
Prenatal exposure to traffic and ambient air pollution and infant 
weight and adiposity: The Healthy Start Study

Anne P. Starlinga,b, Brianna F. Moorea,b, Deborah S.K. Thomasc, Jennifer L. Peeld, Weiming 
Zhange, John L. Adgatef, Sheryl Magzamend,g, Sheena E. Marteniesd, William B. 
Allshousef, Dana Dabeleaa,b,h

aDepartment of Epidemiology, Colorado School of Public Health, University of Colorado Anschutz 
Medical Campus, Aurora, CO, USA

bLifecourse Epidemiology of Adiposity and Diabetes (LEAD) Center, University of Colorado 
Anschutz Medical Campus, Aurora, CO, USA

cDepartment of Geography and Earth Sciences, University of North Carolina Charlotte, NC, USA

dDepartment of Environmental and Radiological Health Sciences, Colorado State University, Fort 
Collins, CO, USA

eDepartment of Biostatistics and Informatics, Colorado School of Public Health, University of 
Colorado Anschutz Medical Campus, Aurora, CO, USA

fDepartment of Environmental and Occupational Health, Colorado School of Public Health, 
University of Colorado Anschutz Medical Campus, Aurora, CO, USA

gDepartment of Epidemiology, Colorado School of Public Health, Colorado State University, Fort 
Collins, CO, USA

hDepartment of Pediatrics, School of Medicine, University of Colorado Anschutz Medical Campus, 
Aurora, CO, USA

Abstract

Background—Prenatal exposures to ambient air pollution and traffic have been associated with 

adverse birth outcomes, and may also lead to an increased risk of obesity. Obesity risk may be 

reflected in changes in body composition in infancy.

Objective—To estimate associations between prenatal ambient air pollution and traffic exposure, 

and infant weight and adiposity in a Colorado-based prospective cohort study.

Methods—Participants were 1,125 mother-infant pairs with term births. Birth weight was 

recorded from medical records and body composition measures (fat mass, fat-free mass, and 

adiposity [percent fat mass]) were evaluated via air displacement plethysmography at birth 

(n=951) and at ~5 months (n=574). Maternal residential address was used to calculate distance to 
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nearest roadway, traffic density, and ambient concentrations of fine particulate matter (PM2.5) and 

ozone (O3) via inverse-distance weighted interpolation of stationary monitoring data, averaged by 

trimester and throughout pregnancy. Adjusted linear regression models estimated associations 

between exposures and infant weight and body composition.

Results—Participants were urban residents and diverse in race/ethnicity and socioeconomic 

status. Average ambient air pollutant concentrations were generally low; the median, interquartile 

range (IQR), and range of third trimester concentrations were 7.3 μg/m3 (IQR: 1.3, range: 3.3–

12.7) for PM2.5 and 46.3 ppb (IQR: 18.4, range: 21.7–63.2) for 8-hour maximum O3. Overall there 

were few associations between traffic and air pollution exposures and infant outcomes. Third 

trimester O3 was associated with greater adiposity at follow-up (2.2% per IQR, 95% CI 0.1, 4.3), 

and with greater rates of change in fat mass (1.8g/day, 95% CI 0.5, 3.2) and adiposity (2.1%/100 

days, 95% CI 0.4, 3.7) from birth to follow-up.

Conclusions—We found limited evidence of an association between prenatal traffic and ambient 

air pollution exposure and infant body composition. Suggestive associations between prenatal 

ozone exposure and early postnatal changes in body composition merit further investigation.
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1. Introduction1

Environmental exposures during the prenatal period are believed to be important influences 

on child growth and metabolic disease risk later in life (1–4). Higher concentrations of 

certain ambient air pollutants during pregnancy, including particulate matter with a diameter 

of ≤2.5 micrometers (PM2.5) and ozone (O3), have been associated with lower infant birth 

weight (5–22). Low birth weight and subsequent rapid growth have, in turn, been linked to 

greater risk of obesity and cardio-metabolic disease in childhood and adulthood (23–26).

Motor vehicle traffic is one of many sources of particulate and gaseous air pollutants in the 

urban environment, and includes PM2.5, nitrogen oxides, and volatile organic compounds 

that contribute to ozone formation (27). A limited number of human studies indicate that 

prenatal exposure to traffic and ambient air pollution may influence infant growth and body 

composition, with consequences for child obesity risk and related metabolic health (28–33). 

The plausibility of this hypothesis is supported by findings that mice prenatally exposed to a 

real-world mixture of air pollutants demonstrated greater body weight, inflammation, 

oxidative stress, and dyslipidemia compared to mice exposed to the same mixture filtered to 

remove particulate matter (34). Moreover, combustion-derived black carbon particles have 

been detected on the fetal side of human placentae at delivery, with particle counts correlated 

with maternal residential black carbon exposure during pregnancy (35). An analogy may 

also be drawn to prenatal tobacco smoke exposure, which leads to lower weight at birth but 

is associated with greater risk of obesity later in life (36, 37).

