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Abstract

Background: Traffic-related air pollution exposure is associated with increased risk of autism
spectrum disorder (ASD). It is unknown whether carbonaceous material from vehicular tailpipe

emissions or redox-active non-tailpipe metals, eg. from tire and brake wear, are responsible.

We assessed ASD associations with fine particulate matter (PM, 5) tracers of tailpipe (elemental
carbon [EC] and organic carbon [OC]) and non-tailpipe (copper [Cu]; iron [Fe] and manganese

[Mn]) sources during pregnancy in a large cohort.

Methods: This retrospective cohort study included 318,750 children born in Kaiser Permanente
Southern California (KPSC) hospitals during 2001-2014, followed until age 5. ASD cases were
identified by ICD codes. Monthly estimates of PM, 5 and PM,, 5 constituents EC, OC, Cu, Fe,
and Mn with 4 km spatial resolution were obtained from a source-oriented chemical transport
model. These exposures and NO, were assigned to each maternal address during pregnancy, and
associations with ASD were assessed using Cox regression models adjusted for covariates. PM
constituent effect estimates were adjusted for PM, 5 and NO> to assess independent effects. To
distinguish ASD risk associated with non-tailpipe from tailpipe sources, the associations with Cu,
Fe, and Mn were adjusted for EC and OC, and vice versa.

Results: There were 4559 children diagnosed with ASD. In single-pollutant models, increased
ASD risk was associated with gestational exposures to tracers of both tailpipe and non-tailpipe
emissions. The ASD hazard ratios (HRs) per inter-quartile increment of exposure) for EC, OC,
Cu, Fe, and Mn were 1.11 (95% CI: 1.06-1.16), 1.09 (95% CI: 1.04-1.15), 1.09 (95% CI: 1.04—
1.13), 1.14 (95% CI: 1.09-1.20), and 1.17 (95% CI: 1.12-1.22), respectively. Estimated effects
of Cu, Fe, and Mn (reflecting non-tailpipe sources) were largely unchanged in two-pollutant
models adjusting for PM, 5, NO,, EC or OC. In contrast, ASD associations with EC and OC were
markedly attenuated by adjustment for non-tailpipe sources.

Conclusion: Results suggest that non-tailpipe emissions may contribute to ASD. Implications
are that reducing tailpipe emissions, especially from vehicles with internal combustion engines,
may not eliminate ASD associations with traffic-related air pollution.

Keywords
Autism; PM,, 5 constituents; Traffic air pollution; Tailpipe; Non-tailpipe

1. Introduction

Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder characterized
by varying degrees of repetitive and stereotyped behaviors, restricted interests, social and
communication impairments and sensory disturbances (Elsabbagh, 2020; Pagalan et al.,
2019; Xu et al., 2019; Zhang et al., 2010). ASD is a multifactorial condition with high
heritability. Early studies focused mainly on understanding the role of genetic risk factors
because of high heritability of ASD. However, the rapid increase in autism prevalence led
to study of other factors (CDC, 2021). There is growing evidence that environmental factors
may increase risk for ASD (Karimi et al., 2017).

Environ Int. Author manuscript; available in PMC 2023 February 21.
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PM, 5 (ambient particles with aerodynamic diameter < 2.5 um) may increase ASD risk,
based on epidemiological and toxicological studies (Chun et al., 2020; Costa et al., 2017).
In utero exposure to near-roadway air pollution, particularly from non-freeway sources, also
has been associated with risk of ASD (Carter et al., 2022; Volk et al., 2013, 2011).

Historically, vehicular emissions have been one of the most significant contributors to
particulate matter (PM) pollution in urban areas (Karagulian et al., 2015). Vehicles emit
primary particles directly to the atmosphere; they also emit a complex mixture of volatile
and semi-volatile gases that can react to form condensable products that contribute to
secondary particulate matter. Primary particle emissions can be classified as tailpipe or
non-tailpipe depending on the emissions source (Zhang et al., 2020). Non-tailpipe PM is
produced from brake, tire, and road wear (i.e., particles generated from road surface due to
the abrasion by vehicles tires) and the resuspension of road dust (Piscitello et al., 2021).
Emission standards for tailpipe particles from motor vehicles are increasingly stringent, but
non-tailpipe PM emissions are largely unregulated. As a result, the proportion of vehicular
PM emissions from non-tailpipe mechanisms has substantially increased in recent years

as exhaust emissions decrease, and this trend likely will accelerate with increasing use of
electric vehicles (Fussell et al., 2022; Timmers and Achten, 2016). Therefore, distinguishing
effects of tailpipe from non-tailpipe emissions may have important public health and
regulatory implications for ASD and other diseases associated with PM 5.

