubation). Analyses for FeNO were additionally 

adjusted for minute ventilation (mL/min). 
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Methods

Study design

The prospective and ongoing Basel-Bern Infant Lung Development (BILD) birth cohort 

(https://www.bild-cohort.ch/) comprises unselected neonates recruited antenatally since 1999 

in the region of Bern and since 2012 in the region of Basel, Switzerland (E1). Potential risk 

factors were assessed by interviews using standardized questionnaires (E1). Children 

underwent lung function measurement at 44 weeks of PCA. Prematurity was defined following 

International Statistical Classification of Diseases and Related Health Problems (ICD 10) as 

GA at birth <37 weeks (E2). The ethics committees of the regions of Bern and of Basel 

approved the study and written consent was obtained. 

Air pollution exposure 

Air pollution data included daily mean levels of PM10, NO2 for the period from September 

1999 to October 2017. Background air pollution was measured at the Payerne monitoring 

station (part of the Swiss National Air Pollution Monitoring Network). We estimated NO2 

exposure using a time-space hybrid model, in order to capture seasonal air pollution variations 

during the entire study period and spatial variation in different study areas. This model was 

based on high-quality information on land use, population density, traffic, road network, 

dispersion models, meteorological data and air quality from the fixed measurement station (i.e. 

Payerne), trained with 28,849 NO2 biweekly and monthly passive sampler measurements. 

Observations were collected consecutively over more than ten years at 146 locations, for 

external validation of the model (E3). We estimated PM10 exposure using a simplified spatial-

temporal model in which the temporal variation from Payerne was superimposed on the annual 

dispersion model from Pollumap (E4) which provided the spatial contrast in exposures. Thus, 

in this model, the averaged PM10 per time period (e.g., 1st trimester), based on daily 
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measurements at the central monitoring site (i.e., Payerne), were corrected for each address 

using the ratio between the annual dispersion model value at the home or hospital address (i.e., 

Pollumap from METEOTEST, 200×200m resolution, 1998- 2015 for PM10 (E4)) and the 

annual mean from Payerne.

From these data we calculated the mean exposure by pollutant for each subject for different 

exposure windows: 1st trimester, 2nd trimester, 3rd trimester and postnatal. For families who 

changed their residential address during the study period or for preterm infants hospitalized, 

we calculated an average exposure estimate weighted by the time spent at each residence or 

hospital. Addresses were geocoded using a reference file from the Swiss Federal Statistical 

Office (Neuchâtel).  

Lung function outcomes

Pulmonary function was performed at 44 weeks of PCA using Exhalyzer D (EcoMedics, 

Duernten, Switzerland) according to current ERS/ATS guidelines (E5). For analysis we used 

the first 100 regular breaths during non-REM (non-rapid eye movement) sleep from the total 

recorded breathing. We excluded sighs and ten breaths before and after a sigh. Simultaneous 

to tidal breathing recording, the fraction of exhaled nitric oxide (FeNO) was measured online 

with a chemoluminescence analyzer during the third quartile of expiration and averaged over 

the 100 breaths used for analysis. Following ERS/ATS guidelines for infant lung function 

testing, mean tidal flows, volume and flow-volume loop were calculated. 

The following parameters were investigated: respiratory rate (RR), mean tidal volume (VT), 

minute ventilation (VE). VE is a robust overall estimate of the effectiveness of lung function 

(ventilatory need) (E6). It does not allow for separating obstructive, or restrictive components 

of lung mechanics and is also affected by diffusion capacity of the lung. In preterm infants, we 

typically have a mixture of obstructive, restrictive and impaired diffusion functional 
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abnormalities, thus VE as a composite estimate is an optimal representation of lung function 

impairment. Ratio of time to peak tidal expiratory flow (PTEF) and expiratory time (tPTEF/tE) 

were used to describe TBFVL shapes. Online FeNO measurements were performed with a 

rapid-response chemoluminescence analyser (CLD 77 AM; EcoMedics AG, Duernten, 

Switzerland) concurrently with the TBFVL recording. We used air free of nitric oxide (NO) 

for respiration to prevent contamination of FeNO with ambient NO.  The third quartile of each 

expiration was used to calculate mean FeNO over the 100 breaths recorded and was adjusted 

for VE, as previously described (E7).

Covariates

Potential confounders were assessed by interviews using standardized questionnaires (E1) 

including sociodemographic factors, pre- and postnatal smoke exposure and, parental atopic 

disease. To confirm prenatal smoke exposure, the cotinine level in the infant’s first urine was 

used. 

After inclusion of a priori selected covariates from previous literature (E8-E10) the following 

covariates were included before eliminating the ones with the highest p-values until only 

significantly associated covariates (p-value <0.05) remained in the model:

Length at birth, sex, length and weight at lung function measurement, gestational age at birth, 

season and postconceptional age at lung function measurement, maternal smoking during 

pregnancy, days of supplementary oxygen, days of mechanical ventilation, maternal asthma 

and, maternal education (as a proxy of socioeconomic status).