1Abbreviations: AQS, Air Quality System; CI, confidence interval; CRP, C-reactive protein; ICC, intra-class correlation coefficient; 
IQR, interquartile range; PM2.5, particulate matter with diameter ≤2.5 microns; O3, ozone; US EPA, United States Environmental 
Protection Agency.
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Many previous studies of exposure to ambient air pollution or traffic and infant or child 

weight and adiposity have been conducted in relatively high exposure settings, such as the 

northeast US (6, 29, 30, 32), southern California (5, 12, 38, 39), and urban areas of China 

(40, 41). Particulate matter concentrations in the Denver metropolitan area are relatively low 

(42, 43), but pollutant levels vary by season and by proximity to major roadways (44–47). 

Previous studies in other major cities have shown that traffic-related spatial variables may 

explain a large percentage of the intra-urban variation in annual average fine particulate 

matter (48). However, the Mountain West region where Denver is located is relatively 

understudied, and the composition of PM2.5 varies both regionally and seasonally (49), 

suggesting that studies in diverse geographic areas are needed.

In addition, most previous studies of prenatal exposure to air pollution have used only birth 

weight as an outcome, while a few studies have examined infant adiposity via ponderal 

index (50) or skinfold thicknesses (33). Infant body composition (fat mass relative to fat-free 

mass) may be more important than weight in predicting the risk of excess adiposity later in 

life; for example, one large study demonstrated that ponderal index at birth (an indirect 

measure of adiposity) but not birth weight was positively associated with child fat-to-lean 

mass ratio at age 9–10 years old (51). Air displacement plethysmography is an accurate and 

non-invasive method to calculate body density and estimate adiposity (52, 53), and was used 

to evaluate body composition among infants in the Colorado-based Healthy Start cohort.

We aimed to estimate associations between prenatal exposure to traffic and ambient air 

pollution and infant weight and body composition at birth and at a 5-month follow-up, and 

to evaluate whether child sex may modify such associations. We hypothesized that prenatal 

exposure to traffic and ambient air pollutants would be associated with reduced weight and 

adiposity at birth, but greater adiposity later in infancy.

2. Subjects and Methods

2.1. Study population and eligibility

Pregnant women were recruited from outpatient obstetrics clinics at the University of 

Colorado Hospital prior to 24 completed weeks of gestation. Eligibility criteria were 

singleton pregnancies to women with no history of stillbirth or preterm birth at less than 25 

weeks of gestation, and no chronic medical conditions including diabetes, cancer, asthma 

managed with steroid medications, or mental illness. A total of 1,410 pregnant women 

enrolled in the Healthy Start study (2009–2014) and 11 of these withdrew or were lost to 

follow-up prior to delivery. Study participants were invited to participate in four in-person 

research visits: two visits during pregnancy (at median gestational ages of 17 and 27 weeks), 

a third visit shortly after delivery, and a fourth visit when the child was approximately 5 

months old.

Additional criteria for exclusion from this analysis were as follows: fetal demise (n=19), 

residence outside of the Denver, Colorado metropolitan area (defined here as Census 2010 

Urbanized Areas within Adams, Arapahoe, Boulder, Broomfield, Denver, Douglas, and 

Jefferson counties [Supplemental Figure 1]; n=44), no address that could be geographically 

located (n=57), and preterm birth (n=78). From these 1,203 potentially eligible participants, 
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we additionally excluded those missing the essential covariates of gestational age at birth 

(n=69) and child sex (n=9), leading to an eligible sample size of 1,125 mother-infant pairs 

for the analysis of term birth weight. For the analysis of adiposity at birth, participants were 

additionally excluded if they did not have body composition measurements within 3 days of 

birth (n=174), and therefore the sample size was 951 mother-infant pairs. For the analysis of 

adiposity at 5 months of age, 352 participants were missing body composition data at 

follow-up and 25 were missing information on exclusive breastfeeding, leading to a sample 

size of 574 mother-infant pairs.

2.2. Exposure assessment

Residential address was self-reported by participants via questionnaire at the time of 

enrollment in the Healthy Start study. Addresses were geocoded using ArcGIS Desktop 

10.1, and all initially unmatched addresses were manually checked for errors. After this 

correction step, 96% of potentially eligible participants were successfully matched to 

geographic locations within the study area using the U.S. Census TIGER/Line shapefiles 

from 2016 and 2011.

Based on the geographic location of the enrollment address, two measures of traffic 

exposure (29) were calculated: (1) distance to the nearest major roadway, calculated 

separately for interstates/limited access highways and for other major and minor arterial and 

connector roads, and (2) traffic density on major roads (including interstates, highways and 

arterial and connector roads) within a specified buffer distance of the residence. Stationary 

monitors in the United States Environmental Protection Agency (US EPA) Air Quality 

System (AQS) were used to estimate outdoor exposure to PM2.5 and O3 near the residential 

address, as described in detail below. All layers were projected into the Universal Transverse 

Mercator coordinate system, Zone 13N for analysis.

