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A B S T R A C T   

Background: Autism spectrum disorder (ASD) incidence has increased in past decades. ASD etiology remains 
inconclusive, but research suggests genetic, epigenetic, and environmental contributing factors and likely pre-
natal origins. Few studies have examined modifiable environmental risk factors for ASD, and far fewer have 
examined protective exposures. Greenspace has been associated with positive child development, but very 
limited greenspace research has examined ASD risk or prenatal exposures. Only one ecological study in 2017 has 
evaluated the association between greenspace and ASD, observing protective benefits. Greenspace may have 
direct effects on ASD risk and indirect effects by reducing air pollution exposure, a growing suspected ASD risk 
factor. 
Objectives: To measure the association between prenatal greenspace exposure and ASD risk and examine if 
reduced air pollution levels in areas of higher greenspace mediate this association. 
Methods: We linked a population-based birth cohort of all deliveries in Metro Vancouver, Canada, from 2004 to 
2009, with follow-up to 2014. Diagnoses were based on Autism Diagnostic Observation Schedule and Autism 
Diagnostic Interview-Revised instruments. Greenspace was quantified as the average of the annual mean 
Normalized Difference Vegetation Index (NDVI) within a 250 m buffer of a residential postal code. Air pollutant 
exposures—particulate matter with a diameter less than 2.5 µm (PM2.5), nitric oxide (NO), and nitrogen dioxide 
(NO2)—were derived from previously developed and temporally adjusted land use regression models. We esti-
mated air pollutant exposures as the mean concentration per month during pregnancy. We calculated odds ratios 
(ORs) using logistic regression per NDVI interquartile range (IQR) increase, adjusting for child sex, birth month 
and year, maternal age and birthplace, and neighborhood-level urbanicity and income. To estimate the health 
impact of greenspace on ASD at the population level, we used the logistic regression model and marginal 
standardization to derive risk differences (RDs). Lastly, to quantify the mediating effect of greenspace on ASD 
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risk through air pollution reduction, we used marginal structural models and a potential outcomes framework to 
calculate marginal risk differences (RDs) to decompose the total effect of greenspace on ASD into natural direct 
and indirect effects. 
Results: Of 129,222 births, 1,921 (1.5 %) children were diagnosed with ASD. The adjusted OR for ASD per NDVI 
IQR (0.12) increase was 0.96 (95 % CI: 0.90, 1.02) in 250 m buffer zones and 0.94 (95 % CI: 0.89, 1.00) in 100 m 
buffer zones. On the additive scale, the adjusted RDs were null. Natural direct, natural indirect, and total effect 
RDs were null for PM2.5, NO, and NO2 mediation models. 
Conclusion: Prenatal greenspace exposure was associated with reduced odds of ASD, but in the additive scale, this 
effect was null at the population level. No mediating effect was observed through reduced air pollution, sug-
gesting that air pollution may act as a confounder rather than as a mediator.   

1. Introduction 

Autism spectrum disorder (ASD) is a neurodevelopmental disability 
that impacts emotional and social behavior, often persisting over life. 
(American Psychiatric Association, 2013) Symptoms are typically 
apparent from the early developmental period. The disease is around 
three times more common among males than females. (Loomes et al., 
2017) Evidence pointing to the etiology of ASD has been inconclusive, 
but research to date suggests genetic, epigenetic, and environmental 
components are key contributing factors. (Abrahams and Geschwind, 
2008; Currenti, 2010; Dietert et al., 2011; Landrigan et al., 2012; Lyall 
et al., 2017) Several epidemiological studies indicate that maternal 
factors during pregnancy, such as advanced age, infection, obesity, 
diabetes, and inflammatory conditions or fever, are potential risk fac-
tors. (Durkin et al., 2008; Atladóttir et al., 2010; Krakowiak et al., 2012; 
Zerbo et al., 2013) Among suspected environmental exposures, a 
growing number of studies show that air pollution may be a modifiable 
environmental risk factor for ASD. (Pagalan et al., 2019; Becerra et al., 
2013; Jung et al., 2013; Volk et al., 2013; Raz et al., 2015; Raz et al., 
2018; Kalkbrenner et al., 2015; Talbott et al., 2015; Kaufman et al., 
2019; Ritz et al., 2018; Chen et al., 2018; Jo et al., 2019; McGuinn et al., 
2020; Oudin et al., 2019; Lam et al., 2016;11(9):e0161851.; Fu et al., 
2019; Chun et al., 2020; Flores-Pajot et al., 2016; Dutheil et al., 2021) 
Other suspected environmental risk factors may include pesticides, 
phthalates, polychlorinated biphenyls, and heavy metals, (Dietert et al., 
2011; Modabbernia et al., 2017; Rossignol et al., 2014; Emberti Gial-
loreti et al., 2019; Kalkbrenner et al., 2014) although the relation be-
tween these pollutants in urban greenspaces and human health has 
rarely been evaluated. 

