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Abstract

Background: Prenatal exposure to air pollution and smoking increases the risk of pregnancy 

complications and adverse birth outcomes, but pathophysiologic mechanisms are still debated. 

Few studies to date have examined the influence of air pollution on uterine vascular resistance and 

no studies have examined the independent impact of these exposures. We aimed to assess the 

impact of prenatal exposure to traffic-related air pollution and smoking on uterine vascular 

resistance.

Methods: Our study included 566 pregnant women recruited between 1993 and 1996 in Los 

Angeles who completed visits at three gestational ages. Information on smoking was collected and 

uterine vascular resistance was measured at each visit by Doppler ultrasound. We calculated three 

resistance indices: the resistance index (RI), the pulsatility index (PI), and the systolic/diastolic 

(S/D) ratio. We estimated exposure to NO2 at the home address of the mother using a land use 

regression (LUR) model and to NOx using CALINE4 air dispersion modeling. We used 

generalized linear mixed models to estimate the effects of air pollution and smoking on uterine 

vascular resistance indices.

Results: LUR-derived NO2 and CALINE4-derived NOx exposure increased the risk of high 

uterine artery resistance in late pregnancy. Smoking during pregnancy also increased the risk of 

higher uterine resistance and contributed to bilateral notching in mid-pregnancy.
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Conclusion: Our results suggest that uterine vascular resistance is a mechanism underlying the 

association between smoking and air pollution, and adverse birth outcomes.
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uterine vascular resistance; smoking; air pollution; nitrogen dioxide; nitrogen oxide; resistance 
index

INTRODUCTION

Maternal exposure to air pollution during pregnancy has been linked to several adverse birth 

outcomes including low birth weight, and preterm and small for gestational age births.1 

Studies have also found an increased risk of gestational hypertension and preeclampsia with 

prenatal air pollution exposure.2,3 Maternal hypertensive disorders and intrauterine growth 

restriction are hypothesized to share common pathways as both are characterized by 

abnormal placental implantation and subsequent inadequate uteroplacental blood flow.4,5 

Smoking during pregnancy has also been consistently associated with a number of adverse 

birth outcomes (fetal growth restriction, preterm birth, stillbirth) and pregnancy 

complications (placental abruption, placenta previa, spontaneous abortions, ectopic 

pregnancies).6 Interestingly, smoking has been found to reduce risk of preeclampsia, though 

the mechanisms for this are not well understood.6,7 Thus, further studies that aim to examine 

the impact of smoking on placental development and function are needed.

Doppler ultrasound has long been used to assess uterine resistance to blood flow and to 

register the presence of ‘notching’ in the uterine arteries. In non-pregnant women and in 

early pregnancy, blood flow in the uterine arteries typically has a high systolic and low 

diastolic flow profile, with the presence of an early diastolic ‘notch’ seen on Doppler 

ultrasound. As normal pregnancy progresses, uterine resistance to blood flow decreases and 

the notch disappears around 18–24 weeks of gestation. Two commonly used blood flow 

resistance indices are the pulsatility index (PI) (peak systolic flow minus end diastolic flow 

divided by mean flow) and the resistance index (RI) (peak systolic flow minus end diastolic 

flow divided by peak systolic flow), with higher values denoting a lower diastolic flow.8,9 

High uterine flow resistance and notching have clinical relevance in mid-to-late pregnancy 

as they have been shown to be predictive of a range of pregnancy complications and adverse 

fetal outcomes, most notably pre-eclampsia and intrauterine growth restriction.8,10–13

It is plausible that air pollution contributes to impaired uterine vascular resistance as studies 

have shown that air pollution up-regulates endothelin, a vasoconstrictor, and increases 

plasma viscosity, though no studies have examined this specifically in pregnant women.14,15 

Furthermore, animal studies have also shown that air pollution can cause changes in 

placental morphology that could contribute to decreased uteroplacental blood flow.16 Studies 

on prenatal air pollution and uterine vascular resistance are limited, with only two studies 

having examined this to date.14,17 One study in the Netherlands found an association 

between NO2 exposure and 3rd-trimester uterine bilateral notching, but no associations 

between PM10 and NO2 exposure and uterine artery resistance in the second and third 
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trimester. The other study, conducted in Brazil, examined uterine artery resistance in relation 

to NO2 and O3 exposure and found no associations.

The impact of smoking during pregnancy on uterine vascular resistance has been more 

frequently studied, with studies finding some support for an increased vascular resistance in 

the uterine arteries in response to maternal smoking, but the evidence is inconclusive.18–22 It 

is plausible that smoking results in reduced blood flow as smoking has been shown to cause 

structural changes in the placenta that decrease vascularization and nicotine has been shown 

to have vasoconstrictive effects on the uterine artery.23–25

The purpose of this study is to elucidate how air pollution and active smoking may affect 

uterine vascular resistance measured via ultrasound examinations in early, mid and late 

pregnancy in a multi-ethnic sample of pregnant women living in Los Angeles in the 

mid-1990s.

METHODS

Study population

Our study population was drawn from the Behavior in Pregnancy Study, which enrolled 688 

ethnically and socioeconomically diverse women from private practices and prenatal clinics 

between 1993 and 1996 in Los Angeles, California. Briefly, this prospective study recruited 

healthy women ages 18 years or older, less than 20 weeks pregnant and intending to deliver 

at the study hospital, Cedars-Sinai Medical Center, and followed them to delivery. A 

comprehensive questionnaire was administered at 3 gestational ages: visit 1 (18–20 weeks’ 

gestation), visit 2 (28–30 weeks’ gestation), and visit 3 (35–37 weeks’ gestation). Detailed 

demographic information, maternal residence address, and pregnancy history were obtained 

at baseline (visit 1) while information on medical conditions or maternal behaviors including 

smoking status was collected at each visit. From among 688 mothers, 639 gave birth to a live 

infant and 578 completed one or more study visits. Mothers with a twin pregnancy (n=4) and 

stillbirths (n=2), and infants with birth weight <500 grams (n=5) or gestational age >308 

days (n=1) were excluded, leaving 566 women for our analyses. Of these 566 women, 478 

completed all three visits, 66 completed two visits, and 22 completed one visit. This study 

has been approved by the UCLA Institutional Review Board of Human Subjects.