2.2.1. Distance to nearest major roadway—For the distance to roadway measures, 

distance was calculated separately for interstates and limited access highways (according to 

Colorado Department of Transportation application of Federal Highway Administration 

functional classifications) and for other major and minor arterial and connector roads, using 

shapefiles obtained from the Colorado Department of Transportation. The ArcGIS “near” 

tool was used to determine the shortest Euclidean distance in meters from the geocoded 

enrollment residence to the closest point on the roadway. Distance to roadway was 

categorized both as quartiles and binary according to categories (<150m from a highway or 

<50m from another major roadway) employed in previous studies (7, 54).

2.2.2. Traffic density near residence—Circular buffers were created around each 

residential location with the following radii: 150m, 250m, 500m, and 1000m. The major 

roadway segments within each buffer were identified using ArcGIS Desktop 10.1. Buffer 

distances were selected based on previous literature and empirically determined distances of 

diffusion of traffic-related particles from roadways (55, 56). For a given participant, we 

applied the Colorado Department of Transportation’s estimate of average daily vehicle count 

for a given roadway segment for the year of the child’s birth. For each road segment, the 

contribution to traffic density was calculated as the average daily vehicle count multiplied by 
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the length of the segment within the buffer (29). For each participant address, the total traffic 

density within the buffer (vehicles/day x meters of roadway) was calculated as the sum of 

contributions from each intersecting road segment with average daily vehicle count data 

available.

2.2.3. Inverse-distance-weighted average of PM2.5 concentrations—We 

identified and geocoded the locations of 10 stationary monitors measuring 24-hour average 

PM2.5 during the study period and located within 50km of at least one study participant 

(Supplemental Figure 1). Data were obtained from the Colorado Department of Public 

Health and Environment and the US EPA AQS Data Mart. For each monitor, daily PM2.5 

values were averaged over each trimester for each conception date among study participants. 

Conception date was calculated as the date of delivery minus gestational age at birth in days. 

The three trimesters were defined as days 0–91, days 92–182, and days 183 to delivery. 

Daily values were also averaged over the full pregnancy (day 0 to delivery). Averages from a 

given monitor were included if at least 75% of expected values were non-missing (57, 58). 

Most monitors reported PM2.5 data every 3 days, but other monitors reported every 1 day or 

every 6 days; therefore the expected completeness varied by monitor. All monitors with non-

missing data located within 50km of a residence were used to determine average PM2.5 

exposure. Trimester or full pregnancy averages from each monitor were weighted in 

calculating the average exposure at a given residence according to the formula 1/distance-

squared (59).

2.2.4. Inverse-distance-weighted average of O3 concentrations—We identified 

and geocoded the locations of 19 stationary monitors measuring hourly O3 during the study 

period and located within 50km of at least one study participant (Supplemental Figure 1). 

Hourly values were averaged over each 8-hour interval during a 24-hour period for each 

monitor, and daily 8-hour maximum values were averaged over each trimester and full 

pregnancy for each conception date among study participants, as described above for PM2.5. 

Averages from a given monitor were included if at least 75% of expected values were non-

missing. All monitors with non-missing data within 50 km of the residence were used to 

determine inverse-distance weighted average O3 for each participant.

2.3. Outcome assessment

Birth weight was obtained from medical records. Infant fat mass, fat-free mass, and 

adiposity at birth and at approximately 5 months of age were measured by trained research 

staff at the Children’s Hospital of Colorado using the PEAPOD device (COSMED, Rome, 

Italy). The PEAPOD uses air displacement plethysmography to calculate body density, 

which is used to estimate fat mass and fat-free mass (52). Infants were unclothed and wore a 

tight spandex cap over their hair for body composition assessment. Body composition was 

assessed up to three times in each infant and the mean of the two closest measurements was 

used in this study. Adiposity was calculated as a percentage: fat mass divided by total body 

mass, x 100%. The mid-infancy adiposity assessment was added to the study protocol in 

2010 and therefore does not include the earliest births in the study. For infants with body 

composition measured at both time points, we additionally calculated the rate of change in 
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each body composition measure. For example, the rate of change in fat mass was calculated 

as: (fat mass at 5 months – fat mass at birth) / age in days at follow-up visit.