The search for associations between ASD and environmental expo-
sures has focused on non-specific risk factors or toxic chemicals. Less 
attention has been paid to protective factors that may diminish risk 
during critical prenatal developmental windows. Within the framework 
of “Positive epidemiology,” (VanderWeele et al., 2020) evidence of 
health benefits from exposure to natural environments is increasing. 
(van den Bosch and Ode, 2017) To date, studies have reported associ-
ations between maternal exposure to urban green spaces and improved 
birth outcomes. (Dadvand et al., 2012; Laurent et al., 2013; Dzhambov 
et al., 2014) Exposure to green spaces in children’s living environments 
has also been associated with improved mental health, wellbeing, and 
academic achievement. (McCormick, 2017; Browning and Rigolon, 
2019; Davis et al., 2021) In addition, several recent studies demonstrate 
a link between childhood greenspace exposure and reduced risk of 
schizophrenia. (Engemann et al., 2020; Engemann et al., 2018; Enge-
mann et al., 2019; Engemann et al., 2020) To our knowledge, only one 
previous ecological study has analyzed the association between child-
hood exposure to greenspace and ASD, (Wu and Jackson, 2017) 
observing a lower prevalence of ASD in greener neighborhoods. But its 
ecological design was subject to exposure misclassification and residual 
confounding. 

Various pathways for the beneficial effects of green spaces on chil-
dren’s health and development have been suggested, including 
providing physical activity and play opportunities, (Söderström et al., 
2004) stress relief, (Markevych et al., 2014) and social interactions. 

(Seeland et al., 2009) As for prenatal exposure, living in green envi-
ronments may reduce the risk of stress and depression among pregnant 
mothers, (Banay et al., 2017) which could contribute to preventing ASD 
in their offspring. (Hagberg et al., 2018; Oberlander and Zwaigenbaum, 
2017) As well, areas with higher levels of greenspace tend to have 
reduced concentrations of air pollutants, so the beneficial effects of 
greenspace may be mediated by reduced levels of air pollution. (Mar-
kevych et al., 2017; Doiron et al., 2020; Diener and Mudu, 2021) 
Recently, a study suggested a significantly higher risk of attention deficit 
hyperactivity disorder in areas with little greenspace and high levels of 
air pollution compared to the opposite condition, (Yuchi et al., 2022) 
and another concluded that greenspace could considerably reduce 
adverse childhood development health effects from air pollution, (Jarvis 
et al., 2021) although the impact is highly context-dependent. (Zheng 
et al., 2021; Tomson et al., 2021; Hashad et al., 2021). 

This study evaluates the potential association between prenatal 
greenspace exposure and ASD in a large population-based birth cohort of 
Canadian children. Beyond a possible direct association between pre-
natal greenspace exposure and ASD, we also hypothesized that reduced 
levels of particulate matter with a diameter less than 2.5 µm (PM2.5), 
nitric oxide (NO), and nitrogen dioxide (NO2) could partly mediate the 
protective effect of greenspace. 

2. Methods 

2.1. Study population 

We developed a linked file of all single, twin, and triplet births from 
2004 to 2009 to mothers 15 to 49 years of age who resided in British 
Columbia (BC) during their pregnancy and were registered with the 
provincial health insurance plan for 275 days or longer. We linked birth 
records from the British Columbia Perinatal Data Registry to British 
Columbia Vital Statistics, British Columbia Medical Services Plan and 
hospital discharge data, and Statistics Canada data. Data from the British 
Columbia Autism Assessment Network (BCAAN) and the British 
Columbia Ministry of Education and Child Care were used to identify 
ASD diagnoses. (Canadian Institute for Health Information, 2015; Ca-
nadian Institute for Health Information, 2015; Canadian Institute for 
Health Information, 2015; Perinatal Services BC, 2015; BC Vital Statis-
tics Agency, 2015; BC Vital Statistics Agency, 2015; Statistics Canada, 
2016) Details of this cohort linkage have been described elsewhere. 
(Pagalan et al., 2019; Bickford et al., 2020). 

The BC provincial public health insurance program covers nearly all 
residents, (Chamberlayne et al., 1998) and the British Columbia Peri-
natal Data Registry contains data abstracted from obstetrical and 
neonatal medical records on almost 100 % of births in the province, 
regardless of delivery location. Demographic information, residential 
six-digit postal codes at the time of birth registration, medical visits paid 
for on a fee-for-service basis, and data on births, deaths, and hospital 
discharges were collected through the British Columbia Ministry of 
Health and the British Columbia Vital Statistics Agency. Neighborhood- 
level data on urbanicity and socioeconomic status were gathered from 
Statistics Canada. 

We excluded births with unknown gestational age or missing sex 
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information, stillbirths, and infants who died before one year of age. 
Lastly, using residential postal codes, we excluded births outside of the 
Metro Vancouver study area, for which we have no air pollution expo-
sure estimates. Metro Vancouver comprises more than 2.5 million resi-
dents and has a population density of approximately 855 people per 
km2. (Statistics Canada, 2016). 