Our final model therefore consisted of the following covariates: GA at birth, weight at lung 

function measurement, maternal asthma (defined as self-reported or doctor-diagnosed), sex, 

season and postconceptional age at lung function, maternal smoking during pregnancy, days of 

supplementary oxygen, days of mechanical ventilation (defined as days of continuous positive 
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airway pressure (cPAP) and intubation).  For FeNO analyses we additionally adjusted for VE, 

as previously described (E8, E11).

Statistical analysis

We performed a multilevel mixed-effects linear regression for term and preterm infants 

separately, adjusted for the above-mentioned covariates and corrected for clustering on center 

level (Basel vs. Bern). Inspection of the outcome variables suggested normal distribution. 

Since we previously showed that lung functional abnormalities can also be the result of 

prematurity and perinatal insults, particularly in extreme and very early premature born infants 

(E10), we also performed analysis in subgroups of preterm born infants. We therefore stratified 

the preterm group according to their gestational age at birth into three clinically relevant 

groups; extreme (<28 weeks of GA), very early (29 – 31 weeks of GA) and moderate to late 

(32 – 36 weeks of GA) preterm. We tested the presence of interaction within term and moderate 

to late preterm born infants adding the interaction term between exposure to air pollution and 

prematurity. 

In a first sensitivity analysis, we performed multiple comparison adjustments for our main 

hypothesis according to Benjamini-Hochberg (E12). Based on physiological and 

developmental considerations, such as the timing of lung development in utero, we based our 

analysis on the second trimester. This was mainly due to the second and third trimester being 

the most crucial time windows for lung development, however with the third trimester being 

hardly comparable between term and preterm infants. The issue of multiple lung function 

outcomes was further to be considered, as minute ventilation is a composite parameter of 

respiratory rate and tidal volume. Thus, we restricted our analysis to the physiological most 

independent parameters: minute ventilation, tPTEF/tE and FeNO (resulting in 6 tests = 2 

exposures * 3 outcomes).
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We performed a second sensitivity analysis in respect to previously investigated risk factors, 

modifiers and mediators, which were however not significantly associated with our outcome 

in the stepwise backward regression. First, we included education status of the mother in the 

main model, a known potential confounder for lung function of the offspring (E13, E14). We 

did not include this risk factor in the main analysis a priori as we had several missing values 

(around 70 children had no information on education status of the mother). We further 

included CLD classification to the main model, as CLD has been reported to affect lung 

function irrespective of gestational age (E15). We did not include CLD classification initially, 

as our main hypothesis was to show differences in the association of air pollution with lung 

function in moderate to late preterm versus term infants. In these populations only three 

children had a CLD I. As exposure to air pollution has been linked with poor fetal somatic 

growth (E16), we additionally adjusted our model for weight at birth. Further, as colleagues 

previously described the modifying effect of sex on the association between air pollution and 

lung function (E13, E17, E18), we investigated, whether such modifying effects are 

reproducible in our population by stratifying for sex. Exposure to caffeine has been shown to 

influence levels of FeNO measured (E11, E19). We therefore added exposure to caffeine to 

the main model. We examined whether gestational age was a mediator to the associations of 

air pollution exposure and lung function (E20). We therefore performed a mediation analysis 

for PM10 and NO2 using the Structural Equation Modeling (SEM) approach.

In a third sensitivity analysis, we examined the potential effects of other exposure windows 

and multipollutant models. As short-term exposure to air pollution has been shown to influence 

lung function in adults (E21), we investigated the impact of short-term exposure to air 

pollutants (14-day average before lung function measurement) on infant lung function and did 

not find any associations. 
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In a fourth sensitivity analysis, we examined the exact same recruitment periods for term and 

preterm infants. As no preterm infants were recruited between 2010 and 2012, we excluded 

term infants born during this time period for a sensitivity analysis.

Pearson’s correlation was used to assess correlation between different exposure windows of air 

pollution and between different air pollutants among these exposure windows (Table E7). 

Effect estimates are presented as coefficient (β) and 95% confidence intervals (CIs) per 10 

µg/m3 increase in each pollutant. Data were analysed using Stata® (Stata Statistical Software: 

release 16. STATA Cooperation; College Station, TX). 

Power analysis

We calculated that a sample of 61 subjects would have a power of  >80%, at a significance 

level of 0.05 to detect changes of 24.9 mL/min in VE per 1 ug/m3 increase in PM10 (E8).

Results

Technical measurements have been systematically harmonized and tested between the centers.  

Inter-center differences (different populations and different exposures) of the current study and 

the characteristics and lung function values in preterm and term infants are shown in Table E3.