2.4. Other variables

Pregnant women enrolled in the Healthy Start study self-reported their age, race/ethnicity, 

education completed, and number of previous pregnancies (gravidity) via questionnaire at 

study enrollment. Maternal smoking during pregnancy was assessed via self-report at two 

study visits during pregnancy and again shortly after delivery. Maternal pre-pregnancy body 

mass index was calculated based on measured height at the first study visit, and pre-

pregnancy weight obtained from the medical record (87%) or, if unavailable, from self-

report at study enrollment (13%). Gestational weight gain was calculated as the difference 

between the last recorded weight during pregnancy and the pre-pregnancy weight. Infant sex 

and gestational age at birth were obtained from the delivery medical record. Census tract-

level socioeconomic data including the median income and percentage of persons below the 

poverty level were obtained from the 2012–2016 American Community Survey, and 

participant addresses were identified as located within a given Census tract by joining spatial 

data in ArcGIS Desktop 10.1. At the 5-month follow-up visit, mothers reported via 

questionnaire whether they were currently feeding their infant breast milk and whether the 

infant had ever received any formula. This information was used to create a binary variable 

for exclusive breastfeeding up to the follow-up visit.

Hourly temperature data was recorded at 16 monitoring locations within the study area and 

hourly values were averaged over each 24-hour period. As described above for PM2.5 and 

O3, 24-hour averages were averaged over each trimester for each conception date among 

study participants. Averages from a given monitor were included if at least 75% of expected 

values were non-missing. Data from all monitors within 50 km of a residence were used to 

calculate distance-weighted average temperature for each participant for each trimester or 

across the full pregnancy.

2.5. Statistical analysis

The distributions of all variables were examined using histograms or frequency tables. Box 

plots were generated to examine the variability in ambient air pollution measures. The traffic 

density and distance to roadway variables were highly skewed and were categorized into 

quartiles for analysis to reduce the influence of outliers. Bivariate associations between 

covariates and outcomes, and covariates and exposures, were examined using box plots, 

scatter plots, linear regression and analysis of variance. Pairwise Spearman correlations were 

examined between all exposure variables.

The associations between prenatal air pollution and traffic exposures and infant weight and 

adiposity were evaluated using separate linear regression models, adjusted for potential 

confounders. Adjusted associations between continuous PM2.5 and O3 exposure variables 

and primary outcomes were additionally modeled using generalized additive models with 

spline transformations to evaluate the presence of non-linearity in each exposure-outcome 

relationship, and subsequently presented as quartiles of exposure if significant non-linearity 

was detected.
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Potential confounders were selected based on previously identified predictors of infant 

weight and adiposity in this cohort (60, 61) and via the construction of directed acyclic 

graphs. All models were adjusted for the following covariates: maternal age (years), pre-

pregnancy body mass index (kg/m2), gestational weight gain (kg), race/ethnicity (4 

categories: non-Hispanic white, Hispanic, non-Hispanic African-American, and all others 

combined), maternal education (5 categories: less than high school, completed high school 

or equivalent, some college, 4-year college, graduate degree), smoking during pregnancy 

(any vs none), gravidity (any vs no previous pregnancies), infant sex, and percentage of 

persons in the Census tract with income below the poverty level (as quartiles).

Models for birth weight and adiposity at birth were additionally adjusted for gestational age 

at birth (days). Adiposity models were additionally adjusted for age in days at the body 

composition assessment, and models for adiposity at 5-month follow-up were adjusted for 

exclusive breastfeeding to the follow-up visit (yes/no). Models using average PM2.5 or O3 as 

an exposure were also adjusted for season of birth (indicator variable for winter, spring, 

summer, fall), year of birth, the other ambient air pollutant (PM2.5 or O3), and average 

temperature during the specified pregnancy period (quartiles). Effect modification by infant 

sex was evaluated by including a product interaction term between sex and the exposures in 

all fully adjusted models, and results were presented stratified by sex if any exposure-by-sex 

interaction term for a given exposure was significant at p<0.05 (indicating a departure from 

additivity) (62).

In addition to the primary outcomes of birth weight, adiposity at birth, and adiposity at 5-

month follow-up, the following secondary outcomes were evaluated in linear regression 

models parallel to the ones described above: fat mass and fat-free mass at birth, fat mass and 

fat-free mass at 5-month follow-up, and the rates of change in fat mass, fat-free mass, and 

adiposity from birth to follow-up.

Because ambient air pollution exposure was not directly measured at the maternal residence 

but rather interpolated from a distance-weighted average of values recorded at fixed 

monitoring stations, we evaluated the potential for measurement error due to spatial 

heterogeneity in the study area by examining the agreement between trimester-long average 

concentrations recorded at fixed monitoring stations. Specifically, for each participant with 

at least 3 monitors contributing to a trimester-long weighted average exposure, the intra-

class correlation coefficient (ICC) for that trimester was calculated among the three closest 

monitors. The ICC was interpreted as the degree of spatial homogeneity of each pollutant in 

the study area.

Analyses were conducted in R version 3.5.3 (R Foundation for Statistical Computing, 

Vienna, Austria) and SAS 9.4 (SAS Institute Inc., Cary, NC, USA).