Uterine vascular resistance

At each visit, real-time Doppler velocimetry was conducted to measure uterine vascular 

blood flow using an ATL, HDI 3000 Ultrasound machine (Philips Medical System, the 

Netherlands). Doppler measurements were performed on the left and right proximal uterine 

artery at each visit. Measurements on each uterine artery were obtained to the point near the 

cross-over with the external iliac artery. For each waveform, the peak systolic (S) and end 

diastolic (D) velocities were measured three times, and the mean value of these three 

measurements were calculated. We calculated three related flow indices: the PI, the RI, and 

the systolic/diastolic (S/D) ratio.26,27 We found no difference between left and right uterine 

artery resistance indices thus we averaged values for both sides (left and right uterine artery 
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resistance index) at each visit for each participant as previously done in this cohort.12 The 

presence of uterine notching was also assessed at each visit.

Traffic-related air pollution exposure

Exposures to traffic-related air pollutants were assessed at participants’ residential address 

reported at baseline (visit 1). Addresses were geocoded using three methods including: 1) 

geocoded to the parcel level using the TeleAtlas Address Point database (n=404); 2) 

geocoded using address interpolation via the TeleAtlas EZ Locate geocoding service 

(n=117); and 3) geocoded using Google Earth (n=38), equivalent to highest quality matching 

using EZ Locate). Seven addresses could not be mapped resulting in missing air pollution 

assignments.

CALINE4 nitrogen oxides (NOx) exposure estimates—We used the CALINE4 line 

dispersion model,28,29 is a Gaussian dispersion model which uses information on 

meteorology, roadway geometry, and traffic emissions to estimate local exposure in each 

pregnancy period to traffic-derived NOx. Our exposure estimates were limited to roadways 

within 5 km of participants’ residences. The CALINE4 model implemented in this 

population has been extensively described previously.30 Briefly, model inputs included 

traffic count data from Tele Atlas/Geographic Data Technology (GDT), hourly wind speed 

and direction data from 20 routine ambient air quality stations in the study region for the 

study time period, and vehicle fleet average emission factors based on the California Air 

Resource Board’s emission factors (EMFAC2007) vehicle emissions model (CARB2007).

Land use regression (LUR) exposures—Individual exposures to nitrogen oxides NO, 

NO2 and NOx were estimated at residential locations from land use regression (LUR) model 

surfaces. The method of creating LUR surfaces has been previously described in detail.31 

Briefly, LUR surfaces for NO, NO2 and NOx measures were based on two-week average 

Ogawa passive diffusion sampler measures of NO2 and NOx collected in September 2006 

and February 2007 at 181 locations (total of 196 samplers) throughout LA County. The final 

LUR regression models included the predictors: traffic volumes, truck routes and road 

network, land use data, coordinates of the sampling sites, and satellite-derived soil 

brightness. The models explained 81%, 86%, and 85% of the variance in calculated NO 

(NOx minus NO2), and measured NO2 and NOx concentrations, respectively. LUR NO, NO2 

and NOx are necessarily highly correlated, thus we used only NO2 as an indicator of traffic- 

related air pollution for our main analysis. We present results for LUR NOx in 

Supplementary Table 1. Our LUR models best approximate annual average concentrations, 

thus providing spatial, but not temporal contrasts. We did not attempt to temporally adjust 

LUR estimates for pregnancy periods due to the small number of women (n=102) who lived 

close (5 km) to an ambient monitoring station which could provide information on temporal 

variability. Temporal adjustment using exposure estimates obtained miles away from a home 

relies on the unvalidated assumption that ambient monitors can adequately capture the local 

variation in air pollution, which is likely not true, especially for traffic-related air pollutants.
32 Thus, our LUR exposures are best interpreted as spatial, long-term (annual average) 

exposure contrasts instead of pregnancy period-specific exposures. Our CALINE4 and LUR 

models have been previously found to be associated with pregnancy and birth outcomes in 
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previous studies in LA county.30,33–35 Since our CALINE4 and LUR models are modeling a 

mixture of traffic-related indicators, NO2 and NOx should be interpreted as proxies for the 

traffic-related pollution mixture.

Smoking exposure

At visit 1 women were asked whether 1) they ever smoked cigarettes and 2) they smoked 

cigarettes in the three months before pregnancy or at any time during their pregnancy. At 

each subsequent study visit they were asked whether they smoked since their last study visit. 

Based on these questions we created a time-varying maternal smoking history variable in 

which we classified women as smokers, former smokers, or never smokers. At visit 1, 

women were classified as smokers if they reported smoking in the three months prior to 

pregnancy or at any time during their pregnancy. At visit 2, women were classified as 

smokers if they reported smoking at visit 1 or between visit 1 and 2. At visit 3, women were 

classified as smokers if they reported smoking at visit 1, visit 2, or between visit 2 and 3. 

Women were categorized as former smokers if they reported having ever smoked cigarettes 

at baseline, and reported no smoking in the three months prior to pregnancy and at any visit 

during pregnancy. Never smokers were women who reported no smoking at any time prior to 

or during pregnancy. Thus, our questionnaire did not allow us to differentiate between 

women who had smoked regularly at some point in time prior to pregnancy from women 

who had only ever tried cigarettes briefly. Additionally, due to the way the baseline question 

on smoking during pregnancy was phrased we could not examine smoking in the three 

months before pregnancy separately from smoking during pregnancy.

