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Abstract

Importance: Previous studies have reported associations between in utero exposure to regional 

air pollution and autism spectrum disorders (ASD). In utero exposure to components of near-

roadway air pollution (NRAP) has been linked to adverse neurodevelopment in animal models, but 

few studies have investigated NRAP association with ASD risk.

Objective: To identify ASD risk associated with in utero exposure to NRAP in a large, 

representative birth cohort.

Design, Setting, and Participants: This retrospective pregnancy cohort study included 

314,391 mother-child pairs of singletons born between 2001–2014 at Kaiser Permanente Southern 

California (KPSC) hospitals. Maternal and child data were extracted from KPSC electronic 

medical records. Children were followed until: clinical diagnosis of ASD, non-KPSC membership, 

death, or December 31, 2019, whichever came first. Exposure to the complex NRAP mixture 

during pregnancy was assessed using line-source dispersion models to estimate fresh vehicle 

emissions from freeway and non-freeway sources at maternal addresses during pregnancy. 

Vehicular traffic load exposure was characterized using advanced telematic models combining 

traditional traffic counts and travel-demand models with cell phone and vehicle GPS data. Cox 

proportional-hazard models estimated hazard ratios (HR) of ASD associated with near-roadway 

traffic load and dispersion-modeled NRAP during pregnancy, adjusted for covariates. Non-freeway 

NRAP was analyzed using quintile distribution due to nonlinear associations with ASD.

Exposures: Average NRAP and traffic load exposure during pregnancy at maternal residential 

addresses.

Main Outcomes: Clinical diagnosis of ASD.

Results: A total of 6,291 children (5,114 boys, 1,177 girls) were diagnosed with ASD. The 

risk of ASD was associated with pregnancy-average exposure to total NRAP [HR(95% CI): 

1.03(1.00,1.05) per 5 ppb increase in dispersion-modeled NOx] and to non-freeway NRAP 

[HR(95% CI) comparing the highest to the lowest quintile: 1.19(1.11, 1.27)]. Total NRAP had 

a stronger association in boys than in girls, but the association with non-freeway NRAP did not 

differ by sex. The association of freeway NRAP with ASD risk was not statistically significant. 

Non-freeway traffic load exposure demonstrated associations with ASD consistent with those of 

NRAP and ASD.

Conclusions: In utero exposure to near-roadway air pollution, particularly from non-freeway 

sources, may increase ASD risk in children.
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Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental syndrome characterized by 

impaired communication, social behavior, and sensory processing[1]. ASD etiology is 

likely multifactorial, including genetic, perinatal and environmental influences [2–4]. One 

emerging area of ASD etiologic research concerns in utero air pollution exposure.

Several studies have demonstrated associations between ASD and in utero regional air 

pollution exposures, especially particulate matter ≤ 2.5 µm in aerodynamic diameter (PM2.5)

[5–8], but also particulate matter ≤ 10 µm (PM10)[8], ozone (O3)[5, 9], and nitrogen dioxide 

(NO2)[10] [11]. Although biological mechanisms underlying air pollution exposure and 

ASD risk remain unclear, some studies have demonstrated stronger relationships between 

PM2.5 and ASD diagnosis in boys than in girls[12, 13] and in males in mouse studies of 

PM2.5 and ultrafine particles (UFP)[6, 14].

Despite evidence that regional air pollution affects child neurodevelopment, fewer studies 

have investigated associations between in utero exposure to near-roadway air pollution 

(NRAP) and ASD diagnosis. Some epidemiological studies have examined associations with 

air pollution from vehicular sources, and effects have not been consistent [5, 13, 15–18]. 

These have often mixed effects of NRAP with those of primary traffic-related pollution 

at larger spatial scale. Elemental carbon, nitrogen dioxide (NO2) and oxides of nitrogen 

(NOx) using land use regression models, for example, are sometimes used interchangeably 

as markers for pollution with vehicular sources and as surrogates for the near-roadway 

mixture. Models of residential exposure to these pollutants generally will not estimate well 

concentrations of the dynamic mixture of pollutants in fresh tailpipe exhaust, because the 

estimates include the near-roadway plus the urban background concentrations. The urban 

background pollutant mixtures can be chemically and physically very different than fresh 

tailpipe mixture [19–21], which declines nearly to background levels within 300m of the 

roadway[22]. NRAP is better estimated from roadway dispersion models that capture the 

steep near-roadway gradient in pollutants, often incorporating measures of traffic volume, 

vehicle emissions, and meteorological data [23, 24]. Limited research has found ASD 

associations with NRAP exposure, based on proximity to major vehicular corridors[25] and 

dispersion models of exposure with steep gradients from nearby roadways[11].

The purpose of this study is to examine the association of in utero residential NRAP 

exposure with risk of ASD in children and potential sexual dimorphism of these 

relationships. Some studies of other health outcomes found different associations with 

exposure to NRAP from traffic on freeways, where heavy duty vehicles powered by diesel 

fuel are common, and with exposure to NRAP from arterial and local streets, which in the 

USA are in general almost exclusively vehicles powered by gasoline[24–29].

Therefore, we have distinguished freeway from nonfreeway NRAP. As a secondary analysis 

we examined associations of residential traffic load with risk of ASD to see if results were 

consistent.
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Materials and Methods

Study Population

This population-based retrospective birth cohort study included mother-child pairs of 

singleton deliveries at Kaiser Permanente Southern California (KPSC) hospitals between 

January 1, 2001 and December 31, 2014. KPSC is a large integrated healthcare system 

currently with over 4.5 million members across Southern California, which is approximately 

20% of the entire population of the region (eFigure 1). KPSC membership is diverse 

and similar in socioeconomic characteristics to the region’s census demographics[30]. 