2.2. Case ascertainment 

We identified ASD-positive children prospectively through BCAA-
N and the Ministry of Education and Child Care. In BC, BCAAN provides 
diagnostic assessments for all children and youth up to age 19 referred 
for an ASD assessment. (Provincial Health Services Authority, 2021) 
BCAAN diagnostic assessments are conducted by specially trained cli-
nicians and offered at no cost through the provincial health plan. 
Additional ASD-positive diagnoses made by private specialists, which 
must be paid for privately and are not captured by BCAAN, were iden-
tified through Ministry of Education and Child Care data. The cohort 
was followed until the end of 2014, enabling a minimum of five years of 
follow-up for ASD diagnoses. 

All ASD assessments in BC made through BCAAN or by qualified 
private specialists follow a standardized approach based on the Ministry 
of Health standards and guidelines for assessing and diagnosing ASD. 
(Dua, 2003) Since 2004, this requires the use of the standardized Autism 
Diagnostic Observation Schedule (ADOS or ADOS-II) and Autism Diag-
nostic Interview-Revised (ADI-R) instruments. Within BCAAN, the final 
diagnosis is based on direct clinical evaluations made by pediatricians, 
psychiatrists, or psychologists and on detailed clinical history, evalua-
tion of developmental status, and reports from community health 
practitioners. (Provincial Health Services Authority, 2021; Government 
of British Columbia, 2021) Qualified private specialists outside of 
BCAAN can diagnose children with ASD, but these private assessments 
must meet the same stringent Ministry of Health requirements as 
BCAAN. 

2.3. Greenspace and air pollution exposures 

We linked greenspace and air pollution exposure estimates using six- 
digit residential postal codes at birth registration, which occurs within 
30 days from birth. Six-digit residential postal codes represent small 
geographic areas in dense urban areas, such as a high-rise building or 
one side of a city block. (Charlotte et al.) Prenatal greenspace exposures 
were temporally resolved based on conception date, and air pollution 
exposures based on pregnancy duration. 

We quantified greenspace using the normalized difference vegeta-
tion index (NDVI), which measures greenness using satellite spectral 
data of the Earth’s surface and the visible and near-infrared light re-
flected by vegetation. NDVI values range from − 1 to 1, with negative 
values corresponding to water bodies, close to zero to barren areas, and 
positive values to green vegetation. Annual NDVI data from Landsat 
satellites, with an original 30 m spatial resolution, were linked to postal 
code coordinates by the Canadian Urban Environmental Health 
Research Consortium (CANUE), providing the average of the annual 
mean NDVI within 100, 250, and 500 m buffers for all Canadian postal 
codes. (Canadian Urban Environmental Health Research Consortium, 
2019; Gorelick et al., 2017; Google Earth Engine Explorer, 1984; Google 
Earth Engine Explorer, 2013; Google Earth Engine Explorer, 1984; 
Google Earth Engine Explorer, 2013; CanMap Postal Code Suite, 2015) 
NDVI data were linked to the cohort using maternal residential postal 
codes and conception dates, which we derived using birth date and 
gestational age. 

Gestational age was calculated by the British Columbia Perinatal 
Data Registry based on early gestational ultrasonograms (less than20 
weeks) or from the date of the last menstrual period if an early gesta-
tional ultrasound was not performed. If neither field was recorded, 
gestational age was estimated from newborn clinical exam and chart 

documentation. (Perinatal Services BC, 2015). 
Air pollution exposures were estimated using previously developed 

spatiotemporal models of PM2.5, NO, and NO2 for the Metro Vancouver 
area. (Pagalan et al., 2019; Henderson et al., 2007; Wang et al., 2013; 
Nethery et al., 2008) These models provide monthly estimates of air 
pollutant concentrations at the six-digit postal code, capturing temporal 
and small-scale, localized spatial variation. The spatiotemporal models 
were developed using air pollution surfaces, with 10 m spatial resolu-
tion, specifically made to reliably estimate air pollutant concentrations 
for epidemiological and risk assessment applications. These air pollution 
surfaces were temporally interpolated using continuous monitoring data 
from Metro Vancouver’s Air Quality Monitoring Network to estimate 
monthly concentrations over time. Air pollutant exposure estimates 
were calculated as the mean concentration per month during pregnancy 
at the maternal residential postal code. 