Association of air pollution with lung function at 44 weeks of postconceptional age

(tidal breathing flow volume loops)

Within the extremely and very early preterm infants no significant associations of prenatal 

exposure to air pollution on lung function parameters were seen. In the extremely preterm 

group VE decreased by [-4.6 (-11.1 to 1.8) mL/min] per 10 µg/m3 increase in PM10 during the 

second trimester, whereas in the very early preterm infants, VE increased by [3.6 (-3.3 to 10.4) 

mL/min]. 
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The association of postnatal air pollution with pulmonary function is given in Table E5. In 

term infants, associations of postnatal PM10 exposure with RR and VT were observed 

[coefficient (β) (95% confidence intervals (CIs))] [2.1 (0.7 to 3.6) /min], and [-0.9 (-1.7 to -

0.2) mL], respectively. Further, VT decreased by [-1.0 (-1.8 to -0.3) mL] per increase of 10 

µg/m3 in NO2. No significant associations between postnatal exposure to air pollutants and 

lung function were seen in the entire group of preterm infants, nor in the strata. 

Fraction of exhaled nitric oxide (FeNO)

Within the extremely and very early preterm infants no significant associations of prenatal 

exposure to air pollution on FeNO were seen. In the extremely preterm group FeNO increased 

by [2.6 (-0.3 to 5.4) ppb] per 10 µg/m3 increase in PM10 during the second trimester, whereas 

in the very early preterm infants, FeNO increased by [-1.6 (-3.8 to 0.6) ppb]. 

Postnatal exposure to PM10 and NO2 showed no association with FeNO either in term or 

preterm infants (Table E5). 

Sensitivity analysis

a. Multiple comparison adjustment

After multiple comparison adjustment according to Benjamini-Hochberg (6 tests = 2 exposures 

* 3 outcomes), the interaction of prematurity and air pollution on VE in term and moderate to 

late preterm infants reached a non-significant p-value (pprematurity x PM10 = 0.09). However, the 

interaction between PM10 and prematurity on FeNO remained significant (pprematurity x PM10 = 

0.036).

Page 42 of 70

 AJRCCM Articles in Press. Published September 29, 2021 as 10.1164/rccm.202102-0272OC 
 Copyright © 2021 by the American Thoracic Society 



b. Potential confounders

Using CLD classification as an additional confounder to the main model resulted in an increase 

in VE [197.6 (92.1 to 303.2) mL/min] in moderate to late and [86.6 (16.9 to 156.4) mL/min] in 

preterm infants per 10 µg/m3 increase in PM10 during the second trimester. 

When adjusting the main model for birth weight, associations did not change substantially and 

remained robust.

When stratifying the main model by sex and using interaction terms of sex and air pollution, 

no clear differences between boys and girls were seen, nor did the effect sizes change 

substantially to the earlier reported findings. Interaction terms were not significant, and were 

therefore not included in the main model. 

In the preterm group, FeNO increased by [9.0 (3.3 to 14.6) ppb] per 10 µg/m3 increase in PM10 

and by [5.1 (-0.5 to 10.6) ppb] per 10 µg/m3 increase in NO2 during the second trimester when 

exposure to caffeine citrate was included in the main model. However, information on exposure 

to caffeine citrate was only available for 47 preterm infants, all infants were off drugs for > 6 

weeks.  

As we had many missing data on education status of the mother (70 missing), we included it 

as a confounder in the sensitivity analysis. Education status of the mother, categorized into low 

(less than four years of apprenticeship), middle (four years of apprenticeship and above) and 

high (tertiary education), as an additional confounder in the main model, did not have any 

substantial changes in effect sizes nor significance level (VE in term infants increased by [75.1 

(19.6 to 130.6) mL/min] per 10 µg/m3 increase in PM10 during the second trimester).  

Including length as a confounder in the main model, did not change the effect sizes, 

significance levels or interaction terms (VE in term infants increased by [77.1 (21.3 to 132.8) 
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mL/min] per 10 µg/m3 increase in PM10 during the second trimester). However, correlation 

between weight and length at measurement date was high with 0.76 (Pearson correlation). 

The effect of air pollution on VE was not mediated by gestational age (Figure E4). 

c. Potential effects of other pre- and postnatal exposure windows and multipollutant 

models

Additional analysis for short-term exposure to air pollutants showed no significant associations 

with lung function parameters (VE in term infants increased by [16.3 (-11.5 to 44.1) mL/min], 

in preterm infants decreased by [-5.8 (-46.8 to 35.2) mL/min] and in moderate to late preterm 

infants decreased by [-51.0 (-136.3 to 34.3) mL/min] per 10 µg/m3 increase in PM10). No 

significant associations were seen between short-term exposure to air pollution and FeNO 

(FeNO in term infants decreased by [-0.4 (-1.0 to 0.3) ppb], in preterm infants increased by 

[0.6 (-0.6 to 1.7) ppb] and in moderate to late preterm infants increased by [0.7 (-1.4 to 2.9) 

ppb] per 10 µg/m3 increase in PM10). When analysing the association of exposure to air 

pollution in multipollutant models, effect sizes and significance levels remained comparable to 

the results from one-pollutant models. VE increased significantly in term by [95.3 (33.3 to 