Maternal sociodemographic, pregnancy health information, and residential address history 

were extracted from KPSC’s integrated electronic medical records (EMR) system. Children 

were followed from birth through EMR until: clinical diagnosis of ASD, no longer a KPSC 

health plan member, death, or December 31, 2019, whichever came first. Maternal addresses 

during pregnancy were geocoded using ArcGIS [31]. Derivation and description of study 

sample is shown in eFigure 2 and accompanying Supplemental Material. The final analysis 

dataset included 314,391 mother-child pairs. This study received approval from the KPSC 

and University of Southern California Institutional Review Boards, with waiver of individual 

subject consent.

ASD

ASD diagnosis was established based on corresponding International Classification of 

Diseases codes on at least two occasions in the EMR, as described previously and in 

Supplemental Material, an approach previously shown to have positive predictive value of 

88%[12, 32–34].

NRAP exposure assessment

The exposure assessment approach is designed to characterize the population’s pregnancy-

average exposure to fresh emissions from local traffic, rather than from transported primary 

traffic-related air pollution. The California line-source dispersion model (CALINE4) was 

applied to estimate monthly average concentrations of NOx from local vehicle emissions 

at residential addresses[35]. In this application, the model provides point estimates, rather 

than grid average estimates, of concentration at the geometric center of each residential 

parcel, which helps distinguish the spatial gradients in the near-road environment. Changes 

of subject locations during pregnancy were accounted for by time-weighting their exposures. 

Numerous observation studies indicate the components of traffic-related air pollution are 

a complex mixture of highly correlated gases and particles[36, 37]. Fresh vehicle NOx 

emissions were selected as a surrogate for this traffic mixture because NOx is ubiquitous 

in NRAP mixtures and the vehicle emission factor model employed for this study, CARB’s 

EMFAC2017, is more accurate for NOx than PM emissions. It is not possible to distinguish 

the effects of these highly correlated markers of the near-roadway mixture, which is referred 

to as NRAP for brevity. The CALINE4-modeled NRAP declines nearly to background 

within 300 meters from roadways, with the steepest gradients within 75m of the source. 

Therefore, the estimate, expressed in ppb of NOx, was just the incremental NRAP 

contribution to the background NOx concentrations.
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Estimates at maternal address were further categorized as contributions of “freeway NRAP” 

for emission from freeways and highways and “non-freeway NRAP” for emission from 

arterials, collectors, and local roads. Total NRAP estimates were the sum of these estimates. 

Vehicle emission factors were calculated annually for each roadway link based on the 

Streetlytics’ volumes and speeds, and heavy-duty truck portion of volume, providing more 

accurate and complete data for moderate and smaller roads than traditional traffic data 

sources[38]. Wind speeds and directions were obtained from NOAA/NCEP’s Real-Time 

Mesoscale Analysis model, a high-spatial (5×5 km) and temporal (1-hour) resolution 

analysis/assimilation system for near-surface weather conditions[39].

Traffic Load Data

Residential traffic load during pregnancy was assigned as an additional near-road traffic 

exposure metric that does not depend on meteorology or vehicle emission factors. Traffic 

load was defined as vehicle kilometers travelled per day within 150-and 300-meter circular 

buffers around each residential address. This indirect measure of exposure incorporates 

proximity to roadways and traffic volume. The distances from residences to the nearest 

freeways, highways, and other roads were computed using GIS tools to assess proximity. 

Additional description of traffic load is in the Supplemental Material.

Covariates

Covariates were selected a priori based on their known association with ASD in prior 

studies[32, 40] and included maternal age, parity, self-reported education and race/ethnicity, 

smoking behavior in pregnancy, comorbidity history (≥=1 diagnosis of heart, lung, kidney, 

liver disease, or cancer). Further adjustments were made for maternal pre-pregnancy 

diabetes mellitus and obesity (BMI ≥ 30kg/m2), as both were shown to be risk factors 

for ASD in a subset of our study cohort[32]. Exploratory analyses demonstrated that 

average NRAP NOx levels decreased over the study years, as would be expected based 

on California’s emission control policies[41] (eFigure 3). There were known temporal trends 

of increasing ASD prevalence over the same period[12], so models adjusted for birth year as 

a potential confounder. Birth year was modelled both as a linear and non-linear relationship, 

and the non-linear model was chosen based on Akaike Information Criterion (AIC). Cox 

proportional hazard models with a penalized spline on the birth year term were utilized. 

Additional adjustment was made for confounding by season of conception and KPSC birth 

medical center, to control for potential geographic variation in ASD rates. The thirteen 

medical centers ranged in location from San Diego in the south to Panorama City in the 

north and from West Los Angeles to Ontario, Fontana, and Riverside in the east. The 

distance between nearest medical centers ranges from 10 to 111 km. Further adjustment for 

income was based on Census tract-level household income at child’s first birthday.

We have previously reported associations of ASD with particulate matter < 2.5 microns in 

aerodynamic diameter (PM2.5) in this cohort[12]. Therefore, we estimated PM2.5 exposure 

to assess confounding of ASD associations with NRAP. PM2.5 exposure assignments were 

derived from the Di et al (2019) gridded model, described in Rahman et al (2021)[42].
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Statistical analyses

Associations of in utero NRAP exposure and of roadway traffic load with risk of ASD 

were examined using Cox regression models in which the time variable was follow-up 

from one year of age. Associations were quantified using hazard ratios (HRs) with 95% 

confidence intervals (95% CI). Linearity of associations between total, freeway, and non-

freeway NRAP estimates and risk of ASD was examined using general additive Cox models 

with a smoothing spline. No significant deviations from linearity were found for total and 

freeway NRAP. However, there was significant non-linear association with non-freeway 

NRAP (p=0.001). Therefore, analyses were conducted treating freeway and total NRAP as 

continuous variables with linear associations. Non-freeway NRAP was categorized based 

on quintiles of CALINE4-modeled non-freeway NOx. Similar analytical approaches were 

applied for traffic load. The quintiles for non-freeway NRAP were Quintile 1: ≤0.89 

ppb CALINE NOx, Quintile 2: 0.89–1.66 ppb, Quintile 3: 1.66–2.51 ppb, Quintile 4: 

2.51–3.80 ppb, and Quintile 5: >3.80 ppb for full quintile analyses, and Quintiles 1–4: 

≤3.80 ppb CALINE NOx and Quintile 5: >3.80 ppb in dichotomous NRAP models. 