2.4. Statistical analyses 

2.4.1. Primary analysis 
To evaluate the association between prenatal exposure to greenspace 

and ASD, we calculated odds ratios (OR) and 95 % confidence intervals 
(CI) using logistic regression per interquartile range (IQR) increase in 
the average of the annual mean NDVI within several buffer zones. We 
initially selected a 250 m buffer zone for the analysis, corresponding to a 
five-to-ten–minute walk. A 250 m buffer has been the most commonly 
used buffer size in previous greenspace research, (Labib et al., 2020) and 
it is the distance typically applied in urban policies and recommenda-
tions. (WHO Regional Office for Europe, 2016) Nevertheless, there is no 
definite consensus as to what distance best represents greenspace 
exposure, which is dependent on various factors, such as type of health 
outcome studied, assumed pathway, spatial resolution, and zoning and 
scaling effects. (Labib et al., 2020) We, therefore, also tested NDVI 
buffers of 100 and 500 m. We adjusted for child sex (categorical), birth 
month (categorical), birth year (categorical), maternal age (continuous), 
maternal birthplace (categorical), and neighborhood-level urbanicity 
(categorical) and income band (continuous) to control for confounding. 
Figure S1 in the supplementary material shows the directed acyclic 
graph used for the analyses. Income band measures socioeconomic 
status and consists of 1,000 bands of equivalized disposable income for 
each postal code (1 represents the lowest income; 1,000, the highest). 
We also conducted sex-stratified analyses and tested for interaction 
between sex and greenspace exposure. We assessed the effect of 
adjusting for gestational age, status as small for gestational age, and 
birth weight for sensitivity analyses. We also tested the effect of 
adjusting for maternal parity, which may be a proxy of unmeasured 
confounding by socioeconomic status. 

We calculated risk differences (RD) to assess the potential population 
health benefits of increased greenspace exposure. First, we categorized 
NDVI into quartiles to establish defined contrasts (Q1 represents the 
lowest exposure; Q4, the highest). Next, we fitted the same adjusted 
logistic regression models described above, except replacing NDVI from 
a continuous to categorical exposure. Using marginal standardization, 
(Austin, 2010; Naimi and Whitcomb, 2020) we calculated the marginal 
probabilities of ASD if every-one in the cohort had been exposed to each 
NDVI quartile. We then used these marginal probabilities to estimate 
population average RDs between Q2 vs Q1, Q3 vs Q1, Q4 vs Q1, and 
between Q3 vs Q2, and Q4 vs Q3 for potential non-linear responses. 
Ninety-five percent CIs were obtained using 500 bootstrap samples. 

2.4.2. Mediation analysis 
We conducted causal mediation analyses to evaluate if any and how 

much of the association between greenspace and ASD might be mediated 
by reduced air pollution. We used marginal structural models (MSM) 
and potential outcome methods described by Lange et al. (Lange et al., 
2012) to calculate marginal RDs and decompose the total effect of 
greenspace on risk for ASD into the natural direct effect and the natural 
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indirect effect through air pollution reduction. We developed three 
mediation models for NDVI exposure at a 250 m buffer size, one model 
each for PM2.5, NO, and NO2, following the procedures described below. 
We also tested the impact for NDVI buffer sizes of 100 and 500 m. In 
addition, we categorized greenspace and air pollutant exposures into 
quartiles for the mediation analyses to establish defined contrasts (Q1 
represents the lowest exposure; Q4, the highest). 

The mediation approach by Lange et al. allows for the decomposition 
of the natural direct and indirect effects through nested counterfactuals, 
in which we compare potential outcomes if we intervene on each 
pregnant woman’s exposure and mediator level multiple times; and the 
mediator can take its natural level corresponding to its observed or 
counterfactual exposures. Thus, we first replicated our data set to create 
new counterfactual exposures A* for all possible values of A for each 
observation (i.e., duplicated each observation for all NDVI quartiles). 
Then, using the original data set, we developed a multinomial logistic 
regression for exposure A conditional on confounding variables C (i.e., 
child sex, birth month, birth year, maternal age, maternal birthplace, 
and neighborhood-level urbanicity and income band). This regression 
was applied to the replicated data set to generate predicted probabilities 
and create exposure weights to balance confounders. Covariate balance 
was assessed using standardized differences, with greater than 10 % 
standardized differences suggesting meaningful imbalance. (Austin and 
Stuart, 2015) Exposure weights were stabilized using marginal proba-
bilities of exposure. Similarly, using the original data set, we developed 
a multinomial logistic regression for mediator M conditional on expo-
sure A and confounding variables C. Using this regression on the repli-
cated data set, we generated predictions to establish mediator weights, 
which we then stabilized by the marginal probability of the mediator 
conditional on exposure and confounding variables C. These mediator 
weights create a pseudo-population where the mediator is, on average, 
at the level predicted by exposure A*. 

Lastly, we fit a logistic MSM on the replicated data set for outcome Y 
conditional on A, A*, and their interaction and weighted by the product 
of the exposure and mediator weights. This fitted model was used to 
calculate predicted probabilities of outcome Y at observed exposure A 
and the natural level of the mediator corresponding to counterfactual 
exposure A*. 