157.2) mL/min], in preterm by [96.0 (22.4 to 169.7) mL/min] and in moderate to late preterm 

by [184.5 (71.8 to 297.2) mL/min] (Table E6). Associations of PM10 with VE and PM10 with 

FeNO differed between moderate to late preterm and term infants (pprematurity × PM10 interaction = 

0.045 and pprematurity × PM10 interaction = 0.009, adjusted for multiple testing pprematurity × PM10 interaction 

= 0.202 and pprematurity × PM10 interaction = 0.074).

d. Recruitment period

430 term infants remained for the sensitivity analysis after excluding term infants born between 

2010 and 2012. In this population of term infants VE increased by [80.6 (18.9 to 142.3) 
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mL/min] and FeNO decreased by [-1.7 (-2.9 to -0.4) mL/min] per 10 µg/m3 increase in PM10 

during the second trimester. 

Correlation between different exposure windows for air pollutants was low-to-moderate for 

different exposure windows of PM10 (Table E7).
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Figure E1 Flow chart of the study population. *Dropout due to missing lung function 

measurement at 44 weeks of postconceptional age, missing air pollution exposure values, 

missing information on important risk factors and dropout of the child from the study.  † 

Quality check included lung function quality or gestational age at lung function measurement 

<42 or >48 weeks of postconceptional age. ‡ Outliers included moderate to late preterm infants, 

which had severe asphyxia and therefore needed mechanical ventilation >20days and/or 

supplementary oxygen >80days. 

Figure E2 Duration of mechanical ventilation (defined as cPAP and intubation) (A) and 

of supplementary oxygen (B) according to gestational age at birth shown for preterm infants. 

Vertical lines represent the three groups of preterm infants (extremely, very early and moderate 

to late). 

Figure E3 Adjusted effect of PM10 during the second trimester of pregnancy on lung 

function parameters in term, preterm, moderate to late, very early and extremely 

preterm infants. Effect estimates of (A) minute ventilation (mL/min), (B) tidal volume (mL) 

and (C) FeNO (ppb) are presented as coefficient (β) and 95% confidence intervals (CIs) for 

each 10 µg/m3 increase in PM10 during second trimester of pregnancy for term, preterm, 

moderate to late, very early and extremely preterm infants. The model was adjusted for sex, 

weight at lung function measurement, season and postconceptional age at lung function 

measurement, gestational age at birth, maternal smoking during pregnancy, maternal asthma 

(defined as self-reported or doctor-diagnosed), days of supplementary oxygen, days of 

mechanical ventilation (defined as cPAP and intubation). Analyses for FeNO were additionally 

adjusted for minute ventilation (mL/min).

Figure E4 Pathway of mediation analysis. The mediation effect of gestational age (GA) at 

birth on the association of air pollution exposure with lung function was examined using the 
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Structural Equation Modeling (SEM) approach. Left side: Pathway of mediation effect of PM10 

on VE. Right side: Pathway of mediation effect of NO2 on VE in preterm infants; c’= total effect 

of air pollution on VE; c’ = c+a*b; c = the direct effect of air pollution on VE after controlling 

for gestational age (GA); a*b = indirect effect of air pollution on VE; (i) Mixed regression of 

the mediator GA on the independent variable air pollution exposure in the second trimester 

adjusted for season; GAij = α+b1PM10ij+b2seasonij+uj+eij; Where u are e residuals for individual 

i and study center j; (ii) Mixed regression of the lung function (here we showed the effect on 

VE) on the independent variable air pollution exposure in the second trimester and potential 

mediator GA adjusted for season; VEij=α+b1PM10ij+b2seasonij+b3GAij+ uj+eij
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Table E1 Anthropometric data and considered risk factors 

Very early preterm Extremely preterm

Study participants, n 99 65

Gestational age at birth, w 29.9 (1.1) 26.4 (1.1)

Postconceptional age at lung function 

measurement, w

44.9 (1.3) 44.5 (1.1)

Weight at lung function measurement, g 4172.8 (779.3) 3843.7 (655.0)

Length at lung function measurement, cm 53.0 (3.2) 51.3 (2.8)

Male sex 53 (59) 35 (54)

Maternal smoking during pregnancy 10 (11) 12 (18)

Maternal asthma * 7 (8) 4 (6)

Duration of oxygen supplementation, d 28.7 (34.9) 77.1 (60.2)

Duration of mechanical ventilation †, d 16.4 (13.3) 45.3 (20.6)

Values are mean (standard deviation) or number (percentage). * Asthma was defined as self-reported 

or doctor-diagnosed asthma. † mechanical ventilation was defined as cPAP or intubation
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Table E2 Comparison between participants lost to follow-up / excluded vs. included participants