Statistical analysis

We used generalized linear mixed models with a random intercept for study participant. We 

fit linear mixed effects models using the SAS mixed procedure to estimate the effects of air 

pollution on uterine vascular resistance indices in standard deviation (SD) values (resistance 

index/SD of resistance index) at each study visit. We fit separate models for the effects of 

NOx in natural-log scaled values per interquartile range (IQR) and NO2 per IQR, adjusting 

for smoking. We also implemented the SAS glimmix procedure to fit separate logistic mixed 

effects models for the impact of NOx in natural-log scaled values per IQR and NO2 per IQR, 

adjusting for smoking, on a resistance index above the 90th percentile. We examined uterine 

vascular resistance values above the 90th percentile because they have been shown to be 

predictive of preeclampsia and intrauterine growth restriction.36,37 Employing logistic mixed 

effects models, we also examined the influence of NOx and NO2 on the presence of notching 

in the uterine artery. To assess smoking as an independent risk factor for uterine vascular 

resistance and notching, we examined smoking (smoker status at each study visit vs never 

smoker, former smoker vs never smoker) using linear mixed effects models for resistance 

index values in SD and logistic mixed effects models for resistance index values above the 

90th percentile and presence of uterine notching, adjusting for NO2 and NOx. Based on our 

review of the literature and directed acyclic graphs, we adjusted for the following continuous 

(maternal age at delivery, pre-pregnancy body mass index (BMI), parity) and categorical 

covariates (maternal race (white vs nonwhite), maternal education (<12, 12, >12) infant sex, 

marital status (single, separated, divorced, widowed vs married), prenatal care payment 

(government vs private) in all our models.21,30,38 Time-fixed predictors had the same value 
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across study visits (maternal age at delivery, pre-pregnancy BMI, parity, maternal race, 

maternal education, infant sex, marital status, prenatal care payment, NO2) while time-

varying predictors had distinct values for each study visit (smoking, NOx). We included 

interaction terms between study visit and each of our main exposures (NO2, NOx, and 

smoking) to allow for estimation of their effects in each period.

We conducted sensitivity analyses for the LUR NO2 and CALINE NOx associations by 

conducting separate analyses in which we limited our sample to non-obese women, women 

with no uterine notching, women without infections during pregnancy, and nulliparous 

women to assess whether our results remain consistent. Nulliparous women, obese women, 

or women with infections during pregnancy may be more likely to have pregnancy 

complications, and notching may be more associated with adverse pregnancy outcomes than 

uterine vascular resistance indices.21,39–43 We also examined associations for LUR NO2 and 

CALINE NOx among subgroups of smokers: never smokers, former smokers, and smokers. 

We conducted analyses stratified by race/ethnicity to address potential variation by race/

ethnicity for the groups for which we had sufficient sample size (White, Hispanic, and 

African American). All analyses were done using SAS 9.4 software (Cary, NC).

RESULTS

Demographic characteristics of our study population are reported in Table 1. Table 2 

displays mean and standard deviation values for the uterine vascular resistance indices, and 

the proportion of women with uterine notching at each study visit. The estimates for the 

association between LUR-derived NO2 per IQR and the uterine PI, RI, and S/D ratio and 

notching are shown in Table 3. LUR NO2 increased the uterine PI, RI, and S/D ratio at the 

third visit [β=0.12 SD, 95% CI: 0.02, 0.23; β=0.13 SD, 95% CI: 0.03, 0.24; β=0.12 SD, 

95% CI: 0.02, 0.22 per IQR, respectively]. LUR NO2 was also associated with an increased 

risk of uterine PI, RI, and S/D ratio values above the 90th percentile at the third exam [Odds 

ratio (OR)=1.59, 95% CI: 1.07, 2.35; OR=1.51, 95% CI: 1.02, 2.23; OR=1.67, 95% CI: 

1.14, 2.46, respectively].

Estimates for the association between CALINE4 log-transformed NOx per IQR and the 

uterine PI, RI, and S/D ratio and notching are shown in Table 4. NOx was associated with 

increased uterine PI, RI, and S/D ratio at the third visit [βs=0.12 SD, 95% CI: 0.02, 0.23; 

β=0.14 SD, 95% CI: 0.03, 0.24; β=0.14 SD, 95% CI: 0.03, 0.25 per IQR, respectively]. 

Uterine PI, RI, and S/D ratio values above the 90th percentile at the third exam were also 

elevated particularly for the S/D ratio [OR=1.40, 95% CI:0.93, 2.09], but all confidence 

intervals crossed the null.

When assessing the impact of LUR-derived NOx on uterine artery resistance we observed 

results that were consistent with our LUR-derived NO2 exposures [Supplementary Table 1].

In sensitivity analyses, associations with LUR-derived NO2 and CALINE NOx at the third 

exam for uterine vascular resistance indices among non-obese women, nulliparous women, 

women with no uterine notching, and women with no infections during pregnancy were 

similar to those for the total population (data not shown). When stratifying by smoking 
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status, at the third exam LUR NO2 increased uterine vascular resistance indices among never 

smokers and bilateral notching odds among current smokers [OR=4.16, 95% CI: 1.73, 

10.02]. Among never smokers, NO2 also appeared to increase uterine vascular resistance 

indices at the first exam though confidence intervals included the null [Supplementary Table 

2]. CALINE NOx increased uterine vascular resistance indices in the third exam among 

never smokers as well as for current smokers in the third exam, particularly for the S/D ratio 

[β=0.30, 95% CI: 0.01, 0.59] [Supplementary Table 3]. NOx exposure in the third exam also 

increased the odds of bilateral notching among current smokers [OR=3.92, 95% CI: 1.29, 

7.59] [Supplementary Table 3].

When stratified by race/ethnicity, Whites and Hispanics showed patterns similar to our 

overall sample, with increased uterine vascular resistance with LUR NO2 exposure at the 

third exam and CALINE NOx exposure at the third exam [Supplementary Table 4 and 

Supplementary Table 5]. However, resistance index estimates for African American women 

were largely null but NO2 exposure marginally increased the risk of unilateral uterine 

notching [OR=1.73, 95% CI: 0.98, 3.06] [Supplementary Table 4].

When examining the impact of smoking on uterine vascular resistance while adjusting for 

LUR NO2 and CALINE4 NOx exposure, we found that being a former smoker elevated 

resistance values across all three periods, but all confidence intervals crossed the null. 

Smoking during pregnancy was associated with increased uterine PI, RI, and S/D index 

values in SD and having resistance values above the 90th percentile at the second exam, 

particularly for the PI and RI. Smoking during pregnancy also increased the risk of uterine 

bilateral notching at the second exam [OR=2.19, 95% CI: 1.22, 3.91] [Table 5].