We estimated the natural direct effect as the marginal risk difference 
between the predicted probabilities of outcome Y with exposure A 
versus counterfactual A* while maintaining the mediator at its natural 
level corresponding to counterfactual exposure A* (i.e., 
E[Ya,Ma* − Ya* ,Ma* ]). Similarly, we calculated the natural indirect effect as 
the marginal risk difference between the predicted probabilities of 
outcome Y with exposure A but with the mediator set to its natural 
values corresponding to exposure A versus counterfactual A* (i.e., 
E[Ya,Ma − Ya,Ma* ]). The total effect was calculated as the marginal risk 
difference between the predicted probabilities of outcome Y with 
exposure A versus A* and the mediator set to the corresponding values of 
A and A*, respectively. The total effect is the sum of the natural direct 
and indirect effects (i.e., E

[
Ya,Ma − Ya* ,Ma*

]
= E

[
Ya,Ma* − Ya*,Ma*

]
+

E[Ya,Ma − Ya,Ma* ]). We calculated marginal RDs between NDVI quartiles 
Q2 vs Q1, Q3 vs Q1, Q4 vs Q1, and between Q3 vs Q2, and Q4 vs Q3. To 
calculate 95 % CIs, we repeated these procedures across 500 bootstrap 
replications. 

In addition to the assumptions of consistency and positivity, our 
analyses assumed that the specified confounders are sufficient for all 
exposure-outcome, exposure-mediator, and mediator-outcome re-
lationships, and that no descendant variable of greenspace confounds 
the mediator-outcome relationship. (Lange et al., 2017; VanderWeele, 
2016). 

If no mediation were to be observed, we proposed a post-hoc sensi-
tivity analysis of our primary logistic regression model that additionally 
controls for air pollutants as confounders. 

3. Results 

The linked data contained 132,256 children born in Metro Vancou-
ver from 2004 to 2009. After excluding 3,034 (2.3 %) observations with 
missing data, our final study cohort consisted of 129,222 children. 
Within the cohort, 1,921 (1.5 %) children were diagnosed with ASD, and 
the median age of assessment was 4.8 years (IQR, 3.8–5.8 years). Among 
66,508 males, 1,618 (2.4 %) were diagnosed with ASD, and among 
62,714 females, 303 (0.5 %). Areas with higher NDVI had a larger 
proportion of mothers born in Canada. Mothers residing in higher NDVI 
areas also tended to be multiparous and living in higher-income band 
neighborhoods with lower air pollution (Table 1). 

The median average of the annual mean NDVI within a 250 m buffer 
was 0.35 (IQR, 0.29–0.41); within a 100 m buffer, 0.34 (IQR, 
0.28–0.40); and within a 500 m buffer, 0.36 (IQR, 0.30–0.42; Figure S2 
in the Supplement). For the mediators, the median average exposure per 
month during pregnancy of PM2.5 was 3.5 µm/m3 (IQR, 2.7–4.2 µm/m3); 
NO, 18.4 ppb (IQR, 14.0–24.7 ppb); and NO2, 14.3 ppb (IQR, 12.2–17.0 
ppb; Figure S3 in the Supplement). NDVI within a 250 m buffer was 
highly positively correlated with both 100 m (r = 0.9) and 500 m (r =
0.9) buffers, and it had moderate negative correlations with PM2.5 (r =
-0.4), NO (r = -0.4), and NO2 (r = -0.4; Figure S4 in the Supplement). 

3.1. Primary analysis 

In the unadjusted logistic regression model, we estimated a decrease 
in odds of ASD per IQR (0.12) increase in the average of the annual mean 
NDVI within a 250 m buffer (OR, 0.93 [95 % CI: 0.88, 0.99]; Table 2). 
After adjusting for child sex, birth month, birth year, maternal age, 
maternal birthplace, and neighborhood-level urbanicity and income 
band, the association remained, but the OR was slightly attenuated to 
0.96 with the 95 % CI crossing 1.00 (95 % CI: 0.90, 1.02). In sex- 
stratified models, the adjusted OR for male children was lower, and 
the 95 % CI was more precise compared to female children (male chil-
dren: OR, 0.95 [95 % CI: 0.89, 1.01]; female children: OR, 1.02 [95 % CI: 
0.88, 1.19]). The interaction between NDVI and child sex was not sta-
tistically significant in a likelihood ratio test (P value = 0.17). 

We tested the effect of including gestational age, small for gestational 
age, and birth weight in the adjusted model for sensitivity analyses, 
which resulted in nearly identical ORs and 95 % CIs. However, adding 
parity to the adjusted models attenuated the effect estimate towards the 
null (OR, 1.00 [95 % CI: 0.94, 1.07]). Changing the NDVI buffer to 100 
and 500 m produced similar effect estimates as the 250 m buffer 
(Table 2; Figure S5 in the Supplement). 

The greatest marginal risk differences were observed for Q4 vs Q1 
(reference) NDVI increase, with an estimated unadjusted RD of − 219.73 
(95 % CI: − 401.56, − 18.01) per 100,000 and after adjustment, RD of 
− 124.34 (95 % CI: − 311.73, 87.54) per 100,000 (Table 3). The 95 % CIs 
for the adjusted risk difference models crossed zero. In sex-stratified 
models, males had a greater risk reduction for ASD than females 
across NDVI quartile comparisons. Adding gestational age, small for 
gestational age, and birth weight as covariates to the adjusted models 
produced small risk difference changes, with absolute differences 
ranging from 0.1 to 11.3 per 100,000 across NDVI quartile comparisons. 
Adjusting for parity, however, attenuated the adjusted risk differences. 
Similar patterns were observed for the 100 and 500 m NDVI buffers 
(Tables S1 and S2, and Figure S6 in the Supplement). 