Emerging modeling tools in atmospheric chemistry are applicable to epidemiological
studies, as they allow predictions of spatial-temporal distributions of non-tailpipe particles
from brake and tire wear, and from re-suspended dust rich in trace metals, including copper
(Cu), iron (Fe), zinc (Zn), manganese (Mn), calcium (Ca), barium (Ba), titanium (Ti),
zirconium (Zr), antimony (Sb), and tin (Sn) (Charron et al., 2019; Zhang et al., 2020);
combustion of diesel and gasoline fuels emit tailpipe carbonaceous materials e.g., elemental
carbon (EC), and organic carbon (OC) (Habre et al., 2021; Platt et al., 2017). Toxicological
studies suggest that non-tailpipe emissions have the potential to induce inflammation and
oxidative stress (Fussell et al., 2022; Gerlofs-Nijland et al., 2019; Jeong et al., 2020),
pathways with a central role in the known adverse health effects of exposure to air pollution
(Leni et al., 2020). Tracers of tailpipe and of non-tailpipe emissions in ambient PM; 5 may
be correlated, which makes it difficult to identify an independent effect of non-tailpipe
particles.

We previously found that exposure to EC and OC, and to near-roadway air pollution, were
associated with increased ASD risk in a large retrospective pregnancy cohort (Carter et
al., 2022; Rahman et al., 2022a). We have now assessed whether ASD was associated
with tracers for non-tailpipe exposure and whether these associations were independent of
associations with PM, 5, near-roadway air pollution, and tailpipe emissions. Determining
whether tailpipe and non-tailpipe particles have independent associations with adverse
health outcomes may lead to more targeted regulation to better protect public health.

Environ Int. Author manuscript; available in PMC 2023 February 21.
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2. Materials and methods

2.1. Study population

The retrospective pregnancy cohort included mother—child pairs with singleton deliveries
between January 1, 2001, and December 31, 2014 at Kaiser Permanente Southern California
(KPSC) hospitals. KPSC is a large integrated healthcare system with over 4.5 million
members. KPSC membership is diverse and similar in socioeconomic characteristics to the
region’s census demographics (Koebnick et al., 2012). Maternal social and demographic
characteristics, pregnancy health information, and maternal residential address history
were extracted from KPSC’s well-established, integrated electronic medical records (EMR)
system. Maternal addresses during pregnancy were geocoded using ArcGIS, and geocodes
were assessed for exposure assignment suitability (ArcGIS, 2020). Addresses based only
on street name, 5-digit postal code, locality, or administrative unit were considered too
uncertain to be used for exposure assignments. Derivation of study sample size is shown in
Figure S1 in the supplement.

Singleton births with KPSC membership at age 1 (n = 370,723) were included in the
analytical data set. Children were routinely screened for potential ASD risk starting at age
18 months during regular well-child visits at KPSC. The median age of ASD diagnosis in
this cohort was 3.0 years (Table 1). Therefore, children were followed from birth through
EMR until clinical diagnosis of ASD, death, loss to follow-up or age 5, whichever came
first. Most ASD was diagnosed before age 5 [71.6 %]. A total of 51,973 births was excluded
due to missing sex, maternal race/ethnicity and age at delivery, implausible age of delivery
or birth weight (n = 666), maternal age at delivery (n = 159), and incomplete maternal
residential address history in pregnancy, or due to geocodes not suitable for exposure
assignment (n = 51,148). The final data analysis included 318,750 mother—child pairs with
complete data on residential estimates of PM> 5 composition exposures.

Both KPSC and University of Southern California Institutional Review Boards approved this
study with waiver of individual subject consent.

2.2. ASD ascertainment

Outcome measures were the presence or absence of an ASD diagnosis during the follow-up
period, identified by ICD- 9 codes 299.0, 299.1, 299.8, 299.9 for EMR records before
October 1, 2015 (date of KPSC implementation of ICD-10 codes) and subsequently ICD-10
codes F84.0, F84.3, F84.5, F84.8, F84.9. Codes from at least two separate visits were
required for a verified ASD diagnosis, as described in previous studies (Coleman et al.,
2015; Jo et al., 2019; Xiang et al., 2018, 2015).

2.3. Tailpipe and non-tailpipe air pollution exposure assessment

We have previously identified prenatal exposure to PM, 5 as a risk factor for ASD in this
cohort (Jo et al., 2019; Rahman et al., 2022b). For the current analysis we used exposure
fields for PM5 5 mass and chemical species generated by the UCD/CIT (University of
California Davis/California Institute of Technology) Source Oriented Chemical Transport
model (CTM). PM5 5 mass and five constituents of PM, 5 reflecting tailpipe and non-tailpipe

Environ Int. Author manuscript; available in PMC 2023 February 21.
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source were selected a priori based on the available data: EC and OC represent tailpipe
traffic emissions and Cu, Fe, and Mn represent non-tailpipe traffic emissions.

