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A B S T R A C T   

Background: Evidence in the literature suggests that air pollution exposures experienced prenatally and early in 
life can be detrimental to normal lung development, however the specific timing of critical windows during 
development is not fully understood. 
Objectives: We evaluated air pollution exposures during the prenatal and early-life period in association with lung 
function at ages 6–9, in an effort to identify potentially influential windows of exposure for lung development. 
Methods: Our study population consisted of 222 children aged 6–9 from the Fresno-Clovis metro area in Cali-
fornia with spirometry data collected between May 2015 and May 2017. We used distributed-lag non-linear 
models to flexibly model the exposure-lag-response for monthly average exposure to fine particulate matter 
(PM2.5) and ozone (O3) during the prenatal months and first three years of life in association with forced vital 
capacity (FVC), and forced expiratory volume in the first second (FEV1), adjusted for covariates. 
Results: PM2.5 exposure during the prenatal period and the first 3-years of life was associated with lower FVC and 
FEV1 assessed at ages 6–9. Specifically, an increase from the 5th percentile of the observed monthly average 
exposure (7.55 μg/m3) to the median observed exposure (12.69 μg/m3) for the duration of the window was 
associated with 0.42 L lower FVC (95% confidence interval (CI): − 0.82, − 0.03) and 0.38 L lower FEV1 (95% CI: 
− 0.75, − 0.02). The shape of the lag-response indicated that the second half of pregnancy may be a particularly 
influential window of exposure. Associations for ozone were not as strong and typically CIs included the null. 
Conclusions: Our findings indicate that prenatal and early-life exposures to PM2.5 are associated with decreased 
lung function later in childhood. Exposures during the latter months of pregnancy may be especially influential.   

Abbreviations: ATS, American Thoracic Society; CI, Confidence Interval; DLNM, Distributed-lag non-linear model; FEV1, Forced expiratory volume in the first 
second; FUSD, Fresno unified school district; FVC, Forced vital capacity; NO2, Nitrogen dioxide; O3, Ozone; PM, Particulate matter; PM2.5, Particulate matter with 
diameter <2.5 μm; US EPA, US Environmental Protection Agency. 
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1. Introduction 

Exposure to air pollution has been shown to be associated with 
adverse respiratory health outcomes in children including decreased 
lung function (Schultz et al., 2017). Several studies have reported as-
sociations of exposures occurring early in life, as well as prenatal ex-
posures, with wheeze, asthma, and adverse lung function outcomes in 
childhood (Bose et al., 2018; Cai et al., 2020; Hsu et al., 2015; Jedry-
chowski et al., 2010; Khreis et al., 2017; Nishimura et al., 2013). 

Adverse effects on children’s lung function have been linked to ex-
posures occurring throughout the lifetime (Rice et al., 2016), but with 
lung development progressing at the most rapid rate in-utero, during 
infancy and in early life, these periods can be of potentially greatest 
concern. Recent studies using flexible approaches for the lag-response 
have linked prenatal exposures to air pollutants, including ultrafine 
particles, particulate matter with diameter ≤2.5 μm (PM2.5), and ni-
trates, to asthma onset (Bose et al., 2018; Hsu et al., 2015; Wright et al., 
2021). Exposures to particulate matter with diameter ≤10 μm (PM10), 
PM2.5, and nitrogen dioxide (NO2) during the prenatal and early-life 
windows have also been linked to lower lung function in children at 
later ages (Cai et al., 2020; Lee et al., 2018; Morales et al., 2015); 
however, these separate windows have not always been explored 
together, or in some cases were based on methods that required strong a 
priori assumptions about the timing of exposure. There remains 
considerable uncertainty on critical windows of exposure occurring 
prenatally and early in childhood for the respiratory effects of air 
pollution (Rice and Mein, 2020). 

In the current study, we seek to explore associations between pre-
natal and early-life exposure to PM2.5 and ozone (O3) and spirometry- 
based lung function parameters, using flexible distributed-lag models 
for the exposure-lag response considering prenatal and early life expo-
sures in the same window. We explore these associations in a population 
experiencing relatively high exposures and potentially more vulnerable 
due to socioeconomic indicators. 