3. Results

Characteristics of the study participants did not differ notably between the subset with 5-

month follow-up data (n=574) and the full sample (n=1,125) with the exception of birth 

year; this difference was expected because the follow-up visit was added to the protocol one 

Starling et al. Page 7

Environ Res. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



year after the study start date, so births in 2010 were under-represented in the 5-month 

follow-up group (Table 1). Participants were racially and ethnically diverse and generally 

represented the composition of the east Denver-Aurora urban area, with 54% non-Hispanic 

white, 25% Hispanic, 15% African American, and 6% of participants from all other races 

and ethnic groups combined. Approximately 46% of participants completed a four-year 

college and/or graduate degree. Characteristics of the 1,125 participants included in this 

analysis did not differ from the 1,410 enrolled participants in the Healthy Start study, except 

for minor differences in characteristics related to the exclusion of preterm births 

(Supplemental Table 1).

Trimester and full pregnancy average concentrations of ambient air pollutants at the 

maternal residence were generally low and particularly PM2.5 showed limited variability in 

the interquartile range (Table 1, Supplemental Figure 2). Exposures to ambient air pollutants 

and traffic did not differ meaningfully by analytic sub-group (Table 1). Spearman 

correlations between air pollution exposure metrics were generally as expected, given that 

seasons and trimesters of pregnancy last approximately 3 months and therefore intra-

individual variability is expected to partially reflect seasonal differences in PM2.5 and O3 

within the study area. There was a weak positive correlation between average daily PM2.5 in 

trimesters 1 and 3 (rs=0.19), while trimesters 1 and 2 were uncorrelated (rs= −0.05) and 

trimesters 2 and 3 were inversely correlated (rs= −0.27) (Figure 1). For average 8-hour 

maximum O3, trimesters 1 and 2 were largely uncorrelated (rs=0.07), trimesters 1 and 3 

were strongly inversely correlated (rs= −0.82), likely reflecting the difference between 

summer and winter O3 levels, and trimesters 2 and 3 were uncorrelated (rs= −0.04). Average 

PM2.5 and O3 measures by trimester or across the full pregnancy were generally weakly 

correlated or uncorrelated with traffic density and distance to roadway measurements (rs 

from −0.17 to 0.15).

Average PM2.5 exposures by trimester or throughout pregnancy were not associated with 

birth weight or adiposity in models pooled by infant sex (Table 2). Significant interaction 

between the exposure and infant sex was observed for first trimester PM2.5 and 5-month 

adiposity only. In female infants, first trimester PM2.5 was inversely associated with 

adiposity at the 5-month follow-up visit (−2.05% per IQR increase in PM2.5, 95% CI −3.31, 

−0.79), while in male infants the association was positive but non-significant (1.13% per 

IQR increase in PM2.5, 95% CI −0.15, 2.40). Similarly, among females only, first trimester 

PM2.5 was inversely associated with fat mass but not with fat-free mass at follow-up 

(Supplemental Table 2), and also inversely associated with the rate of change in fat mass and 

adiposity, but not fat-free mass, between birth and the follow-up visit (Supplemental Table 

3).

Average 8-hour maximum O3 was not associated with weight or adiposity at birth (Table 3). 

However, a positive association was observed between average 8-hour maximum O3 in the 

third trimester and adiposity at the 5-month follow-up (2.16% per IQR increase in O3, 95% 

CI 0.07, 4.26). There were no significant interactions with infant sex. While generalized 

additive models indicated some departures from linearity for O3 models, analysis of O3 as 

quartiles rather than continuous exposures did not reveal any strong non-linear trends 

(Supplemental Table 4). Secondary outcomes of fat mass and fat-free mass and rate of 
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change in body composition were generally consistent with the main analysis: third trimester 

O3 was positively associated with fat mass but not fat-free mass at follow-up (Supplemental 

Table 5), and associated with a greater rate of change in fat mass and adiposity from birth to 

the 5-month follow-up visit (Supplemental Table 6).

There were no consistent associations between traffic indicators and infant weight and 

adiposity outcomes. Residential distance to a highway was not associated with birth weight 

or adiposity outcomes, but mothers living closest to a non-major roadway had infants with 

slightly higher average birth weight (61.8g, 95% CI 0.7, 122.9) compared to those living 

farthest away (Table 4). Traffic density within 1000m of the residence was associated with 

lower adiposity at birth, among both sexes combined (0.77% lower adiposity in the highest 

vs. lowest quartiles of traffic, 95% CI −1.48, −0.07). In sex-stratified analyses, this 

association was more pronounced in males (1.37% lower adiposity in the highest vs. lowest 

quartiles, 95% CI −2.33, −0.42) and nearly null in females (Supplemental Tables 7–8). 

Overall, traffic density was not associated with fat mass or fat-free mass at birth or follow-up 

(Supplemental Table 9), nor with the rate of change in body composition measures from 

birth to 5-month follow-up (Supplemental Table 10). Mothers living within 50m of a non-

highway major roadway had infants with a lower rate of change in fat-free mass from birth 

to follow-up (−0.55 g/day, 95% CI −1.10, −0.10) (Supplemental Table 10).