DISCUSSION

We found that traffic-related air pollution exposure derived from our LUR and CALINE4 

models increased the risk of high uterine artery resistance in late pregnancy. Our results did 

not change when we restricted to non-obese women, nulliparous women or those without 

uterine notching and infections during pregnancy, and never smokers. Interestingly, among 

former and current smokers, at the third exam, LUR NO2 exposure was not associated with 

the uterine vascular resistance indices, although we found an increased risk of uterine artery 

bilateral notching with air pollution among smokers. In contrast, CALINE4 NOx exposure 

was associated with an increased risk of bilateral notching in late pregnancy among smokers, 

as well as high uterine vascular resistance. We did not find any associations for air pollution 

and uterine vascular resistance among our subgroup of African American women at the third 

exam, except for an increased risk of unilateral notching with LUR NO2 exposure in the 

third exam. Smoking during pregnancy on the other hand increased the risk of uterine 

vascular resistance as well as uterine bilateral notching earlier in gestation i.e. at the time of 

the second exam.

Only two previous studies have examined the impact of air pollution on uterine artery 

resistance, and they did not report any associations with NO2 exposure and high uterine 

vascular resistance in the third trimester, but found an association between NO2 exposure 

and bilateral notching.14,17 One potential explanation for the null findings for NO2 exposure 
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in other studies is that these studies conducted the ultrasound exams early in the third 

trimester (mean or median of 31 weeks). The consequences of air pollution may not 

manifest until the late third-trimester since our estimates for the second exam in the earlier 

part of the third trimester (28–30 weeks) were largely null. Additionally, air pollution 

exposures throughout pregnancy may have a cumulative impact on blood flow resistance and 

these might be most pronounced and notable towards the end of pregnancy. There is no 

consensus on which period during pregnancy is most susceptible to the effects of air 

pollution, but the evidence in the literature suggests that effect sizes are slightly stronger for 

the first and third trimester.44 Plausible mechanisms that may underlie the association 

between air pollution and uterine vascular resistance include alterations in blood viscosity, 

endothelial function, inflammation, or hypertension.15 A recent study showed that NO2 

exposure in pregnant women decreased vascularization indices in the first trimester, further 

supporting that NO2 may contribute to diminished placental vascularization.45 Studies have 

shown that increased uterine artery vascular resistance indices throughout pregnancy and 

notching, even among low risk women, are strong predictors of adverse pregnancy 

outcomes, particularly for bilateral uterine notching.12,21,46–49 We were unable to assess the 

impact of exposures in the first trimester as our first study visit occurred between 18–20 

weeks of gestation, however it is the presence of elevated resistance indices and notching 

after 18–24 weeks of gestation that are most strongly indicative of adverse pregnancy events.
50,51

The inconsistent findings for NO2 and the resistance indices in former/current smokers and 

African American women compelled us to investigate the resistance patterns and birth 

outcomes in these subgroups in more detail. Specifically, we hypothesized that air pollution 

associations in these women might be harder to detect if they either already have much 

higher uterine vascular resistance due to other risk factors and/or are at higher risk of fetal 

loss. Several studies have shown that smoking increases uterine blood flow and notching.
18,20–22 Additionally, smokers are more likely to have an increased risk of fetal loss52 and 

preterm birth.6,12 In our study 60 of the 566 mothers gave birth preterm. We observed that 

the number of former smokers decreased over follow-up from 99 to 90 former smokers by 

visit 3 with 8 of these 9 infants being born preterm. For those who smoked during 

pregnancy, the number of smokers decreased from 101 to 79 by visit 3 and more than half of 

those who dropped out were preterm births (13 of the 22). Thus, smoking may be a 

competing risk factor whereby loss to follow-up of fetuses impacted by smoking may 

account for us not having been able to estimate air pollution influences on uterine blood flow 

at the third visit since women at highest risk were not pregnant anymore and thus could not 

complete the third visit. Additionally, this may also at least partially explain why we did not 

see any association of the resistance indices with air pollution in late pregnancy for African 

American women, they were at greatest risk of preterm delivery with 34 out of 238 African 

American women (14%) delivering preterm.6,12 Early fetal loss or miscarriage could also be 

impacting our results. Since smoking has been associated with an increased risk of uterine 

vascular resistance and miscarriage, and our study includes only live born children, this 

could induce collider-stratification bias which would negatively confound the association 

between NO2 exposure and uterine vascular resistance.53 By conditioning on smoking, we 

attempted to address this potential bias, though the possibility of residual confounding 
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remains since smoking was self-reported and we did not have information on smoking 

intensity.

For smoking, we confirmed previous findings of an increased risk of uterine vascular 

resistance indices and notching for women who actively smoked during pregnancy.18,20,22 

These associations were largely seen in mid-pregnancy. For former smokers, we found 

elevated resistance indices in all exams, but our findings were inconclusive due to wide 

confidence intervals. No other studies to our knowledge have compared the effects of being 

a former smoker vs current smoker on uterine vascular resistance. Smoking is a plausible 

risk factor for high uterine artery resistance as it has been shown to alter placental 

morphology, with studies showing a reduction in the size of placental villous capillaries for 

mothers who smoked during pregnancy.25,54 We might expect former smokers to have a less 

risky health profile than women who continued smoking during pregnancy as various studies 

have found that former smokers are more likely to be primiparous, privately insured and 

college-educated; yet they may also be more prone to pregnancy complications due to 

increases in weight and blood pressure after smoking cessation.55,56 This is confirmed in our 

sample as former smokers were more likely to be older, White, nulliparous, and have higher 

education and socioeconomic status, however they did not differ with respect to pre-

pregnancy BMI or weight gain during pregnancy. A study that examined misclassification of 

self-reported smoking with cotinine measurements found that 24% of active smokers were 

misclassified as quitters because they inaccurately reported that they had quit or relapsed by 

mid-pregnancy. Furthermore, women who were misclassified as quitters were more likely to 

report that they quit during rather than before pregnancy.57 In our study, we classified 

smoking exposure as any smoking prior to when their uterine vascular resistance was 

assessed thereby considering the long-term impact of smoking on pregnancy. We did not 

have information on secondhand smoking exposure and thus were unable to assess its 

potential effect.