Traffic load quintiles were defined as Quintile 1: ≤0.76 vehicle-1000km/day, Quintile 2: 

0.76–1.42 vehicle-1000km/day, Quintile 3: 1.42–2.90 vehicle-1000km/day, Quintile 4: 2.90–

5.99 vehicle-1000km/day, and Quintile 5: 5.99–139.0 vehicle-1000km/day for 150m buffer 

models, and Quintile 1: ≤4.64 vehicle-1000km/day, Quintile 2: 4.64–9.0 vehicle-1000km/

day, Quintile 3: 9.0–15.2 vehicle-1000km/day, Quintile 4: 15.2–26.0 vehicle-1000km/day, 

and Quintile 5: 26.0–290.0 vehicle-1000km/day for 300m buffer models.

In all models, birth year, season of conception, KPSC medical centers, maternal age, 

parity, self-reported education and race/ethnicity, tract-level household income at child’s 

first birthday, history of comorbidity, smoking in pregnancy, pre-pregnancy obesity status 

and diabetes status, and child’s sex were considered as covariates. To assess potential sexual 

dimorphism, we tested for interactions of exposure with child’s sex and presented sex-

stratified results. Since average pregnancy exposure to regional PM2.5 has been associated 

with increased ASD risk and the risk was larger in boys [12, 43, 44], we assessed whether 

the NRAP association with ASD risk was independent of the pregnancy-average PM2.5 

exposure in the sex-stratified models.

Statistical significance was set at p<0.05. All statistical analyses were performed in R 

(version 3.6).

Results

Participant demographics are displayed in Table 1. Over the course of follow-up (median 

boys: 9.0 years; median girls: 9.1 years), 6,267 children (2.0%) were diagnosed with ASD; 

boys were >4 times more likely to be diagnosed than girls [boys: 5,114; girls: 1,177]. 

Children with ASD were more likely to have older, nulliparous mothers with maternal 

comorbidities, pre-pregnancy diabetes, and pre-pregnancy obesity than children without 

ASD. Greater proportions of children with ASD had mothers reporting Asian/Pacific Island 

and non-Hispanic Black ethnicity and college or higher educational qualifications.
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Levels of NRAP expressed as CALINE4 NOx decreased every year over the study period 

from each source (eFigure 3). Median estimated pregnancy NOx exposure (based on 

maternal residence) was 4.6 ppb (IQR=2.5–7.5 ppb) for total NRAP, 2.0 ppb (IQR=0.8–4.0 

ppb) for freeway NRAP, and 2.1 ppb (IQR=1.1–3.4 ppb) for non-freeway NRAP. Total, 

freeway, and non-freeway NRAP exposure levels were all significantly higher (all p<0.005) 

for children with ASD diagnoses than for children without ASD.

Total NRAP exposure was associated with child’s ASD (HR of 1.03, 95% CI (1.00, 1.05) 

per 5 ppb increase in CALINE4 NOx) and was almost statistically significant (p=0.06; Table 

2). Freeway NRAP was not associated with ASD risk [HR (95% CI): 1.01 (0.98, 1.04) per 

5 ppb, p=0.52]. Non-freeway NRAP exposure during pregnancy in the highest exposure 

quintile was associated with child’s ASD risk [HR (95% CI): CI 1.20 (1.08, 1.34)] compared 

to the lowest quintile of non-freeway NOx exposure. In contrast, children born to mothers 

living in areas with non-freeway NRAP in the 2nd −4th quintiles had no greater risk of 

ASD than children with the lowest quintile non-freeway NOx exposure. The HR (95% CI) 

of ASD risk comparing the highest quintile of non-freeway NRAP exposure to the combined 

lower 4 quintiles was 1.19 (1.11, 1.27).

Total NRAP association with ASD was modified by sex (interaction p=0.01); Table 3. 

After adjustment for PM2.5, total in utero NRAP exposure remained associated with ASD 

diagnosis in boys [before adjustment for PM2.5: HR (95% CI): 1.04 (1.01, 1.07); after 

adjustment: HR (95% CI): 1.04 (1.00, 1.06)]. (Correlations of regional PM2.5 with freeway 

and non-freeway NRAP were 0.21 and 0.43, respectively). Total NRAP exposure was not 

associated with ASD in girls. Freeway NRAP was not associated with ASD in either boys 

or girls. The association between non-freeway NRAP and ASD did not differ between boys 

and girls. Exposure to the top quintile of non-freeway NRAP, compared with the lower 4 

quintiles, was significantly associated with risk of ASD in both boys and girls and was 

robust to adjustment for PM2.5 exposure [boys: HR (95% CI): 1.18 (1.09, 1.27), p<0.001; 

girls: HR (95% CI): 1.23 (1.04, 1.46), p=0.01].

The median (IQR) residential non-freeway traffic loads per day were 2.04 vehicle-1000km 

(0.87, 3.89)] within 150m and 11.78 (5.6, 22.50) within 300m; only 6% of the cohort 

members had freeway traffic load within 150-meters and 13% had no freeway traffic load 

within 300 meters. Thus, analysis was conducted for nonfreeway traffic load only. Within 

a 150m buffer, ASD diagnosis was associated with in utero traffic load exposure in the 

top 20% (Quintile 5: 5.99–139.0 vehicle-1000km/day) compared to those in the lower four 

exposure quintiles [HR: 1.14 (1.05, 1.24)]. In a 300m buffer, those living in the third [HR: 

1.10 (1.01, 1.20); p=0.03], fourth [HR: 1.10 (1.01, 1.20); p=0.03], and fifth [HR: 1.13 (1.05, 

1.26); p<0.01] non-freeway traffic load exposure quintiles had higher risk of ASD diagnosis 

than those living in the lowest quintile (Table 4). No significant sex interactions were found 

for non-freeway traffic load (eTable 1).