The UCD/CIT CTM uses meteorological fields generated by the Weather Research and
Forecast (WRF) model and geographically resolved emissions estimates from the California
Air Resources Board (CARB), the Global Fire Emissions Database (GFED), and the

Model of Emissions of Gases and Aerosols from Nature (MEGAN) to predict airborne

PM concentrations. The model calculations track the mass and number concentrations of
the PM constituents in particle diameters ranging from 0.01 to 10 um through calculations
that describe emissions, transport, diffusion, deposition, coagulation, gas- and particle phase
chemistry, and gas-to-particle conversion (Hu et al., 2014a, 2014b). The UCD/CIT model
was applied to estimate ground-level concentrations of 50 PM constituents over the major
population regions in California using a 4-km grid resolution for the period from 2000
through 2016 (Hu et al., 2014a, 2014b; Yu et al., 2019). Model predictions were saved at
hourly time resolution and averaged to longer times as needed. Predicted concentrations
were evaluated against ambient measurements at all available locations and times. Bias
corrections were applied using a regression model based on PM source contributions and
chemical composition. Good correlations between final predictions and measurements (r >
0.8) were demonstrated for many of the PM,, 5 species at most of the monitoring stations,
particularly for the monthly, seasonal, and annual averages. For example, modeled monthly
PM, 5 EC was correlated with measurements with 7= 0.94 (8 sites).

We previously examined the association of ASD diagnosis with prenatal NO, exposure in
this cohort. NO, was also included in this study as a marker of tailpipe emission, especially
to assess whether the association of ASD diagnosis with non-tailpipe emissions tracers were
independent of NO,. The NO, exposure model is described elsewhere in detail (Di et al.,
2020). Briefly, multiple predictor variables, including meteorological variables, land-use
variables, Moderate Resolution Imaging Spectroradiometer (MODIS) derived aerosol optical
depth (AOD) measurements, chemical transport model predictions, emission inventories,
and other variables were used to estimate daily 1-hr maximum NO> at a resolution of 1 km

x 1 km across the contiguous United States. The model had good performance with 10-fold
cross- validated R2 0.79.

Average exposures to EC, OC, Cu, Fe, and Mn, PM, 5 mass, and NO, were assigned to
maternal address during the entire pregnancy. Exposures were time-weighted to account for
changes of subject addresses during pregnancy.

2.4. Covariates

We selected covariates a priori based on expert knowledge and past literature on air pollution
exposures and ASD (Jo et al., 2019; Pagalan et al., 2019; Ritz et al., 2018). We included
child sex, maternal race/ethnicity, maternal age at delivery, parity, education, maternal
history of comorbidity [>-1 diagnosis of heart, lung, kidney, or liver disease; cancer],
median family household income in census tract of residence, birth year, and an indicator
variable for season (dry from April-October; wet from November-March)]. Models were
adjusted for birth year as a potential confounder because of the known time trends in ASD
incidence and PM concentration levels. Birth year was included as a non-linear term with

Environ Int. Author manuscript; available in PMC 2023 February 21.
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a penalized spline of 4 degrees of freedom based on Akaike Information Criterion (AIC).
In sensitivity analyses birth year was modeled as a fixed effect. Further adjustments were
made for maternal pre-pregnancy diabetes mellitus and obesity (BMI = 30 kg/m?2), as both
were shown to be risk factors for ASD in this cohort (Xiang et al., 2015). We did not adjust
or birth weight or gestational age were, because these variables are on the casual pathway
between air pollution and ASD (Becerra et al., 2013; Bekkar et al., 2020; Gardener et al.,
2011; Raz et al., 2018).

2.5. Statistical analyses

We fitted Cox proportional hazards models to estimate hazard ratios (HRs) and 95 %
confidence intervals (CIs) for associations of ASD with exposure to tailpipe tracers and
non-tailpipe tracers during pregnancy. For each of the five constituents, in addition to
running separate single-pollutant models adjusted for the above-mentioned covariates, we
fitted two-pollutant models to assess whether the association with each component remained
after controlling for PM, 5 mass, which we have shown previously to be associated with
ASD in this cohort (Rahman et al., 2022b). To distinguish the adverse effects of non-tailpipe
exposures from tailpipe emissions, for the effects estimate of non-tailpipe PM, 5 components
(i.e., Cu, Fe, and Mn), we constructed an additional set of two-pollutant model, adjusting
for NO», which is commonly used as a marker of tailpipe emissions (Chen et al., 2021). In
addition, we ran separate two-pollutant models examining the associations with non-tailpipe
tracers Cu, Fe, and Mn, adjusting for EC and OC, and vice- versa. We did not model
combinations of PM, 5 components reflecting the same source in two-pollutant models
because many were highly correlated (Supplementary Table 1). The proportional hazards
assumption of the Cox proportional hazard model was assessed using the Schoenfeld
residual plot. No clear non-random patterns against follow-up time were observed.

The UCD/CIT Source-oriented CTM model used a base-year inventory from the year 2000
adjusted with year-specific statewide scaling factors when predicting PM5 5 constituents
for the year 2001-2009. Area sources were scaled based on the California Almanac of
Emissions, while Mobile sources were scaled using the EMissions FACtor (EMFAC) model.
All scaling factors reflect growth due to increased activity and control due to the adoption
of more efficient and less polluting devices. A 2010 base emissions inventory with year-
specific adjustment factors was used for predicting PM 5 constituents for the years 2010-
2014. The methods employed to represent the changes to emissions patterns over time
produce step changes across the boundary years when the base inventory was updated for
some sources. Increased concentrations of some non-tailpipe tracers were predicted in the
later 2010-2014 period, probably due to the use of different emission inventories for the
later time period. We examined associations with exposure during the entire 2000-2014
period and separately for 2000-2009 and for 2010-2014. HRs and 95 % Cls were scaled
to the pregnancy interquartile range (IQR) in concentration for each constituent. Statistical
significance was set at p-value <0.05. All analyses were performed using R Statistical
Software (v3.5.2; R Core Team 2021).