There were several strengths and limitations of our study. Since our LUR spatial pollution 

surfaces were based on data collected about a decade after the uterine vascular resistance 

measures were obtained, we relied on the assumption that on average the spatial relations 

between high and low traffic pollution areas remained stable. Studies conducted in the 

Netherlands, Italy, Canada, and Great Britain have found that spatial contrasts in NO2 

remain relatively stable over time, demonstrating good agreement between LUR estimates 

derived up to 12 years apart, though performance may suffer slightly in cases where air 

pollution is decreasing over time.58–61 If our assumption is incorrect then this would likely 

introduce non-differential exposure misclassification. Another limitation of our study is that 

our LUR exposures cannot be interpreted as pregnancy-specific exposures, but are more 

reflective of annual-average exposures. However, our CALINE4 NOx exposure estimates, 

which provided a strong temporal match with our outcomes in each pregnancy period, 

showed consistent results with our LUR NO2 results, with higher uterine vascular resistance 

in the third exam, though estimates for resistance values above the 90th percentile were 

attenuated. Our two air pollution models serve to supplement each other as the CALINE4 

model measures more local traffic-related air pollution sources while the LUR model 

includes a larger regional source impact as well.
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Furthermore, since we relied on address reported at enrollment into the study to generate the 

pollution measures this could have resulted in non-differential misclassification if women 

moved during pregnancy, most likely for any exposure received in later pregnancy. A review 

of residential mobility rates during pregnancy found that overall mobility rates were 9–32% 

in the US and abroad from the 1980s-2000s, but most were short distance moves (<10 km).
62 Also, we did not have information on time-activity to account for personal exposures at 

work and away from residences during pregnancy, which may introduce further exposure 

misclassification. If women spent more time at home in late pregnancy, as has been 

previously observed,63 this would reduce exposure misclassification due to time-activity in 

the third period and also potentially explain the stronger associations observed in this period.

Some associations observed may be due to chance due to small sample sizes in our subgroup 

analyses, however the associations between NO2 and NOx exposures on uterine vascular 

resistance indices at the third exam were very robust in all sensitivity analyses. Some 

strengths of this study include the ethnically and socioeconomically diverse sample for 

which we had detailed covariate information. Additionally, few studies to date have 

examined these measures of uterine vascular resistance in relation to air pollution. Of these 

studies, this is the first to also consider the impact of smoking on these indices and 

especially the resultant greater loss to follow-up during pregnancy via preterm delivery in 

smokers.

In conclusion, we found that exposure to traffic-related air pollution increased uterine artery 

resistance in late pregnancy while active smoking increased resistance in mid-pregnancy and 

possibly contributed to preterm deliveries. Our results suggest that uterine artery resistance 

may be a pathophysiologic mechanism explaining the adverse pregnancy and birth outcomes 

previously associated with air pollution. Nevertheless, further studies of susceptible time 

periods and mechanisms underlying these associations are warranted. Additionally, attention 

to the impact of smoking when assessing the effect of air pollution on uterine artery 

resistance has been lacking to date, and further investigation is warranted as smoking 

appears to be an independent and possibly competing risk factor for higher uterine vascular 

resistance and adverse pregnancy outcome.
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What this study adds

Though there is convincing evidence from epidemiological studies that air pollution 

exposure is associated with negative pregnancy outcomes, the physiologic mechanisms 

underlying these relations are largely unknown. Our study suggests that increased 

resistance to blood flow in the uterine arteries during pregnancy may be one such 

mechanism. This finding could help expand our understanding of the potentially causal 

relation between air pollution exposure and adverse pregnancy outcomes. Furthermore, 

smoking during pregnancy appears to have a similar detrimental impact on blood flow in 

the uterine arteries affecting pregnancy earlier in gestation, highlighting the importance 

of considering both the effects of smoking and air pollution on pregnancy.
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Table 1.

Baseline Characteristics of Pregnant Women Residing in Los Angeles (n=566)

Maternal Characteristics n (%) Mean (SD)

Maternal age (years)

<20 32 (5.7)

20–24 147 (26.0)

25–29 178 (31.5)

30–34 152 (26.9)

≥35 57 (10.1)

Maternal race/ethnicity

White, non-Hispanic 124 (21.9)

Hispanic 173 (30.6)

African American 238 (42.1)

Asian 24 (4.2)

Other 7 (1.2)

Maternal education (years)

<12 92 (16.3)

12 189 (33.4)

>12 285 (50.4)

Marital status

Single, separated, divorced or widowed 276 (48.8)

Married 290 (51.2)

Parity

Nulliparous 220 (38.9)

Multiparous 346 (61.1)

Source of care payment

Government assisted insurance
a 263 (46.5)

Private insurance (HMO or Other) 303 (53.5)

Infant’s sex

Male 287 (50.7)

Female 279 (49.3)

Maternal smoking

First pregnancy period

Smoker 101 (18.0)

Former smoker 99 (17.7)

Never smoker 360 (64.3)

Missing (0.0)

Second pregnancy period

Smoker 101 (18.6)

Former smoker 94 (17.3)

Never smoker 346 (63.8)

Missing 1 (0.2)
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Maternal Characteristics n (%) Mean (SD)

Third pregnancy period

Smoker 79 (16.3)

Former smoker 90 (18.5)

Never smoker 316 (65.0)

Missing 1 (0.2)

Maternal infections

First pregnancy period

Yes 221(39.5)

No 339 (60.5)

Missing 0 (0.0)

Second pregnancy period

Yes 106 (19.6)

No 434 (80.1)

Missing 2 (0.4)

Third pregnancy period

Yes 93 (19.1)

No 392 (80.7)

Missing 1 (0.2)

Maternal height (m) (n=560) 1.63 (0.07)

Maternal pre-pregnancy weight (kg) (n=565) 67.4 (17.6)

Maternal pregnancy weight gain (kg)

First pregnancy period (n=557) 5.3 (4.8)

Second pregnancy period (n=536) 4.7 (3.4)

Third pregnancy period (n=480) 4.1 (2.7)

Gestational age at birth (weeks) (n=566) 39.1 (2.3)

LUR NO2 (ppb) (n=557) 22.7 (3.9)

CALINE4 NOx (ppb)

First pregnancy period (n=555) 62.7 (35.0)

Second pregnancy period (n=531) 58.1 (33.8)

Third pregnancy period (n=479) 57.0 (32.8)

a
Includes 6 women who reported paying for care themselves

HMO, Health Maintenance Organization; LUR, land use regression; NO2, nitrogen dioxide; NOx, nitrogen oxides.
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Table 2.