Discussion:

Data from this large birth cohort from Southern California suggest that the complex mixture 

of pollutants comprising NRAP has effects that are independent of regional PM2.5, for which 
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there is emerging evidence of a causal relationship with ASD[8]. Other novel findings of this 

study include strong ASD associations with dispersion-modeled NRAP from non-freeway 

sources. The results from secondary analyses of traffic load associations with ASD, to assess 

consistency of the two approaches to NRAP, were supportive of the dispersion-modeled 

results; ASD was associated with near-roadway non-freeway traffic load.

Pollutants in the NRAP mixture that might cause ASD include ultrafine particles (UFP) and 

associated high particle number concentrations with steep spatial gradients from on-road 

vehicular sources[22]. UFP are found in blood after inhalation[45]. Exposure has been 

linked to increased inflammation and pro-inflammatory cytokines[46–49]. Higher levels of 

oxidative stress and inflammation have been reported in people with ASD[50]. Animal 

studies have found that in utero exposure to UFP can cause neurodevelopmental damage and 

behaviors suggestive of ASD[51]. Thus, our findings are biologically plausible. However, 

NRAP is a complex mixture of many chemicals, in addition to UFP. Other studies have 

shown that offspring of rats exposed to traffic emissions near vehicular tunnels had delayed 

growth and impaired social behavior[52], and neurodevelopmental dysfunction[53].

A previous California study found association of ASD diagnoses with in utero CALINE4 

dispersion-modeled exposure to total NRAP, which was specific to the highest quartile 

of exposure [11]. Some other studies have examined associations of ASD with dispersion-

modeled NO2 exposure or dispersion models in combination with land use regression 

to estimate NO2 or NOx and results have not been consistent [13, 17, 54]. However, 

as implemented, these models did not distinguish the near-roadway component of these 

pollutants from the contribution from primary traffic pollution at larger spatial scales 

and in some cases oxides of nitrogen from other sources beside traffic. The CALINE4 

modeling approach estimated exclusively exposure to the near-roadway mixture, rather 

than a combination of NRAP, transported primary traffic pollution and secondary regional 

contributions to NO2 and NOx.

Because ASD primarily affects boys, sexually dimorphic effects may provide clues to 

reasons for this difference and to potential avenues for prevention. Studies of UFP found 

male sex-specific effects on neuropathological and behavioral phenotypes found in ASD in 

mice[55], and in a few human studies larger regional PM2.5 associations with ASD have 

been observed in boys than in girls, including in a subset of this cohort[12]. In the current 

study, total in utero NRAP exposure was more strongly associated with ASD diagnosis in 

boys, and larger effects of freeway NRAP were observed for boys than girls. However, 

non-freeway NRAP had similar associations with ASD in boys and girls. To our knowledge, 

this is the first study to examine effects of NRAP from different roadway types on ASD; 

further investigation of sexually dimorphic effects is needed.

The vehicular fleet on non-freeway roads in Southern California is almost exclusively 

fueled with gasoline, and the diesel-fueled contribution to NRAP comes from freeways 

[24]. Therefore, the observed associations of ASD with dispersion-modeled NRAP are not 

plausibly produced by diesel exhaust. Gasoline exhaust effects are little studied, and an 

important implication of our results is that gasoline exhaust merits further toxicological 

investigation. Prior studies from Southern California have also reported stronger non-
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freeway NRAP associations with BMI[26, 27] and other outcomes[56]. Thus, an important 

implication of our results is that gasoline exhaust merits further toxicological investigation.

Possible reasons for the absence of freeway dispersion-modeled NRAP associations with 

ASD are the steep spatial gradient of the NRAP mixture and the typically shorter distance of 

residences from non-freeway roadways compared with freeways. Differences in the pollutant 

mixture near fast moving freeway vehicles compared with stop-and-go traffic and cold starts 

more common on secondary roadways may also explain these differences in effect estimates. 

Brake dust and metals produced in stop-and-go traffic typical of non-freeway roads are 

highly toxic in cellular systems[57]. Residential distribution around freeways in Southern 

California may differ from other places; thus, our results may not be generalizable to other 

places. The absence of dispersion-modeled freeway NRAP effects should be interpreted 

with caution because a relatively small proportion of participants lived within 300m of 

a freeway. In contrast, virtually all subject’s residences were located within 300m of an 

arterial, collector, or local road. Rapid dispersion and changes in the particle size distribution 

and chemical composition occur within this 300m zone that transforms the fresh emissions 

to more typical urban mixtures[58]. Studies have identified associations of other outcomes 

with freeway NRAP[24, 29].

Strengths and limitations

A large, diverse cohort provided longitudinal health and residential data for mother-child 

pairs across Southern California and relevant confounders, available in the EMR. The KPSC 

cohort is representative of the study population, and therefore, results can be generalized to 

Southern California. The results may not be generalizable to other cities and countries, 

for example to European cities where the passenger vehicle fleet has a much larger 

proportion of diesel-fueled vehicles. While information about individual vehicle type was 

not available in traffic load measurements, our use of novel telematic traffic data, linking 

traffic count, vehicle GIS, travel demand model, and cell phone information, provided 

more accurate and complete information for moderate and smaller roads. The generally 

consistent associations of ASD with little-studied dispersion-modeled NRAP and traffic 

load from non-freeway roads strengthens the inference that the NRAP mixture can have 

adverse effects on child neurodevelopment. The study did not consider sensitive exposure 

windows during pregnancy. However, the exposure estimates were monthly aggregates and 

pregnancy trimester estimates were highly correlated with the pregnancy-average estimates 

(R=0.8–0.9 for freeway, non-freeway, and total dispersion-modeled NRAP). Therefore, the 

use of average exposures across the nine months of pregnancy are appropriate.