Environ Int. Author manuscript; available in PMC 2023 February 21.
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3. Results

After censoring children at age 5, 4559 were diagnosed with ASD over a median of 4.0
years follow up during 2001-2014 (2129 during 2001-2009 and 2433 during 2010-2014).
Participant demographics are shown in Table 1. Children with ASD were over 4 times more
likely to be boys (n = 3703) than girls (n = 856). Children diagnosed with ASD were

more likely to have older, nulliparous mothers with maternal comorbidities, pre-pregnancy
diabetes, and pre-pregnancy obesity than children who were not diagnosed with ASD.

Pregnancy average concentrations of EC, OC, Cu, Fe, and Mn at maternal residential
addresses across all years were 669, 2536, 11.8, 305, and 5.36 ng/m?, respectively
(Supplementary Table 1). Moderate to high correlation was observed among tailpipe and
among non-tailpipe tracers due to their common sources. For example, Cu had a correlation
of 0.95 and 0.88 with Fe and Mn, respectively. Similarly, EC had a correlation of 0.83

with OC. Correlations among the constituents were even stronger when stratified by years
2001-2009 and 2010-2014. The yearly trend and distribution of concentrations of these
constituents is shown in Supplementary Figure 2. EC and OC concentrations decreased over
time from 2001 to 2009 and were relatively stable from 2010 to 2014, likely reflecting
trends in the adoption of newer diesel engines. Cu, Fe, and Mn concentration also decreased
from 2001 to 2009, but increased in a step-change in years after 2010, probably due to
changes in the underlying emissions inventory.

In single-pollutant models, all components were associated with increased ASD risks in the
entire cohort from 2001 to 2014 (Table 2). For each IQR increase in concentration during
pregnancy, HRs (and 95 % CI) for the ASD associations with EC, OC, Cu, Fe, and Mn were
1.11 (95 % CI: 1.06-1.16), 1.09 (95 % CI: 1.04-1.15), 1.08 (95 % CI: 1.00-1.15), 1.14 (95
% Cl: 1.09-1.20), and 1.17 (95 % CI: 1.12-1.22), respectively. In the two-pollutant models,
the association of each constituent was robust to adjustment for PM5 5. The associations of
Cu, Fe, and Mn were also robust to adjustment for NO,, EC, and OC. In contrast, HRs for
the associations of EC and OC were markedly attenuated in two-pollutant models adjusting
for Cu, Fe, or Mn; except for EC adjusted for Cu, the ASD associations with tracers for
tailpipe emissions were not statistically significant in these two-pollutant models.

In analyses restricted to years 2001-2009, HRs for associations of each constituent with
ASD diagnosis were substantially larger compared to the analysis for all years (Table 2).
The associations of Cu, Fe, and Mn were robust to adjustment for NO,, EC, and OC. HRs
for associations of EC and OC were markedly attenuated and became non-significant after
adjusting for Cu, Fe, and Mn, as in the entire cohort. EC and OC were negatively associated
with ASD after co-adjustment for non-tailpipe tracers, estimates that were statistically
significant for OC. However, all constituents were highly correlated (Supplementary Table
1). In 2010 to 2014, only Mn was associated with ASD in single-pollutant models, and

the observed association was not attenuated in two- pollutant models adjusting for total
PM, 5, NO,, EC or OC. Although no ASD associations with Cu and Fe were found in single
pollutant models, associations were markedly stronger in two-pollutant models adjusting for
PM, 5, NO,, EC or OC and were statistically significant.

Environ Int. Author manuscript; available in PMC 2023 February 21.
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4. Discussion

Many previous studies have found associations between prenatal exposure to PM, 5 and
increased ASD risk (Chun et al., 2020; Lin et al., 2022), including studies of this cohort

(Jo et al., 2019; Rahman et al., 2022b). We also reported that pregnancy exposure to
near-roadway air pollution from non-freeway sources was significantly associated with ASD
risk in this cohort (Carter et al., 2022). In a more recent study, we used PM> 5 constituent
estimates from two independent exposure models; i) the same SO-CTM used in this analysis
and ii) a hybrid model (Van Donkelaar et al., 2019) to examine ASD associations with

four major PM5, 5 constituents (EC, OC, nitrate [NOg], and sulfate [SO4]), which are
available from both exposure models. Among these four constituents, EC and OC from
both models were associated with ASD risk (Rahman et al., 2022a). In the current study,
specific constituents were used to distinguish ASD risk associated with tailpipe exhaust
emissions from non-tailpipe emissions. In this large population-based pregnancy cohort,
ASD diagnosis in the entire cohort was associated with tracers of both tailpipe (EC and
OC) and non-tailpipe (Cu, Fe and Mn) PMs s in single pollutant models. Associations with
PM, 5 trace metals reflecting non-tailpipe source were robust to adjustment for total PM5 5
and for NO,, EC, and OC, markers of combustion-related air pollution from vehicular
sources. These results suggest that estimates of non-tailpipe traffic related air pollution
effects on ASD diagnosis were independent of effects of tailpipe emissions. In contrast, the
ASD associations with PM5 5 constituents reflecting tailpipe source were not independent
of associations with non-tailpipe sources. In addition, the strength of ASD associations with
non-tailpipe emissions were substantially stronger and more consistent in the sub-cohort
born in 2001-2009 than in 2010-2014.