The examination of potential measurement error in the ambient air pollution exposure 

assessment revealed a high degree of spatial homogeneity across the study area. The ICCs 

for trimester-long average concentrations at the 3 nearest monitors ranged from 0.60–0.72 

for PM2.5, and 0.74–0.80 for O3.

4. Discussion

In this diverse sample of mother-infant pairs living in Denver, Colorado, we observed 

limited evidence for an association between prenatal exposure to traffic, PM2.5 and O3 and 

adiposity among term infants. Third trimester average 8-hour maximum O3 was associated 

with greater fat mass and adiposity at mid-infancy and a greater rate of change in fat mass 

and adiposity from birth to ~5 months of age. Additionally, there was limited and 

inconsistent evidence of effect modification by sex: first trimester average PM2.5 was 

associated with lower fat mass and adiposity at mid-infancy and a lower rate of growth in 

adiposity at fat mass in early infancy among female infants only; the association between 

traffic density within 1000m of the residence and lower adiposity at birth was stronger 

among male infants.

We hypothesized, based primarily on existing literature on prenatal smoking exposure (36, 

37), that weight and adiposity would be lower at birth and higher later in infancy among 

infants more highly exposed to traffic and ambient air pollution in utero. While we are 

unaware of other studies specifically examining traffic exposure and infant adiposity at birth, 

some studies have reported lower continuous birth weight or term low birth weight 

associated with residential proximity to major roadways (54, 63) or traffic density (14, 29, 

63, 64), while others have reported null results (65). Additionally, some studies modeling 

traffic-related air pollution using models of NO2 or NOx have reported associations with 
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greater odds of term low birth weight (66, 67). A study of infants born in Bradford, England, 

found that 3rd trimester PM2.5 (mean concentration 12.4 μg/m3) was associated with lower 

birth weight among infants of white British mothers but greater adiposity (by skinfold 

thickness) among infants of mothers of Pakistani origin (33). Our findings of an inverse 

association between adiposity at birth and traffic within 1000m (but not at shorter distances) 

are difficult to interpret, given that most near roadway pollutants decay to background levels 

by ~570m from the road edge (55). It is possible that traffic density within 1000m of the 

residence may indicate other characteristics of the neighborhood built or social environment 

that are associated with infant adiposity, and these potential spatial confounders merit further 

study.

Findings at the 5-month follow-up visit were inconsistent across exposures, with greater 

adiposity and rate of growth in adiposity associated with third trimester 8-hour maximum O3 

and no overall association with PM2.5, despite limited evidence of sex-specific results. We 

observed no evidence of associations between traffic density or distance to roadway 

measures and 5-month adiposity. A possible explanation for these inconclusive results is that 

mid-infancy may be too early to observe the increased adiposity associated with prenatal 

traffic exposure. However, a previous study in a Boston-based cohort (mean third trimester 

PM2.5: 11.7 ug/m3) found increased growth in weight-for-length between 0 and 6 months of 

age among infants in the highest vs lowest quartiles of traffic density within 100m (29). 

There were, however, no associations between 0–6 month growth and distance to roadway or 

third trimester PM2.5 in that study (29). A later follow-up of the same cohort found greater 

body mass index and waist circumference at 3.3 years of age and greater fat mass at 7.7 

years of age among children of mothers who lived closest to a major roadway during 

pregnancy, but again PM2.5 was not associated with adiposity outcomes (30).

Our results also provide limited evidence that male and female infants may have different 

susceptibility and response to prenatal exposure to traffic and ambient air pollution. Some 

previous studies have reported sex-specific effects. In the French PELAGIE cohort, prenatal 

NO2 was positively associated with birth weight in boys only, and the authors proposed that 

males may be more susceptible to the adverse effects of prenatal air pollution (68). This is 

consistent with the finding that male offspring, but not female offspring, of mice exposed to 

PM2.5 during pregnancy had lower body weight and reduced food intake compared to the 

offspring of control mice (69). Another epidemiologic study in a Boston-based cohort found 

a 3-way interaction between prenatal air pollution exposure, infant sex, and maternal pre-

pregnancy obesity, suggesting another dimension of potential heterogeneity (70).

By contrast with a number of previous studies and meta-analyses (16, 21), we did not 

observe an overall association between PM2.5 exposure during pregnancy and term birth 

weight. This difference may be explained by the different composition of the ambient air 

pollution mixture in different regions (71), or by the different prevalence of maternal 

comorbidities and other factors that may influence susceptibility to the effects of PM2.5 

during pregnancy (72, 73). A U.S. national study that stratified by region found an 

unexpected protective association between Census tract-level PM2.5 and term low birth 

weight in the Mountain West region (in which Denver is located) (74). Alternatively, the lack 

of association with term birth weight in this study may be attributed to the low 
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concentrations and low variability of PM2.5 in the study area. The limited exposure 

variability would also result in relatively wide confidence intervals if presented in common 

increments of 5–10 μg/m3 of PM2.5.