2. Methods 

2.1. Study population 

The study population is described in greater detail elsewhere (Mann 
et al., 2021). Briefly, children aged 6–8 and enrolled in the Fresno 
Unified School district (FUSD) were recruited through a partnership 
with the FUSD. In order to ensure heterogeneity of traffic-related air 
pollution exposure among study participants, K-6 schools from the FUSD 
were randomly sampled across traffic density strata based on California 
Department of Transportation (Caltrans) Annual Average Daily Traffic 
volumes (Margolis et al., 2009). Children ages 6 to 8 in the selected 
schools were sent home with flyers containing information about the 
study. Interested parents contacted the study center to assess their 
child’s eligibility. Eligibility was determined based on the following 
criteria: age 6–8 at time of recruitment, residence in Fresno or Clovis for 
at least the past 3 months, residence within 20 km of the central air 
quality monitoring site, no plans to move from the Fresno/Clovis area in 
the next 2 years, English- or Spanish-speaking, and no cancer, HIV, or 
autoimmune disease. All study protocols were approved by the Institu-
tional Review Boards at the University of California, Berkeley, the 
University of California, San Francisco-Fresno (UCSF Fresno), and 
Stanford University. Written, informed permission was obtained from 
each accompanying parent or guardian and written child assent for 
participation was also obtained. 

Eligible participants were invited for an on-site interview and 
assessment at the study center between May 2015 and May 2017. Par-
ticipants’ parents or guardians were interviewed using a detailed, 
structured health and general history questionnaire, and anthropometric 
and blood pressure measurements and non-fasting blood and urine 
samples were taken from each child. Information on child’s 

demographics (age, sex, race/ethnicity), as well as parental socioeco-
nomic indicators such as maternal education level and household in-
come, was collected. 

2.2. Exposure assessment 

Exposure to PM2.5 and O3 was assessed based on air pollution mea-
surements obtained from the US Environmental Protection Agency’s (US 
EPA) Air Quality System (AQS). Daily average particulate matter under 
(PM2.5) and 8-h ozone (O3) were interpolated using inverse distance- 
squared weighting (Li and Heap, 2011) on the individual level based 
on each participant’s residential history. Monthly average exposure 
values were then estimated for the lifetime of each participant, begin-
ning a year prior to birth and up to the month when lung function 
measurements were taken, based on daily average (PM2.5) and 8-h (O3) 
concentrations from this period. Data from up to four air quality mea-
surement stations were included in each interpolation using a maximum 
interpolation radius of 50 km. However, when a residence was located 
within 0.25 km of one or more stations with valid observations the 
exposure values was based solely on the concentrations from the stations 
within 0.25 km. Missing values were assigned for months were less than 
75% days had data availability, or when information on residential 
history did not include the month in question. Less than 2% of all 
person-months of exposure was missing across all participants. Partici-
pant date of birth was used to differentiate between prenatal and post-
natal exposures. The 9 months immediately preceding date of birth were 
assessed as the prenatal window of exposure and the 36 months 
immediately after participant’s date of birth were assessed as the early 
childhood exposure window. 

2.3. Lung function assessment 

Lung function parameters were assessed based on spirometry tests 
performed using EasyOne spirometers (Medical Technologies, Chelms-
ford, MA, USA) during each participant’s on-site visit. In accordance 
with the American Thoracic Society (ATS) guidelines (American 
Thoracic Society, 1995), each participant was asked to complete three 
spirometry efforts (from a maximum of eight) deemed as acceptable by 
the EasyOne software. Subsequently, each of these three efforts was 
graded by a pulmonologist (JRB) to assess quality and reproducibility, 
primarily according to the criteria outlined in Enright et al. (2000), with 
the modification that we considered acceptable any effort with an 
Forced Expiratory Time (FET) ≥1 s, (in line with the 2019 update to the 
ATS/European Respiratory Society spirometry standards (Graham et al., 
2019)), which eliminated the requirement for a minimum FET). Lung 
function was assessed both pre- and post-bronchodilator administration. 
The current study made use of only baseline pre-bronchodilator 
spirometry measures of forced vital capacity (FVC) and forced expira-
tory volume in 1 s (FEV1), as well as the FEV1/FVC ratio. For each 
pre-bronchodilator session, if the pulmonologist found that there were 
two or more efforts with good quality and reproducible FEV1 and FVC, 
the best FEV1 and best FVC were used. If the pulmonologist found that 
two or more efforts had good quality and reproducible FEV1, but un-
acceptable FVC, only the best FEV1 was used and FVC was set to missing. 
Of the 299 participants, 222 were deemed to have acceptable 
pre-bronchodilator sessions and of those, 17 had only acceptable FEV1 
measures with the rest having acceptable measures of both FEV1 and 
FVC. 