Conclusion

In utero exposure to NRAP from non-freeway roadways was associated with increased 

risk of ASD diagnosis in this large, representative retrospective birth cohort study. NRAP 

effects on ASD and gasoline-fueled emissions characteristic of non-freeway roads merit 

further toxicological study. Sexual dimorphism of total NRAP effects also warrants further 

investigation.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements:

The authors thank KPSC patients for helping us improve care using information collected via our electronic health 
record systems.

Funding: This study was supported by National Institutes of Environmental Health Sciences (R01 ES029963 
(Xiang, McConnell); R56ES028121 (Xiang); P30ES007048 (McConnell), and by Kaiser Permanente Southern 
California Direct Community Benefit Funds. Joel Schwartz was supported by EPA grant RD-835872. The funding 
agencies had no role in the design of the study, the analysis or interpretation of data, or the preparation or approval 
of the manuscript.

References

1. Maenner MJ, et al. , Prevalence of Autism Spectrum Disorder Among Children Aged 8 Years 
- Autism and Developmental Disabilities Monitoring Network, 11 Sites, United States, 2016. 
MMWR Surveill Summ, 2020. 69(4): p. 1–12.

2. Hallmayer J, et al. , Genetic heritability and shared environmental factors among twin pairs with 
autism. Arch Gen Psychiatry, 2011. 68(11): p. 1095–102. [PubMed: 21727249] 

3. Wang C, et al. , Prenatal, perinatal, and postnatal factors associated with autism: A meta-analysis. 
Medicine (Baltimore), 2017. 96(18): p. e6696. [PubMed: 28471964] 

4. Geschwind DH, Genetics of autism spectrum disorders. Trends Cogn Sci, 2011. 15(9): p. 409–16. 
[PubMed: 21855394] 

5. Becerra TA, et al. , Ambient air pollution and autism in Los Angeles county, California. Environ 
Health Perspect, 2013. 121(3): p. 380–6. [PubMed: 23249813] 

6. Church JS, et al. , Perinatal exposure to concentrated ambient particulates results in autism-like 
behavioral deficits in adult mice. Neurotoxicology, 2018. 65: p. 231–240. [PubMed: 29104007] 

7. Chun H, et al. , Maternal exposure to air pollution and risk of autism in children: A systematic 
review and meta-analysis. Environ Pollut, 2020. 256: p. 113307. [PubMed: 31733973] 

8. Lam J, et al. , A Systematic Review and Meta-Analysis of Multiple Airborne Pollutants and Autism 
Spectrum Disorder. PLoS One, 2016. 11(9): p. e0161851. [PubMed: 27653281] 

9. Jung CR, Lin YT, and Hwang BF, Air pollution and newly diagnostic autism spectrum disorders: a 
population-based cohort study in Taiwan. PLoS One, 2013. 8(9): p. e75510. [PubMed: 24086549] 

10. Flores-Pajot MC, et al. , Childhood autism spectrum disorders and exposure to nitrogen dioxide, 
and particulate matter air pollution: A review and meta-analysis. Environ Res, 2016. 151: p. 763–
776. [PubMed: 27609410] 

11. Volk HE, et al. , Traffic-related air pollution, particulate matter, and autism. JAMA Psychiatry, 
2013. 70(1): p. 71–7. [PubMed: 23404082] 

12. Jo H, et al. , Sex-specific associations of autism spectrum disorder with residential air pollution 
exposure in a large Southern California pregnancy cohort. Environ Pollut, 2019. 254(Pt A): p. 
113010. [PubMed: 31554142] 

13. Pagalan L, et al. , Association of Prenatal Exposure to Air Pollution With Autism Spectrum 
Disorder. JAMA Pediatr, 2019. 173(1): p. 86–92. [PubMed: 30452514] 

14. Allen JL, et al. , Developmental exposure to concentrated ambient ultrafine particulate matter 
air pollution in mice results in persistent and sex-dependent behavioral neurotoxicity and glial 
activation. Toxicol Sci, 2014. 140(1): p. 160–78. [PubMed: 24690596] 

15. Gong T, et al. , Perinatal Exposure to Traffic-Related Air Pollution and Autism Spectrum 
Disorders. Environ Health Perspect, 2017. 125(1): p. 119–126. [PubMed: 27494442] 

16. Guxens M, et al. , Air Pollution Exposure during Pregnancy and Childhood Autistic Traits in Four 
European Population-Based Cohort Studies: The ESCAPE Project. Environ Health Perspect, 2016. 
124(1): p. 133–40. [PubMed: 26068947] 

Carter et al. Page 10

Environ Int. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



17. Raz R, et al. , Traffic-Related Air Pollution and Autism Spectrum Disorder: A Population-Based 
Nested Case-Control Study in Israel. Am J Epidemiol, 2018. 187(4): p. 717–725. [PubMed: 
29020136] 

18. Ritz B, et al. , Air pollution and Autism in Denmark. Environ Epidemiol, 2018. 2(4).

19. Boogaard H, et al. , Contrasts in oxidative potential and other particulate matter characteristics 
collected near major streets and background locations. Environ Health Perspect, 2012. 120(2): p. 
185–91. [PubMed: 22015682] 

20. Janssen NA, et al. , Oxidative potential of particulate matter collected at sites with different source 
characteristics. Sci Total Environ, 2014. 472: p. 572–81. [PubMed: 24317165] 

21. Cho AK, et al. , Redox activity of airborne particulate matter at different sites in the Los Angeles 
Basin. Environ Res, 2005. 99(1): p. 40–7. [PubMed: 16053926] 

22. Zhu Y, et al. , Concentration and size distribution of ultrafine particles near a major highway. J Air 
Waste Manag Assoc, 2002. 52(9): p. 1032–42. [PubMed: 12269664] 

23. Benson PE, CALINE4 - a dispersion model for predicting air pollutant concentrations near 
roadways 1984, California Department of Transportation, Office of Transportation Laboratory: 
Sacramento, California.