3.2. Mediation analysis 

Covariate balance was assessed before and after applying stabilized 
weights. For the 250 m NDVI buffer and PM2.5 mediator model, stan-
dardized differences among covariates ranged from 0.5 to 27.3 % 
(Figure S7 in the Supplement). After applying stabilized exposure 
weights, these standardized differences decreased to 0.1–1.8 %, sug-
gesting good covariate balance. Results were similar between NO and 
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NO2 mediation models, with standard differences initially ranging from 
0.5 to 27.3 % and decreasing to 0.1–1.8 % after applying stabilized 
exposure weights. After applying the stabilized weights, covariate 
imbalance increased slightly, as expected, with standardized differences 
ranging from 0.2 to 3.5 %, 0.3–3.7 %, and 0.4–5.6 %, respectively for 
PM2.5, NO, and NO2 mediation models. 

Table 4 shows the natural direct, natural indirect, and total effects of 
NDVI exposure during pregnancy for risk of ASD, estimated as marginal 
risk differences per 100,000. We observed no mediation, with natural 
direct, natural indirect, and total effects crossing zero across all NDVI 
quartile comparisons for PM2.5, NO, and NO2 mediation models. In-
teractions between NDVI exposure and air pollutants mediators were not 
significant based on likelihood ratio tests (PM2.5: P value = 0.94; NO: P 

value = 0.18; NO2: P value = 0.09). Similar results were observed for 
100 and 500 m NDVI buffers (Tables S3 and S4, and Figures S8–S10 in 
the Supplement). 

3.3. Post-Hoc analyses 

After observing no mediation, we re-estimated adjusted ORs and 
marginal RDs for ASD by including air pollutants as additional con-
founders rather than mediators. For the 250 m NDVI buffer models, this 
post-hoc adjusted OR was 0.98 (95 % CI: 0.91, 1.05) per IQR (0.12) 
increase in the average of the annual mean NDVI; and the largest post- 
hoc marginal RD was − 76.90 (95 % CI: − 291.30, 155.44) per 100,000 
for Q4 vs Q1 (reference) NDVI, and the smallest, − 18.74 (95 % CI: 

Table 1 
Cohort characteristics by quartiles of average of annual mean normalized difference vegetation index. Median average of annual mean NDVI was 0.35 (IQR, 
0.29–0.41). Abbreviations: NDVI, normalized difference vegetation index; SMD, standardized mean difference; IQR, interquartile range; PM2.5, particulate matter with 
a diameter less than 2.5 µm; NO, nitric oxide; NO2, nitrogen dioxide; and ppb, parts per billion.    

Average of Annual Mean NDVI within 250 m Buffer  
Characteristics Cohort Quartile 1 (Lowest) Quartile 2 Quartile 3 Quartile 4 

(Highest) 
SMD 

Children 129,222 32,306 32,306 32,305 32,305  
Sex (%)       

Female 62,714 (48.5) 15,669 (48.5) 15,740 (48.7) 15,560 (48.2) 15,745 (48.7)  0.006 
Male 66,508 (51.5) 16,637 (51.5) 16,566 (51.3) 16,745 (51.8) 16,560 (51.3)  

Gestational age at birth, week (median [IQR]) 39.00 [38.00, 40.00] 39.00 [38.00, 40.00] 39.00 [38.00, 40.00] 39.00 [38.00, 40.00] 39.00 [38.00, 40.00]  0.011 
Maternal age at delivery (median [IQR]) 31.90 [28.30, 35.40] 32.00 [28.40, 35.40] 31.70 [28.10, 35.30] 31.60 [28.00, 35.20] 32.30 [28.60, 35.70]  0.058 
Multiple birth (%)       

Singleton birth 125,263 (96.9) 31,471 (97.4) 31,341 (97.0) 31,265 (96.8) 31,186 (96.5)  0.028 
Multiple births (twins or triplets) 3959 (3.1) 835 (2.6) 965 (3.0) 1040 (3.2) 1119 (3.5)  

Parity (%)       
Nulliparous 62,281 (48.2) 18,073 (55.9) 15,861 (49.1) 14,505 (44.9) 13,842 (42.8)  0.146 
Multiparous 66,941 (51.8) 14,233 (44.1) 16,445 (50.9) 17,800 (55.1) 18,463 (57.2)  