Included Lost to follow-up / excluded p-value

Study participants, n 771 329

Gestational age at birth, weeks 36.7 (4.8) 34.4 (5.6) <0.001

Weight at study date, g 4327.8 (631.4) 4179.6 (835.1) 0.003

Length at study date, cm 54.2 (2.7) 53.7 (4.0) 0.027

Male sex 413 (54) 190 (58) 0.126

Maternal smoking during pregnancy * 59 (8) 29 (11) 0.102

Maternal asthma † 85 (11) 12 (5) 0.028

Duration of oxygen supplementation, d ‡ 10.2 (30.7) 52.3 (80.4) <0.001

Values are mean (standard deviation) or number (percentage). * information is missing for 74 children lost 

to follow-up. † Asthma was defined as self-reported or doctor-diagnosed asthma, missing information for 

100 children lost to follow-up. ‡ information is missing for 144 children lost to follow-up.
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Table E3 Inter-center differences in characteristics and lung function at 44 weeks of postconceptional age in term and preterm 

infants

Term Preterm

Bern 

n = 391

Basel 

n = 126

p-value Bern 

n = 146

Basel

n = 108 

p-value

Characteristics

Male sex 204 (52) 65 (52) 0.909 85 (58) 59 (55) 0.570

Gestational age at birth, w 39.8 (1.1) 39.7 (1.1) 0.426 29.1 (2.9) 32.5 (2.6) <0.001

Postconceptional age at 

lung function 

measurement, w

44.8 (1.1) 44.9 (1.2) 0.680 44.7 (1.2) 44.7 (1.1) 0.982

Postnatal age at lung 

function measurement, d

35.7 (4.5) 36.3 (7.4) 0.315 108.7 (21.3) 85.2 (20.7) <0.001

Weight at lung function 

measurement, g

4377.4 (531.7) 4447.9 (595.2) 0.209 3949.3 (750.7) 4520.2 (634.1) <0.001
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Maternal smoking during 

pregnancy

29 (7) 4 (3) 0.091 17 (12) 9 (8) 0.392

Tidal breathing

Minute ventilation, 

mL/min

1418.1 (268.0) 1554.7 (392.6) <0.001 1423.0 (332.8) 1617.5 (339.8) <0.001

Respiratory rate, /min 44.7 (10.2) 46.2 (11.7) 0.175 51.7 (13.2) 49.2 (11.9) 0.130

Tidal volume, mL 32.6 (5.3) 34.7 (7.4) <0.001 28.8 (8.0) 34.1 (8.4) <0.001

TPTEF/TE, % 36.1 (10.9) 37.8 (10.8) 0.126 28.2 (9.1) 29.7 (8.1) 0.192

FeNO, ppb * 13.4 (6.0) 14.6 (7.4) 0.078 12.7 (7.3) 17.8 (7.4) <0.001

Values are mean (standard deviation) or number (percentage). * information is missing for 71 children (26 term, 45 preterm infants)
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Table E4 Distribution of estimated residential outdoor air pollutants over all time windows

Overall Term Preterm Moderate to late 

preterm (32 – 36 

weeks)

PM10 µg/m3

PM10 1st trimester 20.2 (6.3–44.6) 20.1 (9.0–44.6) 20.2 (6.3–41.8) 18.5 (6.3–36.1)

PM10 2nd trimester 19.9 (6.1–44.7) 19.9 (7.5–37.7) 20.0 (6.1–44.7) 18.5 (6.3–38.3)

PM10 3rd trimester 19.5 (6.6–62.7) 19.8 (8.2–40.4) 18.7 (6.6–62.7) 17.1 (6.6–36.6)

Postnatal PM10 * 19.1 (6.8–54.7) 18.9 (6.8–54.7) 19.5 (10.0–43.9) 17.1 (10.0–43.9)

NO2 µg/m3

NO2 1st trimester 17.6 (5.1–46.4) 17.7 (6.5–46.4) 17.5 (5.1 - 45.4) 16.6 (5.1–45.4)

NO2 2nd trimester 17.6 (5.3–52.8) 17.9 (5.5–40.7) 16.9 (5.3–52.8) 16.1 (5.3–52.8)

NO2 3rd trimester 16.9 (4.9–49.4) 17.3 (5.4–41.5) 15.9 (4.9–49.4) 14.6 (4.9–49.4)

Postnatal NO2 * 17.4 (4.8–42.3) 16.7 (5.3–41.8) 18.8 (4.8–42.3) 15.2 (4.8–42.3)
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Values are mean (range). * postnatal was defined as time between birth and lung function measurement. 
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Table E5 Associations of pre- and postnatal air pollution exposure (for all time windows) with lung function at 44 weeks of postconceptional age 

Term 

n = 517

Preterm 

n = 254

Moderate to late preterm (32 – 36 weeks) n 

= 99

Minute 

ventilation, 

mL/min

Coef    95% CIs
p-

value

Adj. p-

value Coef    95% CIs
p-

value

Adj. p-

value Coef    95% CIs
p-

value

Adj. p-

value

PM10 1st trimester 22.43 (-21.39,66.24) 0.316 0.483 6.51 (-53.84,66.86) 0.833 0.737 160.66 (51.74,269.59) 0.004 0.056