24. Kim JS, et al. , Longitudinal associations of in utero and early life near-roadway air pollution 
with trajectories of childhood body mass index. Environ Health, 2018. 17(1): p. 64. [PubMed: 
30213262] 

25. Volk HE, et al. , Residential proximity to freeways and autism in the CHARGE study. Environ 
Health Perspect, 2011. 119(6): p. 873–7. [PubMed: 21156395] 

26. Jerrett M, et al. , Traffic-related air pollution and obesity formation in children: a longitudinal, 
multilevel analysis. Environ Health, 2014. 13: p. 49. [PubMed: 24913018] 

27. McConnell R, et al. , A longitudinal cohort study of body mass index and childhood exposure 
to secondhand tobacco smoke and air pollution: the Southern California Children’s Health Study. 
Environ Health Perspect, 2015. 123(4): p. 360–6. [PubMed: 25389275] 

28. Chen Z, et al. , Regional and traffic-related air pollutants are associated with higher consumption 
of fast food and trans fat among adolescents. Am J Clin Nutr, 2019. 109(1): p. 99–108. [PubMed: 
30596809] 

29. Chen Z, et al. , Near-roadway air pollution exposure and altered fatty acid oxidation among 
adolescents and young adults - The interplay with obesity. Environ Int, 2019. 130: p. 104935. 
[PubMed: 31238265] 

30. Koebnick C, et al. , Sociodemographic characteristics of members of a large, integrated health care 
system: comparison with US Census Bureau data. Perm J, 2012. 16(3): p. 37–41.

31. Desktop A The geocoding process 2020 [cited 2021 May 13, 2021]; Available from: https://
desktop.arcgis.com/en/arcmap/latest/manage-data/geocoding/the-geocoding-process.htm.

32. Xiang AH, et al. , Association of maternal diabetes with autism in offspring. JAMA, 2015. 
313(14): p. 1425–34. [PubMed: 25871668] 

33. Xiang AH, et al. , Maternal Type 1 Diabetes and Risk of Autism in Offspring. JAMA, 2018. 
320(1): p. 89–91. [PubMed: 29936530] 

34. Coleman KJ, et al. , Validation of Autism Spectrum Disorder Diagnoses in Large Healthcare 
Systems with Electronic Medical Records. J Autism Dev Disord, 2015. 45(7): p. 1989–96. 
[PubMed: 25641003] 

35. Benson PE, A review of the development and application of the CALINE3 and 4 models. 
Atmospheric Environment. Part B. Urban Atmosphere, 1992. 26(3): p. 379–390.

36. Patton AP, et al. , Spatial and temporal differences in traffic-related air pollution in three 
urban neighborhoods near an interstate highway. Atmos Environ (1994), 2014. 99: p. 309–321. 
[PubMed: 25364295] 

37. Wren SN LJ, Han Y, Hayden K, Lu G, Mihele CM, Mittermeier RL, Stroud C, Wentzell JJB, 
Brook JR, Elucidating real-world vehicle emission factors from mobile measurements over a large 
metropolitan region: a focus on isocyanic acid, hydrogen cyanide, and black carbon. Atmospheric 
Chemistry and Physics, 2018. 18(23): p. 16979–17001.

38. CalTrans, Traffic Volumes: Annual Average Daily Traffic (AADT) . 2019a.

Carter et al. Page 11

Environ Int. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://desktop.arcgis.com/en/arcmap/latest/manage-data/geocoding/the-geocoding-process.htm
https://desktop.arcgis.com/en/arcmap/latest/manage-data/geocoding/the-geocoding-process.htm


39. Protection, N.C.f.E 4 21, 2021]; Available from: https://nomads.ncep.noaa.gov/txt_descriptions/
RTMA_doc.shtml.

40. Jo H, et al. , Associations of gestational diabetes mellitus with residential air pollution exposure 
in a large Southern California pregnancy cohort. Environ Int, 2019. 130: p. 104933. [PubMed: 
31234004] 

41. Lurmann F, Avol E, and Gilliland F, Emissions reduction policies and recent trends in Southern 
California’s ambient air quality. J Air Waste Manag Assoc, 2015. 65(3): p. 324–35. [PubMed: 
25947128] 

42. Di Q, et al. , An ensemble-based model of PM2.5 concentration across the contiguous United 
States with high spatiotemporal resolution. Environ Int, 2019. 130: p. 104909. [PubMed: 
31272018] 

43. Clougherty JE, A growing role for gender analysis in air pollution epidemiology. Cien Saude Colet, 
2011. 16(4): p. 2221–38. [PubMed: 21584463] 

44. Hsu HH, et al. , Prenatal Particulate Air Pollution and Asthma Onset in Urban Children. 
Identifying Sensitive Windows and Sex Differences. Am J Respir Crit Care Med, 2015. 192(9): p. 
1052–9. [PubMed: 26176842] 

45. Lucchini RG, et al. , Neurological impacts from inhalation of pollutants and the nose-brain 
connection. Neurotoxicology, 2012. 33(4): p. 838–41. [PubMed: 22178536] 

46. Wei Y, et al. , Chronic exposure to air pollution particles increases the risk of obesity and metabolic 
syndrome: findings from a natural experiment in Beijing. FASEB J, 2016. 30(6): p. 2115–22. 
[PubMed: 26891735] 

47. Saghazadeh A, et al. , A meta-analysis of pro-inflammatory cytokines in autism spectrum 
disorders: Effects of age, gender, and latitude. J Psychiatr Res, 2019. 115: p. 90–102. [PubMed: 
31125917] 