2.4. Statistical analyses 

We assessed the relationship between exposure to PM2.5 and O3 and 
lung function parameters using DLNMs (Gasparrini, 2014). Models were 
fit for exposures in the period including prenatal months and the first 
three years of life (45 months total) in separate models for each com-
bination of pollutants (PM2.5 and O3) and outcomes (FVC, FEV1 and 
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FEV1/FVC). Models were fitted as linear models with a cross-basis 
function (Armstrong, 2006; Gasparrini, 2014) for the exposure using 
natural cubic splines for both the exposure-response and lag-response. 
Models were also adjusted for child age in months (linear term), natu-
ral splines for child’s height and calendar time at the time of lung 
function assessment, as well as indicator/categorical variables for sex, 
child race/ethnicity, family income, maternal education levels, and an 
indicator for whether the child lived with a smoker. Race/ethnicity was 
considered because environmental racism and structural healthcare in-
equities both vary by race/ethnicity, thus creating the potential for 
confounding bias. 

In all models, the cross-basis function was defined using natural 
splines for both the exposure-response (3 degrees of freedom with knot 
placement placed equally based on the log-transformed range of expo-
sure) and the lag-response (knots based on log-transformed 45-month 
range). As sensitivity analyses, we also considered b-splines for the 
exposure-response and lag-response relationships in the cross-basis 
functions, as well as including a term for average exposure over the 
rest of childhood (years 4–9 depending on child’s age at outcome 
assessment) in the model. To account for potential exposure misclassi-
fication due to lack of information on duration of gestation we repeated 
analysis with only the 8 months immediately preceding participant’s 
date of birth representing the prenatal window of exposure, thus 
reversing the potential for measurement error from shorter duration of 
gestation to longer. 

3. Results 

Sociodemographic characteristics for the 222 participants with 
eligible outcome data are summarized in Table 1. Briefly, 82% of par-
ticipants were Hispanic/Latinx and approximately 47% were female. 
Mean age of participants was 96.2 months (8.0 years; standard deviation 
(sd) = 6.6 months). The 77 participants from the original cohort of 299 
without eligible outcome data excluded that were from the analyses, 
were somewhat younger on average (mean age 93.8 months; sd = 8.8) 
but otherwise appeared comparable to the analytical sample (Supple-
mental Table S1). Median FVC was 1.73 L (IQR: 1.55–1.97). Median 
FEV1 was 1.53 L (IQR: 1.34–1.72). 

The mean average monthly PM2.5 exposure for the prenatal and first 
3 years of life period across participants was 16.70 μg/m3 (sd = 9.46), 

with a median value of 12.69 μg/m3 (IQR: 9.82–21.53). The mean O3 
was 47.06 ppb (sd = 18.32) with a median value of 48.67 ppb (IQR: 
30.34–62.78). Average prenatal (9-months prior to date of birth) and 
early childhood exposures (36 months after date of birth) were moder-
ately correlated on the individual level (Pearson correlation coefficient 
ρ = 0.40). 

Results from DLNMs indicate that PM2.5 exposure during the pre-
natal and early-life window is associated with overall lower FVC (Fig. 1) 
and FEV1 (Fig. 2). Specifically, an increase from 7.55 μg/m3 (the 5th 
percentile of the observed average monthly exposure distribution) to 
12.69 μg/m3 (corresponding to the median of the observed exposure 
distribution) for the duration of the exposure window was associated 
with 0.42 L lower FVC (95% confidence interval (CI): − 0.83, − 0.03) and 
0. L lower FEV1 (95% CI: − 0.75, − 0.02). Those reductions are equiva-
lent to 24% and 25% of the observed average FVC and FEV1 values in the 
population respectively. The shape of the dose-response for exposure 
and FVC (Fig. 1) appears to indicate a negative association for the range 
between the lowest observed (3.69 μg/m3) and approximately 10 μg/ 
m3, followed by a relative plateauing of the association before a further 
decline associated with higher exposures (>30 μg/m3). The shape of the 
dose-response for FEV1 was similar (Fig. 2). The same increase from 
7.55 μg/m3 to 12.69 μg/m3 for the duration of the exposure window was 
not observed to be associated with any change in the FEV1/FVC ratio 
(0.0% change (95% CI: − 11.2%, 11.2%)). 