Characteristics of Uterine Vascular Resistance at Each Visit

Uterine vascular resistance Total n Mean ± SD n (%)

Visit 1, gestational age at first visit (weeks) 560 19.2 ± 0.9

Uterine artery pulsatility index 558 0.74 ± 0.18

Uterine artery resistance index 558 0.53 ± 0.09

Uterine artery S/D ratio 558 2.39 ± 0.77

Presence of unilateral uterine artery notching 553 133 (24.1)

Presence of bilateral uterine artery notching 553 230 (41.6)

Visit 2, gestational age at second visit (weeks) 542 28.8 ± 0.8

Uterine artery pulsatility index 539 0.61 ± 0.14

Uterine artery resistance index 539 0.46 ± 0.08

Uterine artery S/D ratio 539 1.99 ± 0.44

Presence of unilateral uterine artery notching 536 124 (23.1)

Presence of bilateral uterine artery notching 536 128 (23.9)

Visit 3, gestational age at third visit (weeks) 486 36.7 ± 0.7

Uterine artery pulsatility index 486 0.59 ± 0.13

Uterine artery resistance index 486 0.45 ± 0.07

Uterine artery S/D ratio 486 1.92 ± 0.34

Presence of unilateral uterine artery notching 485 117 (24.1)

Presence of bilateral uterine artery notching 485 116 (23.9)

S/D, systolic/diastolic.

Environ Epidemiol. Author manuscript; available in PMC 2019 January 07.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Contreras et al. Page 19

Ta
b

le
 3

.

Im
pa

ct
 o

f 
L

U
R

 N
O

2 
(p

er
 I

Q
R

) 
on

 U
te

ri
ne

 A
rt

er
y 

R
es

is
ta

nc
e

V
is

it
 1

V
is

it
 2

V
is

it
 3

n:
 ≥

/ <
90

th
M

od
el

 1
a

n:
 ≥

/ <
90

th
M

od
el

 1
a

n:
 ≥

/ <
90

th
M

od
el

 1
a

P
ul

sa
ti

lit
y 

in
de

x

Pe
r 

SD
 (

B
et

a,
 9

5%
C

I)
0.

01
-0

.0
9,

 0
.1

1
0.

07
-0

.0
3,

 0
.1

7
0.

12
0.

02
, 0

.2
3

≥ 
vs

. <
90

th
 p

er
ce

nt
ile

 (
O

dd
s 

ra
tio

, 9
5%

 C
I)

56
/5

02
1.

07
0.

75
, 1

.5
3

53
/4

86
1.

02
0.

71
, 1

.4
6

49
/4

37
1.

59
1.

07
, 2

.3
5

R
es

is
ta

nc
e 

in
de

x

Pe
r 

SD
 (

B
et

a,
 9

5%
C

I)
0.

02
-0

.0
8,

 0
.1

2
0.

07
-0

.0
3,

 0
.1

8
0.

13
0.

03
, 0

.2
4

≥ 
vs

. <
90

th
 p

er
ce

nt
ile

 (
O

dd
s 

ra
tio

, 9
5%

 C
I)

56
/5

02
1.

00
0.

70
, 1

.4
3

54
/4

85
0.

91
0.

64
, 1

.3
1

48
/4

38
1.

51
1.

02
, 2

.2
3

S/
D

 r
at

io

Pe
r 

SD
 (

B
et

a,
 9

5%
C

I)
-0

.0
2

-0
.1

2,
 0

.0
8

0.
05

-0
.0

4,
 0

.1
5

0.
12

0.
02

, 0
.2

2

≥ 
vs

. <
90

th
 p

er
ce

nt
ile

 (
O

dd
s 

ra
tio

, 9
5%

 C
I)

55
/5

03
1.

10
0.

77
, 1

.5
8

54
/4

85
1.

04
0.

73
, 1

.4
8

48
/4

38
1.

67
1.

14
, 2

.4
6

P
re

se
nc

e 
of

 n
ot

ch
in

g

U
ni

la
te

ra
l (

O
dd

s 
ra

tio
, 9

5%
 C

I)
13

3/
42

0
1.

09
0.

86
, 1

.3
8

12
4/

41
2

1.
03

0.
82

, 1
.3

1
11

7/
36

8
1.

10
0.

85
, 1

.4
1

B
ila

te
ra

l (
O

dd
s 

ra
tio

, 9
5%

 C
I)

23
0/

32
3

1.
07

0.
84

, 1
.3

6
12

8/
40

8
1.

02
0.

77
, 1

.3
3

11
6/

36
9

1.
17

0.
88

, 1
.5

6

a.
M

od
el

s 
ad

ju
st

ed
 f

or
 m

at
er

na
l a

ge
, p

re
-p

re
gn

an
cy

 B
M

I,
 in

fa
nt

 s
ex

, p
ar

ity
, m

ar
ita

l s
ta

tu
s,

 p
ay

m
en

t f
or

 p
re

na
ta

l c
ar

e,
 m

at
er

na
l s

m
ok

in
g,

 m
at

er
na

l r
ac

e,
 m

at
er

na
l e

du
ca

tio
n

B
M

I,
 b

od
y 

m
as

s 
in

de
x;

 C
I,

 c
on

fi
de

nc
e 

in
te

rv
al

; L
U

R
, l

an
d 

us
e 

re
gr

es
si

on
; S

/D
, s

ys
to

lic
/d

ia
st

ol
ic

.