Several biological mechanisms have been proposed to explain associations between prenatal 

air pollution exposure and infant weight and adiposity. Many hypotheses center on the role 

of particulate matter in inducing inflammation and oxidative stress. In the Boston Birth 

Cohort, ambient concentrations of PM2.5 near the residential address during pregnancy were 

associated with greater odds of intrauterine inflammation, defined by clinical and 

pathological features (75). In a large Dutch cohort study, recent exposure to ambient 

particulate matter during pregnancy was associated with elevated maternal concentrations of 

C-reactive protein (CRP), and chronic exposure was positively associated with cord blood 

levels of the same biomarker of inflammation (76). Elevated CRP during pregnancy has been 

associated with fetal growth restriction (77). In a separate study, maternal plasma 

concentrations of CRP during pregnancy were positively associated with offspring adiposity 

in mid-childhood (78).

Other studies have focused on the role of particulate air pollution in disrupting metabolic 

and endocrine activity. Two epidemiologic studies have reported associations between 

ambient PM2.5 concentrations during pregnancy and newborn thyroid hormone levels (79, 

80), which may contribute to suppression of growth in utero and postnatally. Outdoor (81) 

and indoor (82) air samples have been shown to contain a wide variety of endocrine-

disrupting chemicals, with potential to interfere with estrogens and androgens and produce 

sex-specific associations. A California-based study found associations between prenatal 

traffic-related exposures (distance to roadway and non-freeway nitrogen oxides) and cord 

blood leptin, which in turn predicted greater weight gain in the first 6 months in female but 

not male infants (83).

Our study has a number of strengths and some limitations. Exposure to air pollution in the 

Mountain West region of the U.S. has so far been understudied relative to the coastal 

regions. We used a large, ongoing pre-birth cohort study with detailed information on 

maternal and infant characteristics from direct measures, questionnaires and medical 

records. In addition to individual characteristics, we considered socioeconomic confounding 

at the neighborhood level by adjusting for characteristics of the Census tract of residence. In 

models of PM2.5 and O3 in different periods of pregnancy, we adjusted for season and year 

of birth, as well as mean temperature during the specified period of pregnancy.

This analysis was conducted in a relatively low exposure setting with limited exposure 

variability in ambient air pollutants. While we found few associations with spatially-defined 

traffic exposure measures, it may be more fruitful to apply models of air pollutants that are 

expected to have greater intra-urban spatial heterogeneity, such as NO2. Our exposure 

assessment was limited to the first reported maternal residential address during pregnancy 

(collected at study enrollment), therefore the potential for misclassification of exposure is 

likely to be somewhat lower for early compared to late pregnancy. We did not have data 

available on the timing of changes in residence during pregnancy. A study in New York 

found that women’s residential moves during pregnancy tended to be of short distance and 
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did not greatly affect the ambient air pollution exposure assessment (84); however, we do 

not know if this is the case in the Healthy Start cohort.

The methods used here to estimate exposures (proximity-based traffic measures and inverse-

distance weighting of ambient air pollution from fixed monitoring sites), while commonly 

employed in this field, are subject to known limitations (85) that may contribute to 

misclassification. Additionally, there may be some misclassification of ambient air pollution 

exposure due to the relatively sparse monitoring network in the Denver metropolitan area. 

We explored the potential for exposure misclassification due to spatial heterogeneity of 

ambient air pollutants across the study area. Our findings of moderate to high agreement 

among the 3 closest monitors indicates that most of the variability in exposure to PM2.5 and 

O3 in this population is due to differences in the timing of pregnancy relative to temporal 

(seasonal) changes in air pollution, and suggests that exposure misclassification due to the 

interpolation procedure is likely to be a relatively minor source of error. We estimated air 

pollutant concentrations outside the home, but we do not know the concentrations within the 

home which may be influenced by both indoor and outdoor sources (86). We also did not 

have available time-activity data to calculate the percentage of time pregnant women spent at 

work, commuting, or other locations, and we do not have information about exposures 

received elsewhere.

We cannot rule out the possibility that the associations may be biased by residual 

confounding. Air pollution is a complex mixture that is frequently associated with other 

urban features, including traffic noise and lack of proximity to green space, and these may 

have independent associations with offspring size and adiposity (87, 88). We did not include 

measurements of noise or green space in this study. Additionally, there may be residual 

confounding by socioeconomic characteristics and other factors that were not accounted for 

by our individual-level and neighborhood-level adjustments. Finally, due to the number of 

statistical tests conducted in this analysis, some findings may be due to chance.