PM10 2nd trimester 75.27 (19.74,130.79) 0.008 0.070 88.62 (18.57,158.68) 0.013 0.086 162.62 (59.37,265.87) 0.002 0.035

PM10 3rd trimester 13.11 (-32.32,58.53) 0.572 0.680 -35.94 (-86.18,14.31) 0.161 0.373 -86.4 (-185.16,12.36) 0.086 0.278

PM10 postnatal * 33.27 (-7.24,73.77) 0.107 0.316 0.83 (-75.43,77.08) 0.983 0.790 20.73 (-106.33,147.80) 0.749 0.738

NO2 1st trimester 3.97 (-31.57,39.52) 0.827 0.737 11.74 (-40.52,63.99) 0.66 0.700 75.25 (0.29,150.22) 0.049 0.213

NO2 2nd trimester -2.45 (-43.79,38.88) 0.907 0.764 -12.74 (-71.52,46.04) 0.671 0.701 45.42 (-32.35,123.20) 0.252 0.417
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NO2 3rd trimester -3.53 (-40.37,33.32) 0.851 0.744 -36.93 (-91.16,17.30) 0.182 0.383 -4.44 (-78.71,69.82) 0.907 0.759

NO2 postnatal * 7.27 (-35.18,49.73) 0.737 0.742 -44.16 (-107.92,19.60) 0.175 0.374 -15.47 (-103.51,72.57) 0.731 0.742

Tidal volume, 

mL

PM10 1st trimester 0.52 (-0.30,1.34) 0.215 0.404 -0.1 (-1.44,1.24) 0.888 0.762 1.37 (-0.87,3.61) 0.23 0.410

PM10 2nd trimester 1.22 (0.18,2.26) 0.022 0.122 1.33 (-0.18,2.85) 0.084 0.285 3.82 (1.57,6.08) 0.001 0.046

PM10 3rd trimester -0.96 (-1.80,-0.12) 0.025 0.133 -0.1 (-1.22,1.02) 0.856 0.744 -2.55 (-4.62,-0.48) 0.016 0.097

PM10 postnatal * -0.92 (-1.68,-0.17) 0.016 0.101 0.08 (-1.61,1.78) 0.924 0.765 -0.22 (-2.92,2.48) 0.873 0.754

NO2 1st trimester 0.09 (-0.57,0.76) 0.787 0.729 -0.17 (-1.33,0.99) 0.772 0.740 0.45 (-1.18,2.07) 0.589 0.682

NO2 2nd trimester -0.58 (-1.36,0.19) 0.139 0.372 -0.42 (-1.73,0.88) 0.527 0.660 -0.02 (-1.69,1.64) 0.98 0.792

NO2 3rd trimester -1.1 (-1.78,-0.41) 0.002 0.040 -0.59 (-1.79,0.62) 0.339 0.496 -0.87 (-2.44,0.70) 0.277 0.443

NO2 postnatal * -1.04 (-1.83,-0.25) 0.01 0.077 -0.58 (-2.00,0.84) 0.422 0.581 -1.25 (-3.13,0.64) 0.194 0.397
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FeNO, ppb

PM10 1st trimester 0.06 (-0.89,1.00) 0.909 0.757 -0.45 (-2.22,1.32) 0.622 0.686 0.46 (-2.42,3.33) 0.756 0.740

PM10 2nd trimester -0.32 (-1.54,0.89) 0.601 0.674 2.84 (0.84,4.84) 0.005 0.053 3.38 (-0.08,6.83) 0.056 0.222

PM10 3rd trimester -0.71 (-1.72,0.29) 0.162 0.369 1.19 (-0.26,2.64) 0.109 0.316 2.39 (-0.16,4.94) 0.066 0.255

PM10 postnatal * -0.13 (-1.04,0.77) 0.771 0.744 0.84 (-1.52,3.21) 0.485 0.642 1.67 (-2.10,5.43) 0.385 0.546

NO2 1st trimester -0.22 (-0.98,0.55) 0.576 0.678 0.63 (-0.87,2.12) 0.412 0.573 0.48 (-1.51,2.47) 0.637 0.692

NO2 2nd trimester -0.55 (-1.44,0.34) 0.226 0.408 1.46 (-0.15,3.07) 0.075 0.274 0.53 (-1.39,2.45) 0.591 0.671

NO2 3rd trimester -0.43 (-1.23,0.37) 0.288 0.450 0.87 (-0.64,2.38) 0.26 0.425 0.21 (-1.59,2.00) 0.822 0.737

NO2 postnatal * -0.47 (-1.39,0.44) 0.312 0.482 0.43 (-1.43,2.29) 0.651 0.696 0.00 (-2.23,2.23) 0.999 0.789