Environ Epidemiol. Author manuscript; available in PMC 2019 January 07.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Contreras et al. Page 20

Ta
b

le
 4

.

Im
pa

ct
 o

f 
C

A
L

IN
E

4 
N

O
xa  

on
 U

te
ri

ne
 A

rt
er

y 
R

es
is

ta
nc

e

V
is

it
 1

V
is

it
 2

V
is

it
 3

n:
 ≥

/ <
90

th
M

od
el

 1
b

n:
 ≥

/ <
90

th
M

od
el

 1
b

n:
 ≥

/ <
90

th
M

od
el

 1
b

P
ul

sa
ti

lit
y 

in
de

x

Pe
r 

SD
 (

B
et

a,
 9

5%
C

I)
0.

03
-0

.0
7,

 0
.1

3
0.

01
-0

.0
9,

 0
.1

0
0.

12
0.

02
, 0

.2
3

≥ 
vs

. <
90

th
 p

er
ce

nt
ile

 (
O

dd
s 

ra
tio

, 9
5%

 C
I)

56
/5

02
1.

08
0.

74
, 1

.5
9

53
/4

86
0.

92
0.

64
, 1

.3
2

49
/4

37
1.

17
0.

79
, 1

.7
5

R
es

is
ta

nc
e 

in
de

x

Pe
r 

SD
 (

B
et

a,
 9

5%
C

I)
0.

04
-0

.0
6,

 0
.1

4
0.

01
-0

.0
9,

 0
.1

1
0.

14
0.

03
, 0

.2
4

≥ 
vs

. <
90

th
 p

er
ce

nt
ile

 (
O

dd
s 

ra
tio

, 9
5%

 C
I)

56
/5

02
1.

07
0.

73
, 1

.5
7

54
/4

85
0.

88
0.

61
, 1

.2
5

48
/4

38
1.

17
0.

78
, 1

.7
4

S/
D

 r
at

io

Pe
r 

SD
 (

B
et

a,
 9

5%
C

I)
-0

.0
3

-0
.1

3,
 0

.0
7

-0
.0

0
-0

.1
0,

 0
.0

9
0.

14
0.

03
, 0

.2
5

≥ 
vs

. <
90

th
 p

er
ce

nt
ile

 (
O

dd
s 

ra
tio

, 9
5%

 C
I)

55
/5

03
1.

12
0.

76
, 1

.6
4

54
/4

85
1.

00
0.

70
, 1

.4
3

48
/4

38
1.

40
0.

93
, 2

.0
9

P
re

se
nc

e 
of

 n
ot

ch
in

g

U
ni

la
te

ra
l (

O
dd

s 
ra

tio
, 9

5%
 C

I)
13

3/
42

0
1.

10
0.

85
, 1

.4
2

12
4/

41
2

1.
06

0.
83

, 1
.3

5
11

7/
36

8
1.

23
0.

94
, 1

.6
0

B
ila

te
ra

l (
O

dd
s 

ra
tio

, 9
5%

 C
I)

23
0/

32
3

0.
94

0.
73

, 1
.2

1
12

8/
40

8
0.

91
0.

69
, 1

.1
9

11
6/

36
9

1.
01

0.
75

, 1
.3

6

a.
IQ

R
 f

or
 n

at
ur

al
 lo

g-
sc

al
ed

 v
al

ue
s

b.
M

od
el

s 
ad

ju
st

ed
 f

or
 m

at
er

na
l a

ge
, p

re
-p

re
gn

an
cy

 B
M

I,
 in

fa
nt

 s
ex

, p
ar

ity
, m

ar
ita

l s
ta

tu
s,

 p
ay

m
en

t f
or

 p
re

na
ta

l c
ar

e,
 m

at
er

na
l s

m
ok

in
g,

 m
at

er
na

l r
ac

e,
 m

at
er

na
l e

du
ca

tio
n

B
M

I,
 b

od
y 

m
as

s 
in

de
x;

 C
I,

 c
on

fi
de

nc
e 

in
te

rv
al

; L
U

R
, l

an
d 

us
e 

re
gr

es
si

on
; N

O
x,

 n
itr

og
en

 o
xi

de
s;

 S
/D

, s
ys

to
lic

/d
ia

st
ol

ic
.

Environ Epidemiol. Author manuscript; available in PMC 2019 January 07.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Contreras et al. Page 21

Ta
b

le
 5

.

Im
pa

ct
 o

f 
Sm

ok
in

g 
on

 U
te

ri
ne

 A
rt

er
y 

R
es

is
ta

nc
e

F
or

m
er

 S
m

ok
er

 v
s 

N
ev

er
 S

m
ok

ed

V
is

it
 1

V
is

it
 2

V
is

it
 3

n:
 ≥

/ <
90

th
M

od
el

 1
a

n:
 ≥

/ <
90

th
M

od
el

 1
a

n:
 ≥

/ <
90

th
M

od
el

 1
a

P
ul

sa
ti

lit
y 

in
de

x

Pe
r 

SD
 (

B
et

a,
 9

5%
C

I)
0.

13
-0

.1
0,

 0
.3

6
0.

17
-0

.0
6,

 0
.4

0
0.

03
-0

.2
0,

 0
.2

7

≥ 
vs

. <
90

th
 p

er
ce

nt
ile

 (
O

dd
s 

ra
tio

, 9
5%

 C
I)

12
/8

7
1.

31
0.

58
, 2

.9
4

11
/8

3
1.

68
0.

71
, 3

.9
5

11
/7

9
1.

41
0.

60
, 3

.3
2

R
es

is
ta

nc
e 

in
de

x

Pe
r 

SD
 (

B
et

a,
 9

5%
C

I)
0.

13
-0

.1
0,

 0
.3

6
0.

16
-0

.0
8,

 0
.3

9
0.

01
-0

.2
4,

 0
.2

5

≥ 
vs

. <
90

th
 p

er
ce

nt
ile

 (
O

dd
s 

ra
tio

, 9
5%

 C
I)

11
/8

8
1.