48. Campbell A, et al. , Particulate matter induced enhancement of inflammatory markers in the brains 
of apolipoprotein E knockout mice. J Nanosci Nanotechnol, 2009. 9(8): p. 5099–104. [PubMed: 
19928188] 

49. Kleinman MT, et al. , Inhaled ultrafine particulate matter affects CNS inflammatory processes and 
may act via MAP kinase signaling pathways. Toxicol Lett, 2008. 178(2): p. 127–30. [PubMed: 
18420360] 

50. Pardo CA, Vargas DL, and Zimmerman AW, Immunity, neuroglia and neuroinflammation in 
autism. Int Rev Psychiatry, 2005. 17(6): p. 485–95. [PubMed: 16401547] 

51. Allen JL, et al. , Developmental neurotoxicity of inhaled ambient ultrafine particle air pollution: 
Parallels with neuropathological and behavioral features of autism and other neurodevelopmental 
disorders. Neurotoxicology, 2017. 59: p. 140–154. [PubMed: 26721665] 

52. Berg EL, et al. , Developmental exposure to near roadway pollution produces behavioral 
phenotypes relevant to neurodevelopmental disorders in juvenile rats. Transl Psychiatry, 2020. 
10(1): p. 289. [PubMed: 32807767] 

53. Patten KT, et al. , Effects of early life exposure to traffic-related air pollution on brain development 
in juvenile Sprague-Dawley rats. Transl Psychiatry, 2020. 10(1): p. 166. [PubMed: 32483143] 

54. Oudin A, et al. , Prenatal exposure to air pollution as a potential risk factor for autism and ADHD. 
Environ Int, 2019. 133(Pt A): p. 105149. [PubMed: 31629172] 

55. Allen JL, et al. , Developmental exposure to concentrated ambient particles and preference for 
immediate reward in mice. Environ Health Perspect, 2013. 121(1): p. 32–8. [PubMed: 23063827] 

56. Urman R, et al. , Risk Effects of near-Roadway Pollutants and Asthma Status on Bronchitic 
Symptoms in Children. Environ Epidemiol, 2018. 2(2).

57. Selley L, et al. , Brake dust exposure exacerbates inflammation and transiently compromises 
phagocytosis in macrophages. Metallomics, 2020. 12(3): p. 371–386. [PubMed: 31915771] 

58. Lurmann F, B.S., McCarthy M, Eisinger D, and Roberts P, Processes influencing ambient 
concentrations near roadways Air & Waste Management’s EM, 2013. 18–23, July.

Carter et al. Page 12

Environ Int. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://nomads.ncep.noaa.gov/txt_descriptions/RTMA_doc.shtml
https://nomads.ncep.noaa.gov/txt_descriptions/RTMA_doc.shtml


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Carter et al. Page 13

Table 1:

Cohort characteristics and comparison between children without and with ASD*

Overall (n= 314,391) No ASD (n= 308,124) ASD (n= 6,267)

Child, N (%)

Male 161,800 (51.2%) 156,686 (50.6%) 5,114 (81.3%)

Female 154,317 (48.8%) 153,140 (49.4%) 1,177 (18.7%)

 

Maternal age (yrs), Mean(SD) 30.2 (5.8) 30.2 (5.8) 31.2 (5.7)

 

Parity, N (%)

0 110,468 (35.1%) 107,850 (35.0%) 2,618 (41.8%)

1 103,291 (32.9%) 101,280 (32.9%) 2,011 (32.1%)

2 or more 82,893 (26.4%) 81,639 (26.5%) 1,254 (20.0%)

Unknown 17,739 (5.6%) 17,355 (5.6%) 384 (6.1%)

 

Maternal educational qualifications, N (%)

High School or Less 110,126 (35.0%) 108,257 (35.1%) 1,869 (29.8%)

Some College 93,194 (29.6%) 91,181 (29.6%) 2,013 (32.1%)

College graduate or higher 108,063 (34.4%) 105,724 (34.3%) 2,339 (37.3%)

Unknown 3,008 (1.0%) 2,962 (1.0%) 46 (0.7%)

 

Census tract household annual income 60,690.3 (25,707.2) 60,696.3 (25,703.9) 60,394.5 (25,868.6)

 

Maternal ethnicity, N (%)

Non-Hispanic white 79,938 (25.4%) 78,515 (25.5%) 1,423 (22.7%)

Non-Hispanic black 29,378 (9.3%) 28,747 (9.3%) 631 (10.1%)

Hispanic 158,897 (50.5%) 155,770 (50.6%) 3,127 (49.9%)

Other 6,450 (2.1%) 6,294 (2.0%) 156 (2.5%)

API 39,728 (12.6%) 38,798 (12.6%) 930 (14.8%)

 

Maternal comorbidity
1
, N (%)

Yes 46,066 (14.7%) 44,942 (14.6%) 1,124 (17.9%)

 

Smoking during pregnancy, N (%)

No 199,814 (63.6%) 195,586 (63.5%) 4,228 (67.5%)

Yes 6,706 (2.1%) 6,576 (2.1%) 130 (2.1%)

Unknown 107,871 (34.3%) 105,962 (34.4%) 1,909 (30.5%)

 

Pre-pregnancy diabetes diagnosis, N (%),
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Overall (n= 314,391) No ASD (n= 308,124) ASD (n= 6,267)

Yes 10,075 (3.2%) 9,747 (3.2%) 328 (5.2%)

 

Pre-pregnancy obesity (BMI ≥ 30kg/m2), N (%)

No 147,472 (46.9%) 144,616 (46.9%) 2,856 (45.6%)

Yes 52,485 (16.7%) 51,122 (16.6%) 1,363 (21.7%)

Unknown 114,434 (36.4%) 112,386 (36.5%) 2,048 (32.7%)

 