Maternal birthplace (%)       
Canada 65,367 (50.6) 13,704 (42.4) 14,623 (45.3) 16,695 (51.7) 20,345 (63.0)  0.341 
India 12,211 (9.4) 2018 (6.2) 3624 (11.2) 4260 (13.2) 2309 (7.1)  
China 10,943 (8.5) 4088 (12.7) 3311 (10.2) 2111 (6.5) 1433 (4.4)  
Philippines 6652 (5.1) 2458 (7.6) 1959 (6.1) 1341 (4.2) 894 (2.8)  
United Kingdom 2473 (1.9) 535 (1.7) 535 (1.7) 612 (1.9) 791 (2.4)  
United States 1920 (1.5) 449 (1.4) 459 (1.4) 434 (1.3) 578 (1.8)  
Vietnam 2921 (2.3) 1072 (3.3) 899 (2.8) 518 (1.6) 432 (1.3)  
Hong Kong 2036 (1.6) 620 (1.9) 572 (1.8) 505 (1.6) 339 (1.0)  
Other 24,699 (19.1) 7362 (22.8) 6324 (19.6) 5829 (18.0) 5184 (16.0)  

Income band (median [IQR]) 447.00 [188.00, 
735.00] 

340.00 [142.00, 
672.00] 

356.00 [159.00, 
634.00] 

456.00 [200.00, 
723.00] 

635.00 [336.00, 
837.00]  

0.333 

Urbanicity (%)       
Urban 128,145 (99.2) 32,048 (99.2) 32,043 (99.2) 32,041 (99.2) 32,013 (99.1)  0.006 
Not urban 1077 (0.8) 258 (0.8) 263 (0.8) 264 (0.8) 292 (0.9)  

Birth month (%)       
Jan 10,309 (8.0) 2769 (8.6) 2535 (7.8) 2517 (7.8) 2488 (7.7)  0.041 
Feb 9611 (7.4) 2520 (7.8) 2411 (7.5) 2309 (7.1) 2371 (7.3)  
Mar 10,659 (8.2) 2870 (8.9) 2631 (8.1) 2582 (8.0) 2576 (8.0)  
Apr 10,513 (8.1) 2603 (8.1) 2649 (8.2) 2656 (8.2) 2605 (8.1)  
May 11,091 (8.6) 2636 (8.2) 2782 (8.6) 2774 (8.6) 2899 (9.0)  
Jun 10,932 (8.5) 2691 (8.3) 2675 (8.3) 2785 (8.6) 2781 (8.6)  
Jul 11,202 (8.7) 2679 (8.3) 2880 (8.9) 2788 (8.6) 2855 (8.8)  
Aug 11,391 (8.8) 2742 (8.5) 2951 (9.1) 2834 (8.8) 2864 (8.9)  
Sep 11,423 (8.8) 2832 (8.8) 2835 (8.8) 2916 (9.0) 2840 (8.8)  
Oct 11,128 (8.6) 2770 (8.6) 2717 (8.4) 2829 (8.8) 2812 (8.7)  
Nov 10,619 (8.2) 2666 (8.3) 2642 (8.2) 2727 (8.4) 2584 (8.0)  
Dec 10,344 (8.0) 2528 (7.8) 2598 (8.0) 2588 (8.0) 2630 (8.1)  

Birth year (%)       
2004 20,464 (15.8) 5722 (17.7) 4978 (15.4) 4987 (15.4) 4777 (14.8)  0.196 
2005 20,514 (15.9) 5123 (15.9) 4856 (15.0) 5276 (16.3) 5259 (16.3)  
2006 21,225 (16.4) 4967 (15.4) 5469 (16.9) 5686 (17.6) 5103 (15.8)  
2007 22,131 (17.1) 4498 (13.9) 5411 (16.7) 5853 (18.1) 6369 (19.7)  
2008 22,292 (17.3) 4501 (13.9) 5386 (16.7) 5740 (17.8) 6665 (20.6)  
2009 22,596 (17.5) 7495 (23.2) 6206 (19.2) 4763 (14.7) 4132 (12.8)  

PM2.5 pregnancy monthly average, μg/m3 

(median [IQR]) 
3.48 [2.69, 4.19] 3.92 [3.31, 4.69] 3.60 [2.98, 4.26] 3.42 [2.72, 4.07] 2.71 [1.59, 3.59]  0.541 

NO pregnancy monthly average, ppb (median 
[IQR]) 

18.36 [14.01, 24.68] 23.04 [17.11, 31.52] 19.07 [14.94, 25.01] 17.39 [13.55, 22.47] 15.51 [11.84, 19.99]  0.506 

NO2 pregnancy monthly average, ppb (median 
[IQR]) 

14.30 [12.25, 16.96] 16.78 [14.60, 19.65] 14.97 [12.97, 17.26] 13.66 [12.08, 15.87] 12.41 [11.05, 14.09]  0.638  
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− 186.49, 153.12) per 100,000 for Q2 vs Q1 (reference). 