Based on the shape of the lag-response, while associations were 
negative for almost the entire window examined, the strongest associ-
ations between exposure to PM2.5 and lower FVC were observed be-
tween the fourth to ninth month of pregnancy (Fig. 3). An increase in 
exposure from 7.55 μg/m3 to the median observed exposure of 12.69 μg/ 
m3 for each of the 7th to 9th months of pregnancy alone (corresponding 
to the last trimester of pregnancy), while maintaining exposure for the 
rest of the 45-month window constant, was associated with 0.10 L lower 
FVC (95% CI: − 0.21, 0.00). Results for FEV1 indicated a similar shape 
for the lag-response with the highest effect estimates observed during 
months corresponding to the second half of pregnancy (Supplemental 
Fig. S1). 

More details of the lag-response and exposure-response portion of 
the function for FVC and FEV1 are depicted in Supplemental Figs. S2 and 
S3, respectively. Associations corresponding to the entire lag-window 
and separately for prenatal and postnatal exposures for both FVC and 
FEV1 are summarized in Supplemental Table S2. Associations were more 
pronounced for the prenatal window, though all CIs included the null. 
Associations between O3 exposure and lung function were smaller in 
magnitude for the overall window and CIs included the null (Supple-
mental Figs. S4–S5). The lag-response for O3 again pointed to the latter 
prenatal period as a potential influential window of exposure, though 
CIs were wide and included the null for the duration of the exposure 
window (Supplemental Fig. S6). An increase in exposure from the 5th 
percentile of the observed exposure distribution (17.94 ppb) to the 
median of the observed (48.67 ppb) during the last trimester of preg-
nancy, while holding exposure for the rest of the window constant was 
associated with 0.17 L lower FVC (95 CI: − 0.44, 0.09). 

Results from sensitivity analyses using b-splines for the exposure and 
lag-response functions were very similar, as were results from models 
including an additional term for average exposure from year 4 to 
outcome assessment, and models only including the 8 months immedi-
ately preceding birth as the prenatal window of exposure (Supplemental 
Table S3). 

4. Discussion 

We observed associations between prenatal PM2.5 exposures and 
lower lung function, specifically lower FVC, as well as associations be-
tween PM2.5 exposures during the most recent month of exposure and 
lung function. The magnitude of observed associations was greater for 
the prenatal period suggesting a potentially influential window of 

Table 1 
Demographic characteristics for a sample of children aged 
6–9 in the Fresno area sampled in 2015–2017 (n = 222).  

Characteristic N (%) 

Female 104 (46.8) 
Race/ethnicity 

White 7 (3.1) 
Black 27 (12.2) 
Hispanic 182 (82.0) 
Asian/PI 6 (2.7) 

Maternal education 
<8th grade 19 (8.6) 
Some high school 46 (20.7) 
High school/GED 41 (18.5) 
Some college 72 (32.4) 
College grad. 32 (14.4) 
Advanced degree 11 (5.0) 

Family income 
<$15 k 60 (27.0) 
>$15 k - ≤$30 k 87 (39.2) 
>$30 k - ≤$50 k 39 (17.6) 
>$50 k - ≤$75 k 22 (9.9) 
>$75 k - ≤$100 k 9 (4.1) 
>$100 k 3 (1.4) 
Living with smoker 52 (24.3) 

Abbreviations: GED: General Educational Development; PI: 
Pacific Islander. 
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exposure for lung development. Specifically, the lag-response for the 
PM2.5-lung function relationships suggested that exposures during the 
latter two trimesters of pregnancy appeared to be the time windows 
more strongly associated with lower FVC and similarly with lower FEV1 
assessed at ages 6–9 years. 

Following the embryonic stage where organogenesis and the 

formation of trachea and bronchi take place, fetal lung development 
includes the formation of the smaller airways of the bronchial tree 
(formed by 16 weeks of gestation), followed by formation of primitive 
alveoli and synthesis of surfactant with alveolar saccules being formed 
beginning at approximately 27–28 weeks of gestation (Kajekar, 2007), 
while alveolar division is continuous in infancy and early childhood 

Fig. 1. Exposure-response corresponding to the cumulative effect of PM2.5 exposure during the prenatal months and first 3 years of life for FVC. The exposure- 
response is centered so that the null corresponds to the lowest observed exposure (3.69 μg/m3), while the boxplot at the bottom of the figure corresponds to the 
monthly average exposure distribution for the window of interest across participants. 