In conclusion, we found limited evidence of associations between prenatal exposure to 

traffic, PM2.5 and O3 and infant adiposity in this urban population with relatively low 

ambient PM2.5 concentrations. Continued follow-up of the Healthy Start cohort and similar 

cohorts such as those participating in the NIH Environmental influences on Child Health 

Outcomes (ECHO) consortium will allow us to understand the weight and adiposity 

trajectories of infants exposed prenatally to higher levels of traffic and related air pollutants, 

and the relative contributions of prenatal and postnatal exposures.
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Figure 1. 
Pairwise Spearman correlations between measures of prenatal exposure to traffic and 

ambient air pollution among 1,125 eligible mother-infant pairs.
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Table 4.

Measures of traffic exposure at the residential address during pregnancy and infant weight and adiposity.

Birth weight (n=1,125)
a

Adiposity at birth (n=951)
b Adiposity at 5-month follow-up 

(n=574)
c

Traffic measure Difference (g) and 95% 
confidence interval

Difference (%) and 95% 
confidence interval

Difference (%) and 95% 
confidence interval

Distance to highway (m)

Q1: [2.74, 396] 10.8 (−52.7, 74.3) −0.12 (−0.81, 0.58) 0.30 (−0.97, 1.56)

Q2: (396, 842] −35.5 (−98.3, 27.3) −0.59 (−1.28, 0.09) 1.20 (−0.02, 2.43)

Q3: (842, 1706] 45.7 (−14.7, 106.1) 0.07 (−0.59, 0.74) 0.43 (−0.76, 1.62)

Q4: (1706, 4590] Ref -- Ref -- Ref --

Binary <150m −48.7 (−134.3, 37.0) 0.09 (−0.86, 1.04) 0.22 (−1.57, 2.01)

Distance to other major roadway 
(m)

Q1: [0.05, 72] 61.8 (0.7, 122.9) 0.07 (−0.61, 0.75) 0.30 (−0.93, 1.52)

Q2: (72, 172] 1.7 (−59.2, 62.5) −0.45 (−1.13, 0.23) 0.18 (−1.02, 1.39)

Q3: (172, 321] 43.7 (−16.6, 103.9) −0.28 (−0.95, 0.39) 0.72 (−0.49, 1.94)

Q4: (321, 2015] Ref -- Ref -- Ref --

Binary <50m 42.1 (−12.2, 96.4) 0.28 (−0.33, 0.88) 0.15 (−0.91, 1.22)

Traffic density <150m 
(vehicles*km/day)

Q1: 0 Ref -- Ref -- Ref --

Q2: 0
d

Q3: (27, 2791] −.8 (−61.9, 44.4) −0.17 (−0.75, 0.42) −0.08 (−1.10, 0.94)

Q4: (2791, 45896] 4.8 (−47.6, 57.2) 0.21 (−0.37, 0.79) −0.11 (−1.16, 0.93)

Traffic density <250m 
(vehicles*km/day)

Q1: 0 Ref -- Ref -- Ref --

Q2: (7, 3049] −2.9 (−64.8, 59.0) −0.35 (−1.05, 0.34) 0.11 (−1.12, 1.34)

Q3: (3049, 9441] 23.6 (−35.0, 82.2) −0.28 (−0.92, 0.37) 0.02 (−1.13, 1.18)

Q4: (9441, 99851] 32.5 (−26.0, 90.9) 0.15 (−0.50, 0.80) 0.05 (−1.13, 1.23)

Traffic density <500m 
(vehicles*km/day)

Q1: [0, 9372] Ref -- Ref -- Ref --

Q2: (9372, 23186] −14.5 (−74.6, 45.6) −0.21 (−0.88, 0.46) −0.15 (−1.33, 1.03)

Q3: (23186, 42615] −22.2 (−82.8, 38.3) −0.36 (−1.02, 0.30) −0.39 (−1.57, 0.79)

Q4: (42615, 291462] 33.2 (−29.7, 96.1) 0.12 (−0.57, 0.81) 0.06 (−1.17, 1.29)

Traffic density <1000m 
(vehicles*km/day)

Q1: [0, 63577] Ref -- Ref -- Ref --

Q2: (63577, 111805] 2.5 (−58.0, 63.0) −0.44 (−1.11, 0.23) 0.30 (−0.90, 1.50)

Q3: (111805, 159922] −22.4 (−86.1, 41.2) −0.78 (−1.49, −0.08) −0.58 (−1.85, 0.68)

Q4: (159922, 736032] −16.1 (−80.8, 48.6) −0.77 (−1.48, −0.07) 0.72 (−0.53, 1.97)
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a
Model 1: Adjusted for maternal age, pre-pregnancy body mass index, gestational weight gain, education, race/ethnicity, smoking during 

pregnancy, gravidity, infant sex, gestational age at birth, and percentage of persons below the poverty level in the Census tract of residence.

b
Model 2: Adjusted for Model 1 variables and infant age in days at neonatal body composition measurement.

c
Model 3: Adjusted for Model 1 variables except gestational age at birth, and for infant age in days at follow-up and exclusive breastfeeding.

d
For traffic density within 150m of the residence, quartiles 1 and 2 were combined due to the large number of zero values.
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