Brake and tire wear emissions and re-suspended dust are among the primary contributors

to Cu, Fe, and Mn in ambient air. Prior studies identified Cu, in particular, and Fe as
ambient tracers for brake wear (Demir et al., 2022; Hagino et al., 2016; Jeong et al., 2019;
Oroumiyeh, 2021; Oroumiyeh et al., 2022; Pakbin et al., 2011; Thorpe and Harrison, 2008;
Viana et al., 2008). Mn is considered a tracer for brake wear (Charron et al., 2019; Demir et
al., 2022; Jeong et al., 2019; Zhang et al., 2020). EC and OC have been considered tracers
of traffic emissions for the last two decades (Demir et al., 2022; Hasheminassab et al., 2014;
Rahman and Thurston, 2022; Soleimanian et al., 2019; Thorpe and Harrison, 2008; Thurston
etal., 2011; Viana et al., 2008), including in studies specific to the Los Angeles air basin
(Hasheminassab et al., Soleimanian et al., Oroumiyeh et al., and Pakbin et al.). These have
also been used as tracers for tailpipe emissions in large European consortium investigations
such as ESCAPE (European Cohort Study for Air Pollution Effects) (de Hoogh et al., 2013)
and in MESA Air (Multi-Ethnic Study of Atherosclerosis and Air Pollution) (Kai et al.,
2014). In addition, the UCD/CIT CTM maodel enabled us to calculate the contribution of
sources to the constituents. Our data suggest that brake and tire wear contributed 87.7 % of
the Cu, 63.5 % of the Fe, and 39.9 % of the Mn. Thus, all reflect non-tailpipe emissions to a
greater or lesser extent, and consistent health effects across all three suggests a non-tailpipe
source. Similarly, the SO-CTM provided us the contribution of primary EC and OC to the
on-road gasoline and diesel PM 5 in this dataset. Our data suggest that primary EC and OC

Environ Int. Author manuscript; available in PMC 2023 February 21.
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constitute about 98 % of the primary on-road gasoline PM, 5 mass and 63 % of the primary
on-road diesel PM5 5 mass.

Traffic emissions are not the only source of EC and OC in ambient air. They may be
emitted from industrial sources as well. Biomass burning and secondary organic aerosol
(SOA) contribute to OC, but there is little biomass burning in southern California, with the
exception of occasional wildfires that have become substantially more frequent only since
the time of the predictions used in this study. A source apportionment study conducted in
the Los Angeles air basin reported that biomass burning contribution to total OC ranges
between only 3-12 % depending on the location (Soleimanian et al., 2019). In addition, EC
and OC considered in this study are primary so SOA will contribute essentially nothing to
the primary OC estimate reflective of tailpipe emissions. Similarly, Cu, Fe, and Mn may
not be exclusively from non-tailpipe emission sources. Emission released from metallurgical
industries can contribute to these trace metals in the atmosphere. Fe and Mn can also have
crustal sources (Cesari et al., 2016; Viana et al., 2008).

Our novel observations of increased ASD risks associated with Cu, Fe and Mn add

to the growing evidence from a few previous epidemiological studies supporting the
adverse neurodevelopmental effects of PM, 5 metal exposures. Among 2897 children in
the BREATHE project, fine particulate matter Cu exposure was associated with poorer
motor performance and detectable brain damage in developing children (Pujol et al.,
2016). In 7246 children from 4 European birth cohorts, higher airborne Fe exposure at
birth was adversely associated with fine motor function in childhood (Lubczynska et al.,
2017). An autopsy study found associations of higher exposure to particulate matter Mn
with neuroinflammation and with up-regulation of frontal lobe interleukin-1p and COX2
(Calderén-Garcidueias et al., 2013). The possible mechanism by which PM, 5 and its
constituents affect fetal brain development may include maternal systemic oxidative stress
and proinflammatory cytokine production (Leni et al., 2020; Xu et al., 2012), resulting in
placental and endothelial dysfunction and increased fetal oxidative stress that may disrupt
differentiation and organization of the fetal brain (Block et al., 2012; Block and Calderon-
Garciduefias, 20097 ). Cu, Fe, and Mn are transition metals that produce oxidative stress
by generating reactive oxygen species (Schaumann et al., 2004; Verma et al., 2015, 2014;
Zhang et al., 2021b, 2021a). PM can cross the placental barrier, directly reaching the
developing fetus (Bové et al., 2019; Muoth et al., 2016; Wick et al., 2010). Cu, Fe, and Mn
are water-soluble; therefore, it is plausible that the water-soluble form of these metals cross
the placental barrier and harm the developing brain.