Fig. 2. Exposure-response corresponding to the cumulative effect of PM2.5 exposure during the prenatal months and first 3 years of life for FEV1. The exposure- 
response is centered so that the null corresponds to the lowest observed exposure (3.69 μg/m3), while the boxplot at the bottom of the figure corresponds to the 
monthly average exposure distribution for the window of interest across participants. 
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with the majority of division completed by ages 2–3 years. The flexible 
nature of handling the exposure-lag-response with DLNMs that cover 
this entire period of rapid lung growth allowed us to explore exposure 
effects over a prolonged time period, and explore for potentially influ-
ential windows of exposure. A better understanding of such windows 
may also shed light on the potential mechanisms by which air pollution 
exposures exert their effects. Our results are consistent with potential 
effects of air pollution beginning early in the second trimester and 
persisting through the end of pregnancy, spanning the saccular and 
beginning of alveolar phase of lung development (Kajekar, 2007). 

Our study focused on exposures during the prenatal and early 
childhood period. Exposures experienced in utero are believed to exert 
potential effects through maternal systemic responses. Maternal inha-
lation of air pollutants potentially induces inflammatory and oxidative 
stress responses which could in turn lead to an inflammatory response in 
the fetus. Extremely fine particles are also thought to potentially cross 
the placental barrier (Laine et al., 2020). Postnatal exposures, though 
directly inhaled by the developing child, are thought to exert effects 
through similar inflammatory and oxidative stress mechanisms (To 
et al., 2020). 

The lung function outcome was assessed later in childhood, indi-
cating that potentially detrimental effects of exposures during the pre-
natal window may persist later in life. Some evidence in the literature 
suggests that reduction in air pollution and lower exposures experienced 
later in life may actually result in improvement in lung function overall 
and ‘catch-up’ of lung function trajectories (Gauderman et al., 2015). 
This type of improvement and ‘catch-up’ in lung function was originally 
believed to be due to improved alveolar growth rather than increase in 
number, as it was thought that alveolarization is primarily completed by 
ages 2–3 years. However, evidence shows that alveolarization may in 
fact continue throughout childhood (Jobe, 2013; Merkus, 2016; Nar-
ayanan et al., 2012), indicating the possibility for increase in lung 
function later in childhood. Nevertheless, the extent to which detri-
mental effects on lung function owed to prenatal and early-life 

exposures are reversible later in life is not known especially if these 
effects occur prior to the alveolar phase of development. 

Results from the current study are comparable in magnitude with 
previous findings reporting associations between lower FVC and FEV1 in 
children aged 7 years and PM2.5 exposure during the last weeks of 
pregnancy (Lee et al., 2018). Our study was not sufficiently powered to 
examine exposure at the week-level resolution, but we also identified 
the latter part of pregnancy as a potentially influential window. 
Furthermore, we were able to examine a larger window that included 
the first 3 years of life and showed stronger cumulative effects of ex-
posures over this entire window. 

Our findings were almost symmetric in terms of associations with 
both FEV1 and FVC, with a corresponding lack of association with the 
FEV1/FVC ratio. This is consistent with either evidence of overall 
reduced lung growth or dysynaptic lung growth where small airway 
growth may not keep pace with alveolar growth. Although dysynaptic 
growth is a normal physiologic phenomenon, early life environmental 
exposures (e.g., secondhand tobacco smoke and air pollution) have been 
associated with increased dysynaptic growth (Fayon and Beaufils, 2021; 
Trager et al., 2005) and it has been lined to risk of chronic obstructive 
pulmonary disease later in life (Smith et al., 2020). 

While we observed strong associations between PM2.5 exposures 
during this window and lung function later in childhood, evidence of an 
association between O3 exposure and the outcome was less conclusive. 
While O3 has been linked with adverse lung function outcomes espe-
cially in children, studies flexibly modelling the exposure-lag-response 
for O3 seem to be lacking in the literature (Holm and Balmes, 2022). 