Total NRAP (as ppb CALINE NOx), Median (IQR) 4.6 (2.5, 7.5) 4.5 (2.5, 7.5) 4.8 (2.7, 7.8)

 

Freeway NRAP (as ppb CALINE NOx), Median (IQR) 2.0 (0.8, 4.0) 2.0 (0.8, 4.0) 2.1 (0.9, 4.1)

 

Non-freeway NRAP (as ppb CALINE NOx), Median (IQR) 2.1 (1.1, 3.4) 2.1 (1.1, 3.4) 2.2 (1.2, 3.6)

*
All tests for differences by ASD diagnosis were statistically significant (all p<0.005) except for household income (p=0.36)

1
Maternal comorbidity was defined as ≥=1 diagnosis of heart, lung, kidney, liver disease, or cancer.
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Table 2:

Associations between in utero total, freeway, and non-freeway NRAP exposure and risk of ASD in children
1

HR (95% CI) P-value

 

Total NRAP
2 1.03 (1.00, 1.05) 0.06

 

Freeway NRAP
2 1.01 (0.98, 1.04) 0.52

 

Non-freeway NRAP
3

<0.01
4

 Quintile 1 [Reference] Reference Reference

 Quintile 2 1.02 (0.94, 1.12)

 Quintile 3 0.99 (0.91, 1.09)

 Quintile 4 1.02 (0.93, 1.13)

 Quintile 5 1.20 (1.08, 1.34)

 

Non-freeway NRAP
5 p<0.01

Quintiles 1–4 [Reference] Reference Reference

Quintile 5 1.19 (1.11, 1.27)

1
Adjusted for birth year, medical center, maternal age, maternal ethnicity, maternal education, parity, history of comorbidity, income at age one, 

season of conception, pre-pregnancy diabetes mellitus, pre-pregnancy obesity, smoking in pregnancy, and child’s sex

2
Near-roadway air pollution (NRAP) scaled per 5 ppb CALINE NOx

3
Near-roadway air pollution (NRAP) reference category is Quintile 1 (≤0.89 ppb CALINE NOx); Quintile 2: 0.89–1.66 ppb; Quintile 3: 1.66–2.51 

ppb; Quintile 4: 2.51–3.80 ppb; Quintile 5: >3.80 ppb

4
4 degrees of freedom p-value for any association of non-freeway NRAP with ASD diagnosis

5
Near-roadway air pollution (NRAP) reference category is Quintiles 1–4 (≤3.80 ppb CALINE NOx); Quintile 5 (>3.80 ppb)
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Table 3:

Sex-stratified results for the associations between total, freeway, and non-freeway NRAP exposure during 

pregnancy and risk of ASD in children
1

Male Female

HR (95% CI) P-value HR (95% CI) P-value

Total NRAP
2
, (sex interaction p=0.01)

Unadjusted for PM2.5 1.04 (1.01, 1.07) 0.01 0.98 (0.91, 1.04) 0.46

Adjusted for PM2.5 1.04 (1.00, 1.06) 0.02 0.98 (0.92, 1.05) 0.55

Freeway NRAP
2
, (sex interaction p=0.08)

Unadjusted for PM2.5 1.02 (0.99, 1.05) 0.23 0.96 (0.89, 1.04) 0.37

Adjusted for PM2.5 1.02 (0.98, 1.05) 0.29 0.96 (0.89, 1.05) 0.42

Non-freeway NRAP
3
, (sex interaction p=0.37)

Unadjusted for PM2.5 1.18 (1.09, 1.28) <0.001 1.22 (1.03, 1.44) 0.02

Adjusted for PM2.5 1.18 (1.09, 1.27) <0.001 1.23 (1.04, 1.46) 0.01

1
Adjusted for birth year, medical center, maternal age, maternal ethnicity, maternal education, parity, history of comorbidity, income at age one, 

season of conception, pre-pregnancy diabetes mellitus, pre-pregnancy obesity, smoking in pregnancy, and child’s sex

2
Near-roadway air pollution (NRAP) scaled per 5 ppb CALINE NOx

3
Reference category is Quintiles 1–4
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Table 4:

Associations between non-freeway traffic load exposure during pregnancy and risk of ASD in children, by 

quintile
1

HR (95% CI) P-value

Non-freeway 150m 
2

Quintile 1 [Reference] Reference Reference

Quintile 2 1.00 (0.93, 1.10) 0.83

Quintile 3 1.02 (0.94, 1.11) 0.65

Quintile 4 1.08 (1.00, 1.18) 0.06

Quintile 5 1.14 (1.05, 1.24) 0.002

 

Non-freeway 300m 
3

Quintile 1 [Reference] Reference Reference

Quintile 2 1.06 (0.98, 1.16) 0.16

Quintile 3 1.10 (1.01, 1.20) 0.03

Quintile 4 1.10 (1.01, 1.20) 0.03

Quintile 5 1.13 (1.05, 1.26) <0.01

1
Adjusted for birth year, medical center, maternal age, maternal ethnicity, maternal education, parity, history of comorbidity, income at age one, 

season of conception, pre-pregnancy diabetes mellitus, pre-pregnancy obesity, smoking in pregnancy, and child’s sex

2
Traffic load reference category is Quintile 1 (≤0.76 vehicle-1000km/day); Quintile 2: 0.76–1.42 vehicle-1000km/day; Quintile 3: 1.42–2.90 

vehicle-1000km/day; Quintile 4: 2.90–5.99 vehicle-1000km/day; Quintile 5: 5.99–139.0 vehicle-1000km/day

3
Traffic load reference category is Quintile 1 (≤4.64 vehicle-1000km/day); Quintile 2: 4.64–9.0 vehicle-1000km/day; Quintile 3: 9.0–15.2 

vehicle-1000km/day; Quintile 4: 15.2–26.0 vehicle-1000km/day; Quintile 5: 26.0–290.0 vehicle-1000km/day
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