The markedly weaker associations of non-tailpipe PM5 5 components with ASD diagnosis
observed in the 2010-2014 sub-cohort could be due to reduced statistical power in the
smaller cohort, although strong associations were seen in the earlier cohort of comparable
size. It is also possible that differences in the exposure model in the later years may have
influenced the associations. Emission inventories are the most important input for any
chemical transport model. The tire and brake wear emissions used for the years 2000-2009
and the years 2010-2014 have similar spatial patterns, but there is a step change in the
emissions intensity in the later time period. Changes to tire and brake wear emissions would
have occurred more gradually in the real world. The number of vehicle miles traveled
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(VMT) in the greater Los Angeles region increased between 2000 and 2007, decreased
slightly during the economic recession, and then resumed increasing in the year 2011.

It is likely that non-tailpipe emissions in the real world followed a similar time trend,

but the time patterns in the emissions used in our study do not appear to reflect this
variability (Figure 2 in supplement). We conducted a sensitivity analysis adjusting (with a
fixed effect) for birth year to determine whether the main conclusions are influenced by
uncertainty in the time trends of tire and brake wear emissions. (Adjusting for birth year as
a fixed effect removes the effect of any yearly temporal confounding). Results were largely
unchanged from the primary analysis in which we treated birth year as non-linear. These
results suggest that the observed associations were largely driven by the spatial contrast of
PM,, 5 constituents. This conclusion is consistent with several prior studies that reported that
spatial contrast of traffic related air pollution remained stable for up to 10 years (Cesaroni
etal., 2012; Chen et al., 2021; Eeftens et al., 2011). This may be especially true for
non-tailpipe Cu, Fe, and Mn because these were not regulated during the period of study.
Nevertheless, differences in modeling exposure predictions in the later years may underlie
both the unexpected marked increase in exposure to Cu, in particular, in the later cohorts
and the smaller effect estimates. This data set and other newly available predictions of
particle components have not been used extensively in health studies. We have identified
distributions of exposure to particle components that warrant investigation to be sure the data
are appropriate for epidemiological studies.

The ASD associations with tailpipe exhaust constituents EC and OC were positive in

single pollutant models in the entire cohort and in the 2001-2009 sample (Table 2). In

the 2010-2014 sample there was no association, broadly consistent with single pollutant
models of non- tailpipe emissions. However, associations with EC and OC adjusted for non-
tailpipe emissions were protective in all 3 sets of analyses, results which were unexpected
based on epidemiological and toxicological studies. These anomalous results with changing
direction of association may be spurious, reflecting the high correlations of constituents
considered in this study. EC has been most widely investigated in previous studies; it

has been associated with several health outcomes, including decreased cognitive function
and attention (Achilleos et al., 2017; Chiu et al., 2013; Suglia et al., 2008). However,

there has been little previous evaluation of health effects of tailpipe emissions adjusted

for non-tailpipe sources. In Southern California, diesel and gasoline engine exhaust are

the main sources of EC. The evidence on the neurotoxicity of EC (e.g., diesel exhaust
particles) from rodent studies is inconclusive. Some rodent studies reported that diesel
exhaust particles may cause developmental neurotoxicity and adversely impact behavior and
motor activity (Suzuki et al., 2010; Yokota et al., 2009), whereas some other studies reported
limited evidence of neurotoxicity of diesel exhaust particles (Morris-Schaffer et al., 2019b,
2019a). Unlike Cu, Fe, and Mn, EC is an insoluble species of PM. Several studies reported
oxidative potential of EC particles (Antifiolo et al., 2015; Li et al., 2013; McWhinney et

al., 2013), but the underlying mechanism is unclear. There is a growing consensus that
reactive oxygen species are not produced by EC alone, but by other co-emissions, such as
semi-volatile organic compounds and PAHSs that are adsorbed onto the EC core (Basagafia
et al., 2016; Fang et al., 2017; Grahame et al., 2014; Hopkins et al., 2018; Li et al., 2022).
OC is also a major component of motor vehicle exhaust and has been associated with
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health outcomes including mortality, but to our knowledge OC neurodevelopmental effects
have not been examined in epidemiological studies. Organic carbon compounds, including
quinones and PAHSs, have been shown to be associated with oxidative stress and lipid
peroxidation (Gurbani et al., 2013; Jeng et al., 2011; Wang et al., 2017).

PM, 5 is currently regulated by mass concentration. Identification of the constituents
responsible for ASD-PM, 5 associations could lead to targeted regulation of PM, 5 mass
from a specific source, which could help to achieve optimal public health benefits from
PM, 5 mitigation actions. In this study HRs of ASD risk were scaled for comparison to

IQR increase in concentrations of each constituent. The HRs for non-tailpipe constituents
were largely comparable to ASD HR associated with IQR increase in PM, 5 during entire
pregnancy (1.10 (95 % CI: 1.02, 1.19) per 5.56 pg/m3). Because each traffic-related
constituent mass is only a small proportion of PM,, 5, these traffic-related constituents,
especially from non-tailpipe sources, are particularly hazardous (if the associations we have
observed are causal), that is, the traffic-related PM> 5 is more potent on a per mass basis than
total PM, 5 and may be driving the ASD-PM, 5 association.