Respiratory rate, 

/min

PM10 1st trimester -0.46 (-2.03,1.11) 0.567 0.679 0.43 (-2.12,2.97) 0.741 0.741 2.00 (-1.33,5.32) 0.239 0.415
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PM10 2nd trimester -0.27 (-2.19,1.66) 0.787 0.724 0.29 (-2.60,3.19) 0.843 0.742 0.66 (-2.87,4.18) 0.715 0.731

PM10 3rd trimester 1.75 (0.11,3.38) 0.036 0.173 -1.42 (-3.53,0.69) 0.186 0.386 1.17 (-1.98,4.33) 0.467 0.624

PM10 postnatal * 2.12 (0.65,3.58) 0.005 0.058 -0.37 (-3.59,2.84) 0.820 0.740 1.93 (-2.06,5.92) 0.343 0.497

NO2 1st trimester -0.34 (-1.63,0.95) 0.609 0.677 0.77 (-1.43,2.97) 0.494 0.648 1.79 (-0.59,4.18) 0.141 0.363

NO2 2nd trimester 0.47 (-1.03,1.96) 0.539 0.657 0.17 (-2.31,2.65) 0.893 0.762 1.77 (-0.67,4.22) 0.156 0.368

NO2 3rd trimester 1.36 (0.03,2.70) 0.045 0.209 -0.75 (-3.04,1.53) 0.517 0.665 1.5 (-0.83,3.82) 0.206 0.403

NO2 postnatal * 1.51 (-0.03,3.04) 0.054 0.227 -0.85 (-3.54,1.85) 0.539 0.651 2.07 (-0.72,4.86) 0.145 0.366

tPTEF/tE

PM10 1st trimester -0.91 (-2.51,0.70) 0.267 0.432 0.7 (-1.00,2.39) 0.422 0.575 1.88 (-1.21,4.98) 0.233 0.410

PM10 2nd trimester 0.27 (-1.74,2.28) 0.794 0.726 -0.66 (-2.59,1.27) 0.506 0.657 -0.49 (-3.71,2.74) 0.767 0.746

PM10 3rd trimester 0.55 (-1.12,2.21) 0.519 0.662 -0.73 (-2.17,0.71) 0.323 0.488 -0.43 (-3.37,2.51) 0.774 0.737

PM10 postnatal * 0.04 (-1.46,1.54) 0.959 0.784 -1.88 (-4.02,0.25) 0.084 0.278 -2.68 (-6.45,1.09) 0.164 0.362
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NO2 1st trimester 0.50 (-0.82,1.83) 0.454 0.613 1.24 (-0.23,2.70) 0.098 0.303 1.78 (-0.43,3.99) 0.114 0.317

NO2 2nd trimester 1.07 (-0.46,2.61) 0.17 0.369 0.82 (-0.83,2.47) 0.331 0.489 1.25 (-1.02,3.51) 0.281 0.444

NO2 3rd trimester 1.14 (-0.23,2.51) 0.102 0.308 0.19 (-1.37,1.75) 0.813 0.739 0.36 (-1.80,2.53) 0.743 0.738

NO2 postnatal * 1.19 (-0.39,2.76) 0.139 0.365 0.06 (-1.74,1.87) 0.944 0.776 0.39 (-2.29,3.08) 0.774 0.732

Estimates derived from mixed modelling for the association per 10 µg/m3 increase of PM10 and NO2 with lung function measurements at 44 weeks of 

postconceptional age. Multivariable model adjusted for sex, weight at lung function measurement, gestational age at birth, season at lung function measurement, 

maternal smoking during pregnancy, maternal asthma (defined as self-reported or doctor-diagnosed), days of supplementary oxygen, days of mechanical 

ventilation (defined as cPAP and intubation). Analyses for FeNO were additionally adjusted for minute ventilation (mL/min). * postnatal was defined as time 

between birth and lung function measurement. Results are presented as coefficient (Coef) and 95% confidence intervals (95% CIs) and adjusted p-values after 

Benjamini-Hochberg correction (for 176 tests).
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Table E6 Multipollutant models of pre- and postnatal air pollution exposure with lung function at 44 weeks of postconceptional age 

Minute 

ventilation, 

mL/min

Term 

n = 517

Preterm 

n = 254

Moderate to late preterm (32 – 36 weeks) 

n = 99

Coef    95% CIs
p-

value

Adj. p-

value
Coef    95% CIs

p-

value

Adj. p-

value
Coef    95% CIs p-value

Adj. p-

value

PM10 2nd trimester 95.3 (33.3, 157.2) 0.003 0.046 96.0 (22.4,169.7) 0.011 0.080 184.5 (71.8, 397.2) 0.001 0.028

NO2 2nd trimester -33.2 (-79.0, 12.6) 0.155 0.371 -45.0 (-108.1,18.1) 0.162 0.363 0.8 (-78.1, 79.7) 0.984 0.786

PM10 postnatal * 40.0 (-7.1, 87.1) 0.096 0.303 66.9 (-35.8,169.6) 0.202 0.407 37.4 (-112.0, 186.8) 0.623 0.682