The study has several strengths, including the rich exposure data on 
an individual level allowing for assessment of relevant time windows, 
particularly in prenatal and early life periods relevant to lung develop-
ment. The DLNM approach allowed us to flexibly model prolonged 
exposure without the strict assumptions behind using average exposures 
that fail to take into account the cumulative and time-varying nature of 
exposure or a priori defined windows such as trimester-specific 

Fig. 3. Lag-response for the effect on FVC of monthly average exposure to PM2.5 set at 10 μg/m3 compared to the lowest observed exposure (3.69 μg/m3) for each 
month in the exposure window of interest. The x-axis represents month of exposure with zero corresponding to the first month of pregnancy. 
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exposures which if examined separately may lead to bias (Wilson et al., 
2017). It allows for the estimation of a cumulative effect of the same 
environmental exposure and potential intervention variable while at the 
same time allowing the exposure to have a different effect during 
different times, for example prenatal compared to postnatal exposures. 
The study population was also exposed to levels of air pollution that are 
higher than typical in the U.S. and not always in accordance with US 
EPA standards. The mean observed concentration of 16.7 μg/m3 for 
PM2.5 for the duration of the exposure window across participants was 
higher that the US EPA’s primary National Ambient Air Quality Stan-
dard for average annual exposure of 12 μg/m3 (U.S. Environmental 
Protection Agency, 2012). The population in question is also charac-
terized by minority race/ethnicity, lower socioeconomic indicators and 
a high rate of poverty (Table 1; (Mann et al., 2021). These characteristics 
may lead to a more vulnerable population with a higher burden of 
exposure potentially leading to higher burdens of adverse health out-
comes. It should be noted that the prenatal period in several of the 
participants overlapped or at least partially overlapped with a particu-
larly active wildfire season for California and in particular the Central 
Valley in 2008, resulting in higher concentrations of PM (Wegesser 
et al., 2009). The exposure-response curves estimated in this study, 
however, indicated that potential effects exist even at lower ranges of 
exposure. 

Measurement error with respect to the exposure through the pre-
diction of individual level exposures and outcome is possible, however, 
this is expected to be mostly non-differential and likely lead to bias to-
wards the null and/or inflation of confidence intervals. One possible 
source of differential measurement error has to do with the lack of in-
formation of duration of gestation, thus resulting in the inclusion of time 
in the earlier part of the prenatal window of exposure that was not 
actually spent in utero for participants with shorter gestational periods. 
As duration of gestation is also linked to the outcome, this type of error 
could be differential, however sensitivity analysis focusing on a shorter 
window of prenatal exposures did not lead to major changes in our 
findings. 

The cross-sectional nature of our data results in limitations, as the 
outcome and covariates were only assessed at one point in time. A 
longitudinal design with repeated outcome measures would be valuable 
to assess potential effects beginning earlier in life and establish trajec-
tories of lung development with potential exposure effects at different 
points in time. We lacked the power to examine exposures throughout 
the lifetime in the same degree of flexibility, as a prolonged lag window 
would have required a more richly parameterized cross-basis function in 
order to examine potentially influential windows with the same degree 
of flexibility. Our results regarding the prenatal months and first 3 years 
of life, however, were robust to inclusion of average exposures for the 
rest of the lifetime, and represent a window corresponding to the timing 
of where most lung development up to and including most of alveola-
rization occurs. The study was also underpowered to detect associations 
of smaller magnitudes which may exist at different lags: the point esti-
mates for individual months were below the null for PM2.5 exposure for 
the greater majority of the window considered, however confidence 
intervals included the null other than for a select prenatal period. We did 
not consider both pollutants in the same model, as the data lacked the 
power to support the analysis of two cross-basis functions together. 
Recent applications of Bayesian additive regression trees have enabled 
the use of distributed-lag frameworks with exposure mixtures and 
should be considered in future applications with more power (Mork and 
Wilson, 2021). The same method could also address one limitation of the 
current DLNM approach, which assumes a smooth lag-response function 
when this may not in fact be the case, especially around birth and the 
changes in terms of the exposure experienced in utero as opposed to a 
directly inhaled exposure. 

5. Conclusion 

In summary, our findings are consistent with a detrimental effect of 
higher air pollution exposures experienced prenatally and early in life 
with respect to lung function later in childhood. The flexible modelling 
of the lag-response function for the prolonged exposures experienced 
over a long window indicated that the latter two trimesters of pregnancy 
maybe an especially influential window of exposure, though when 
looking at point estimates reductions in lung function were seen for 
almost the entire window considered. These results reinforce the notion 
that prenatal and early-life periods represent vulnerable stages for po-
tential effects of air pollution on respiratory development and health in 
children. 
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