Among many strengths, this study is the first to examine the ASD association with traffic-
related PM>, 5 constituents in a large representative cohort and to disentangle the ASD risk
associated with traffic non-exhaust emissions from that of exhaust emissions. A large body
of evidence on the detrimental effects of traffic-related air pollution on asthma incidence,
lung function, cardiovascular disease and mortality has led to regulation of vehicular exhaust
emissions (HEI, 2022, 2010). There is limited evidence from epidemiological studies on
health effects of non-tailpipe emission sources, and thus, these emission sources have

not been targeted for regulation in the past. More epidemiological studies are needed to
determine possible health effects of non-exhaust emissions in order to reduce public health
risk. We also acknowledge some limitations. The study did not report the association
between trimester-specific average PM> 5 constituents and ASD diagnosis, because the
trimester-average constituent exposure estimates were highly correlated with the pregnancy-
average estimates. These correlation coefficient ranged from 0.85 to 0.95, depending on the
PM, 5 species, so distinguishing effects of different trimesters was not possible. Therefore,
the use of average exposures across the nine months of pregnancy are appropriate. PM, 5
constituents data used in this analysis were available at 4 km spatial resolution, which
limited our ability to assess fine scale variability of the traffic related PM, 5 constituents.
The consequence of this exposure misclassification for epidemiological investigations

due to coarser spatial resolution is likely to be to underestimate effects, because the
misclassification will likely be non- differential to the outcome. We also did not account for
other relevant time-activity patterns such as exposure during time the mother spent at work
or in outdoor exercise that would increase ventilation rate and dose. These seem unlikely to
explain the difference between tailpipe and non-tailpipe emission associations we observed.

In summary, results of this study, using emerging new exposure assessment tools for
epidemiological applications, suggest that prenatal exposure to non-tailpipe emissions may
contribute to ASD risk. Implications are that future conventional combustion engine vehicles
with markedly reduced tailpipe emissions may not eliminate ASD associations with traffic-
related air pollution. In contrast, widespread adoption of electric vehicles with zero tailpipe
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emissions and lower non-tailpipe emissions due to regenerative braking may reduce, but not
eliminate, future ASD associations with traffic-related air pollution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Characteristics of children, with and without autism spectrum disorder (ASD).

Table 1

Children, No. (%) or median (interquartile range)

Characteristics
Sex

Male (%)
Female (%)

Follow-up year after birth, median [IQR ’j years

Maternal age at delivery, median [IQR ﬁ years
Parity; N (%) 0

1

>2

Unknown

Maternal Education; N (%)

High school or lower

Some college

College graduate or higher

Unknown

Household annual incomea; N (%)
<$30,000
$30,000-$49,999
$50,000-$69,999
$70,000-$89,999

> $90,000
Race/ethnicity; N (%)
Non-Hispanic white
Non-Hispanic black
Hispanic
Asian/Pacific Islander

Other
Any history of maternal comorbidityb ;N (%)
Pre-pregnancy diabetesc; N (%)

Pre-pregnancy obesityd; N (%)
Year of birth, N (%)
2001-2007

2008-2014

Overall (n = 318750)

163 181 (51.2)
155 569 (49.8)
4.0[4.0,4.0]

30.4[26.3, 34.3]

111 981 (35.1)
104 561 (32.8)
84 176 (26.4)
18032 (5.7)

112 096 (35.2)
94 524 (29.7)
109 087 (34.2)
3043 (1.0)

24027 (7.5)
100 575 (31.6)
98 015 (30.7)
55 611 (17.4)
40512 (12.7)

81 050 (25.4)
29773 (9.3)
161 414 (50.6)
39974 (12.5)
6539 (2.1)

46 717 (14.6)

10 248 (3.2)

53354 (16.7)

152 750 (47.9)
166 000 (52.1)

With ASD (n = 4550)

3703 (81.2)
856 (18.8)
3.0[2.3,37]

31.3[275,35.2]

1844 (40.4)
1495 (32.8)
903 (19.8)
317 (7.0)

1335 (29.3)
1477 (32.4)
1713 (37.6)
43(0.7)

325 (7.1)
1436 (31.5)
1415 (31.0)
801 (17.5)
582 (12.8)

956 (21.0)
477 (9.8)
2300 (50.4)
744 (16.3)
112 (2.5)
839 (18.4)

242 (5.3)

1049 (23.0)

1802 (39.5)
2757 (60.5)

Without ASD (n = 314191)

159 428 (50.7)
154 763 (49.3)
4.0 [4.0, 4.0]

30.4[26.2,34.3]

110137 (35.1)
103 066 (32.8)
83 273 (26.5)
17 715 (5.6)

110761 (35.3)
93 047 (29.6)
107 374 (34.2)
3009 (1.0)

23710 (7.5)

99 139 (31.6)
96 593 (30.7)
54 816 (17.4)
39933 (12.7)

80 094 (25.5)
29 326 (9.3)
159 114 (50.6)
39 230 (12.5)
6427 (2.0)

45 878 (14.6)

10 006 (3.2)

52 305 (16.6)

164 198 (52.2)
149 993 (47.2)

*
Abbreviations: IQR, interquartile range.

a . .
Census tract level median household income.

b ; . ’ . .
>=1 diagnosis of heart, lung, kidney, or liver disease; cancer.
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cType I and Type Il diabetes diagnosed before pregnancy.

dPre—pregnancy BMI>=30.