15
0.

51
, 2

.6
1

11
/8

3
1.

78
0.

76
, 4

.1
6

10
/8

0
1.

30
0.

54
, 3

.1
2

S/
D

 r
at

io

Pe
r 

SD
 (

B
et

a,
 9

5%
C

I)
0.

13
-0

.1
0,

 0
.3

5
0.

18
-0

.0
6,

 0
.4

1
0.

10
-0

.1
3,

 0
.3

4

≥ 
vs

. <
90

th
 p

er
ce

nt
ile

 (
O

dd
s 

ra
tio

, 9
5%

 C
I)

13
/8

6
1.

51
0.

69
, 3

.3
3

11
/8

3
1.

38
0.

60
, 3

.1
9

12
/7

8
1.

44
0.

63
, 3

.2
9

P
re

se
nc

e 
of

 n
ot

ch
in

g

U
ni

la
te

ra
l (

O
dd

s 
ra

tio
, 9

5%
 C

I)
23

/7
5

0.
91

0.
53

, 1
.5

8
16

/7
7

0.
60

0.
33

, 1
.1

1
23

/6
7

1.
07

0.
61

, 1
.8

6

B
ila

te
ra

l (
O

dd
s 

ra
tio

, 9
5%

 C
I)

44
/5

4
1.

12
0.

65
, 1

.9
4

25
/6

8
1.

33
0.

71
, 2

.5
0

22
/6

8
0.

92
0.

48
, 1

.7
6

Sm
ok

ed
 D

ur
in

g 
P

re
gn

an
cy

 v
s 

N
ev

er
 S

m
ok

ed

P
ul

sa
ti

lit
y 

in
de

x

Pe
r 

SD
 (

B
et

a,
 9

5%
C

I)
0.

05
-0

.1
7,

 0
.2

8
0.

26
0.

04
, 0

.4
9

0.
01

-0
.2

4,
 0

.2
5

≥ 
vs

. <
90

th
 p

er
ce

nt
ile

 (
O

dd
s 

ra
tio

, 9
5%

 C
I)

9/
92

0.
75

0.
30

, 1
.8

5
17

/8
4

2.
67

1.
24

, 5
.7

7
8/

71
1.

17
0.

46
, 3

.0
2

R
es

is
ta

nc
e 

in
de

x

Pe
r 

SD
 (

B
et

a,
 9

5%
C

I)
0.

06
-0

.1
7,

 0
.2

9
0.

24
0.

01
, 0

.4
7

-0
.0

3
-0

.2
8,

 0
.2

2

≥ 
vs

. <
90

th
 p

er
ce

nt
ile

 (
O

dd
s 

ra
tio

, 9
5%

 C
I)

9/
92

0.
74

0.
30

, 1
.8

1
19

/8
2

3.
26

1.
53

, 6
.9

4
9/

70
1.

47
0.

59
, 3

.6
7

S/
D

 r
at

io

Pe
r 

SD
 (

B
et

a,
 9

5%
C

I)
0.

02
-0

.2
0,

 0
.2

4
0.

27
0.

04
, 0

.4
9

0.
08

-0
.1

7,
 0

.3
2

≥ 
vs

. <
90

th
 p

er
ce

nt
ile

 (
O

dd
s 

ra
tio

, 9
5%

 C
I)

10
/9

1
1.

00
0.

42
, 2

.3
9

14
/8

7
1.

87
0.

86
, 4

.0
7

7/
72

1.
01

0.
38

, 2
.6

4

P
re

se
nc

e 
of

 n
ot

ch
in

g

U
ni

la
te

ra
l (

O
dd

s 
ra

tio
, 9

5%
 C

I)
21

/7
9

0.
76

0.
43

, 1
.3

3
19

/8
2

0.
70

0.
40

, 1
.2

4
14

/6
4

0.
68

0.
36

, 1
.3

0

Environ Epidemiol. Author manuscript; available in PMC 2019 January 07.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Contreras et al. Page 22

F
or

m
er

 S
m

ok
er

 v
s 

N
ev

er
 S

m
ok

ed

V
is

it
 1

V
is

it
 2

V
is

it
 3

n:
 ≥

/ <
90

th
M

od
el

 1
a

n:
 ≥

/ <
90

th
M

od
el

 1
a

n:
 ≥

/ <
90

th
M

od
el

 1
a

B
ila

te
ra

l (
O

dd
s 

ra
tio

, 9
5%

 C
I)

45
/5

5
1.

19
0.

69
, 2

.0
5

34
/6

7
2.

19
1.

22
, 3

.9
1

17
/6

1
0.

84
0.

42
, 1

.6
9

a.
M

od
el

s 
ad

ju
st

ed
 f

or
 m

at
er

na
l a

ge
, p

re
-p

re
gn

an
cy

 B
M

I,
 in

fa
nt

 s
ex

, p
ar

ity
, m

ar
ita

l s
ta

tu
s,

 p
ay

m
en

t f
or

 p
re

na
ta

l c
ar

e,
 m

at
er

na
l r

ac
e,

 m
at

er
na

l e
du

ca
tio

n,
 L

U
R

 N
O

2,
 C

A
L

IN
E

4 
N

O
x

B
M

I,
 b

od
y 

m
as

s 
in

de
x;

 C
I,

 c
on

fi
de

nc
e 

in
te

rv
al

; L
U

R
, l

an
d 

us
e 

re
gr

es
si

on
; N

O
x,

 n
itr

og
en

 o
xi

de
s;

 S
/D

, s
ys

to
lic

/d
ia

st
ol

ic
.

Environ Epidemiol. Author manuscript; available in PMC 2019 January 07.


	Abstract
	INTRODUCTION
	METHODS
	Study population
	Uterine vascular resistance
	Traffic-related air pollution exposure
	CALINE4 nitrogen oxides (NOx) exposure estimates
	Land use regression (LUR) exposures

	Smoking exposure
	Statistical analysis

	RESULTS
	DISCUSSION
	References
	Table 1.
	Table 2.
	Table 3.
	Table 4.
	Table 5.