NO2 postnatal * -13.9 (-63.1, 35.4) 0.581 0.679 -82.1 (-35.8,169.6) 0.202 0.401 -22.2 (-127.3, 82.8) 0.678 0.703

Tidal volume, mL

PM10 2nd trimester 1.9 (0.8, 3.1) 0.001 0.035 1.8 (0.2,3.5) 0.031 0.160 4.4 (2.0, 6.7) <0.001 0.023
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NO2 2nd trimester -1.2 (-2.1, -0.3) 0.006 0.060 -1.0 (-2.4,0.4) 0.152 0.377 -1.1 (-2.7, 0.6) 0.207 0.394

PM10 postnatal * -0.6 (-1.4, 0.3) 0.207 0.400 1.0 (-1.3, 3.3) 0.386 0.542 1.0 (-2.2, 4.1) 0.537 0.661

NO2 postnatal * -0.7 (-1.7, 0.2) 0.111 0.315 -1.2 (-3.1, 0.8) 0.239 0.410 -1.6 (-3.8, 0.6) 0.152 0.371

FeNO, ppb

PM10 2nd trimester -0.8 (-2.2, 0.6) 0.240 0.407 2.3 (0.2, 4.4) 0.035 0.174 3.1 (-0.4, 6.6) 0.083 0.296

NO2 2nd trimester -0.3 (-1.4, 0.7) 0.529 0.657 1.1 (-0.6, 2.8) 0.215 0.398 0.0 (-2.0, 2.0) 0.993 0.789

PM10 postnatal * -0.2 (-1.3, 0.9) 0.699 0.720 0.4 (-2.5, 3.4) 0.774 0.727 2.1 (-2.1, 6.4) 0.329 0.492

NO2 postnatal * -0.5 (-1.6, 0.6) 0.364 0.522 0.4 (-1.9, 2.7) 0.774 0.722 -0.6 (-3.1, 1.9) 0.641 0.691

Estimates derived from mixed modelling for the association per 10 µg/m3 increase of either trimester or postnatal PM10 and NO2 with lung function 

measurements at 44 weeks of postconceptional age. Multivariable model adjusted for sex, weight at lung function measurement, season and postconceptional 

age at lung function measurement, gestational age at birth, maternal smoking during pregnancy, maternal asthma (defined as self-reported or doctor-

diagnosed), days of supplementary oxygen, days of mechanical ventilation (defined as cPAP or intubation). Analyses for FeNO were additionally adjusted 
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for minute ventilation (mL/min). Results are presented as coefficient (Coef) and 95% confidence intervals (95% CIs) and adjusted p-values after Benjamini-

Hochberg correction (for 176 tests). * postnatal was defined as time between birth and lung function measurement.
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PM10 1st 

trimester

PM10 2nd 

trimester

PM10 3rd 

trimester

PM10 

Postnatal

PM10 1st 

trimester
1.0000

PM10 2nd 

trimester
0 .2051 1.0000

PM10 3rd 

trimester
0.0025 0.2114 1.0000

PM10 

Postnatal * 
0.1518 -0.0019 0.2672 1.0000

NO2 1st 

trimester

0.7328 0.2110 -0.3809 -0.2155

NO2 2nd 

trimester

-0.1463 0.7135 0.2425 -0.3089

NO2 3rd 

trimester

0.0246 0.2335 0.5860 0.4063

NO2 

Postnatal *

0.2907 0.0194 0.3067 0.6598

NO2 1st 

trimester

NO2 2nd 

trimester

NO2 3rd 

trimester

NO2 

Postnatal *
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NO2 1st 

trimester
1.0000

NO2 2nd 

trimester
0.7154 1.0000

NO2 3rd 

trimester
0.4502 0.7662 1.0000

NO2 

Postnatal *
-0.1508 -0.3361 0.1935 1.0000

Table E7 Pearson’s correlation of air pollutants (PM10 and NO2) among different time 

windows. * postnatal was defined as time between birth and lung function measurement.
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Figure E1 Flow chart of the study population. *Dropout due to missing lung function measurement at 
44 weeks of postconceptional age, missing air pollution exposure values, missing information on important 

risk factors and dropout of the child from the study.  † Quality check included lung function quality or 
gestational age at lung function measurement <42 or >48 weeks of postconceptional age. ‡ Outliers 

included moderate to late preterm infants, which had severe asphyxia and therefore needed mechanical 
ventilation >20days and/or supplementary oxygen >80days. 

197x163mm (150 x 150 DPI) 
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Figure E2

Page 68 of 70

 AJRCCM Articles in Press. Published September 29, 2021 as 10.1164/rccm.202102-0272OC 
 Copyright © 2021 by the American Thoracic Society 



���� � ��� ��� ��� �� � � �� � � � �

	 
������������������������� ���������������� �������� �

��!� "!���!�


���!�������������!���!� ��!#���!�#��!���!�

$%�!����#��!���!�

& '

Figure E3
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Figure E4
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