Environ Int. Author manuscript; available in PMC 2023 February 21.

Page 20



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Rahman et al.

Table 2

Page 21

Hazard ratios (HRs) of ASD scaled to interquartile increase in EC, OC, Cu, Fe, and Mn during pregnancy,

estimated from single-pollutant and two-pollutant models for 2001-2014, 20012009, and 2010-2014. "

Year, 2001-2014  Year, 2001-2009

Year, 2010-2014

Pollutant of interest

Tailpipe tracers

EC

ocC

Non-tailpipe tracers

Cu

Fe

Co-adjusted pollutant

None (single-pollutant model)
PMys5

Cu

Fe

Mn

None (single-pollutant model)
PMz5

Cu

Fe

Mn

None (single-pollutant model)
PM, g

NO,

EC

ocC

None (single-pollutant model)
PMy5

NO,

EC

oC

None (single-pollutant model)
PMy g

NO,

EC

ocC

HR (95 % CI)

1.11 (1.06, 1.16)
1.16 (1.09, 1.23)
1.08 (1.02, 1.14)
1.01 (0.95, 1.09)
0.99 (0.92, 1.06)
1.09 (1.04, 1.15)
1.14 (1.05, 1.23)
1.03 (0.96, 1.11)
0.94 (0.87, 1.02)
0.93 (0.87, 1.00)

1.08 (1.00, 1.15)
1.08 (1.03, 1.13)
1.09 (1.04, 1.15)
1.07 (1.01, 1.13)
1.06 (1.00, 1.13)
1.14 (1.09, 1.20)
1.19 (1.12, 1.26)
117 (1.11, 1.23)
1.13 (1.06, 1.21)
1.19 (1.11, 1.29)
117 (1.12, 1.22)
1.22 (1.15, 1.29)
1.19 (1.13, 1.25)
1.18 (1.11, 1.25)
1.22 (1.15, 1.30)

HR (95 % CI)

1.25 (1.18, 1.33)
1.29 (1.18, 1.42)
0.91 (0.80, 1.05)
0.95 (0.84, 1.08)
0.94 (0.83, 1.08)
1.18 (1.11, 1.26)
1.13 (1.00, 1.27)
0.85 (0.76, 0.95)
0.86 (0.78, 0.96)
0.86 (0.7, 0.97)

1.46 (1.36, 1.58)
1.62 (1.45, 1.80)
151 (1.38, 1.64)
1.58 (1.37, 1.82)
1.67 (1.49, 1.88)
1.43 (1.33, 1.54)
1.58 (1.42, 1.76)
1.45 (1.34, 1.57)
1.49 (1.32, 1.69)
1.61 (1.44, 1.80)
1.43 (1.32, 1.54)
1.59 (1.42, 1.78)
1.46 (1.34, 1.59)
1.50 (1.31, 1.71)
1.61 (1.43, 1.81)

HR (95 % CI)

0.97 (0.91, 1.04)
1.03 (0.94, 1.12)
0.93 (0.84, 1.03)
0.89 (0.80, 1.00)
0.88 (0.80, 0.97)
0.99 (0.93, 1.06)
1.09 (0.99, 1.20)
0.94 (0.81, 1.10)
0.87 (0.75, 1.01)
0.87 (0.78, 0.96)

1.00 (0.94, 1.07)
1.08 (0.99, 1.18)
1.06 (0.98, 1.14)
1.06 (0.96, 1.17)
1.05 (0.92, 1.21)
1.02 (0.96, 1.08)
1.15 (1.05, 1.25)
1.07 (1.00, 1.15)
1.11 (1.00, 1.23)
1.13 (1.00, 1.29)
1.06 (1.00, 1.12)
1.20 (1.12, 1.29)
1.11 (1.05, 1.18)
1.14 (1.06, 1.23)
1.15 (1.07, 1.25)

*
All the models were adjusted for child sex, maternal race/ethnicity, maternal age at delivery, parity, education, maternal comorbidities, household

income, birth year (non-linear), season (wet/dry), and pre-pregnancy diabetes. In 2001-2014, the IQRs (ng/m3) for EC, OC, Cu, Fe, and Mn
during pregnancy were 383.42, 1360.09, 8.12, 162.31, and 2.78, respectively. In 2001-2009, the IQRs (ng/m3) for EC, OC, Cu, Fe, and Mn

during pregnancy were 411.18, 1353.11, 5.97, 139.45, and 2.58, respectively. In 2010-2014, the IQRs (ng/m3) for EC, OC, Cu, Fe, and Mn during
pregnancy were 329.10, 1249.74, 11.06, 169.56, and 2.75, respectively.
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