4. Discussions 

Our study assessed the relationship between prenatal greenspace 
exposure in several buffer zones around residence and ASD diagnosis in 

a population-based Canadian birth cohort comprising almost 130,000 
children. We also tested whether any potential association was mediated 
by a reduction in PM2.5, NO, and NO2. In the unadjusted models of our 
primary analyses, we found an association between prenatal greenspace 
exposure and reduced risk of ASD. This association was slightly atten-
uated with the OR 95 % CIs crossing one after controlling for con-
founders in the 250 m buffer zone, but remained statistically significant 
in the 100 m buffer zone. No interaction was observed between NDVI 
exposure and sex. There were no significant marginal risk differences 
per quartiles of greenspace exposure in adjusted models. We found no 
evidence of an indirect effect through air pollution reduction. Our re-
sults were consistent across several sensitivity analyses assessing asso-
ciations in 100 and 500 m buffer zones and after adding birth outcomes 
and parity as potential confounders. The risk reduction at the 100 m 
buffer could suggest that greenspace exposure during pregnancy may 
reduce ASD risk, for example, mediated through greenspace-related 
stress reduction in pregnant women viewing green spaces from their 
residence, but this needs to be confirmed with finer spatial resolution 
greenspace data. (Labib et al., 2020) Future analyses should also 
examine links between greenspace and maternal mental health in 
pregnancy. While our primary hypothesis was that air pollution reduc-
tion would be on the causal pathway, we adapted the models in a post 
hoc analysis treating air pollutants as confounders after observing no 
mediation. Controlling for air pollutants further attenuated the adjusted 
ORs. 

Our study showed that prenatal greenspace exposure was associated 
with a small reduction in the odds of ASD, but no significant risk dif-
ferences in the additive scale nor mediation through air pollution 
reduction. To our knowledge, this is the first study to evaluate this as-
sociation. One previous American study by Wu and Jackson analyzed 
ASD prevalence in elementary school districts in California and found an 
inverse relationship to several greenspace metrics, including tree canopy 
and green land cover types. (Wu and Jackson, 2017) This study, how-
ever, did not evaluate prenatal exposure, and it used an ecological study 
design. Another difference, which complicates comparison, is that the 
study by Wu and Jackson was conducted in a highly urbanized area with 
substantially higher levels of air pollution and less greenspace exposure 
than Metro Vancouver. The relatively high amount of greenspace in our 
study area reduces the variation in exposure estimates, possibly biasing 
our results towards the null. It would be particularly important to test 
this association in different geographical and climate contexts, including 
areas with higher and lower urbanization, to evaluate whether the re-
sults are dependent on relative environmental exposures. 

Table 2 
Odds of autism spectrum disorder for greenspace exposure during pregnancy. 
Main model adjusted for child sex, birth month, birth year, maternal age, 
maternal birthplace, and neighborhood-level urbanicity and income band. Ab-
breviations: CI, confidence interval; IQR, interquartile range; NDVI, normalized 
difference vegetation index; and ASD, autism spectrum disorder.     

Odds Ratio (95 % CI) per IQR 
(0.12) Increase in NDVI 

Model Children, 
No. 

Children 
with ASD, 
No. 

100 m 
Buffer 

250 m 
Buffer 

500 m 
Buffer 

Unadjusted 
model 

129,222 1921 0.92 
(0.87, 
0.97) 

0.93 
(0.88, 
0.99) 

0.92 
(0.87, 
0.98) 

Adjusted model 129,222 1921 0.94 
(0.89, 
1.00) 

0.96 
(0.90, 
1.02) 

0.95 
(0.89, 
1.01) 

Adjusted model: 
sex stratified, 
males 

66,508 1618 0.94 
(0.88, 
1.00) 

0.95 
(0.89, 
1.01) 

0.95 
(0.88, 
1.01) 

Adjusted model: 
sex stratified, 
females 

62,714 303 0.98 
(0.85, 
1.13) 

1.02 
(0.88, 
1.19) 

0.97 
(0.84, 
1.14) 

Adjusted model 
+ gestational 
age 

129,222 1921 0.94 
(0.89, 
1.00) 

0.96 
(0.90, 
1.02) 

0.95 
(0.89, 
1.01) 

Adjusted model 
+ small for 
gestational 
age 

129,222 1921 0.94 
(0.89, 
1.00) 

0.96 
(0.90, 
1.02) 

0.95 
(0.89, 
1.01) 

Adjusted model 
+ birth weight 

129,222 1921 0.95 
(0.89, 
1.00) 

0.96 
(0.91, 
1.02) 

0.95 
(0.90, 
1.01) 

Adjusted model 
+ parity 

129,222 1921 0.98 
(0.92, 
1.04) 

1.00 
(0.94, 
1.07) 

1.00 
(0.94, 
1.06) 

Adjusted model 
+ air 
pollutants 
(post-hoc) 

129,222 1921 0.96 
(0.90, 
1.02) 

0.98 
(0.91, 
1.05) 

0.97 
(0.89, 
1.04)  

Table 3 
Marginal risk differences of autism spectrum disorder per 100,000. Main model adjusted for child sex, birth month, birth year, maternal age, maternal birthplace, and 
neighborhood-level urbanicity and income band. Q1 represents the lowest normalized difference vegetation index (NDVI) exposure; Q4, the highest. The 95% con-
fidence intervals (CI) were derived via bootstrapping with 500 replicates.  

NDVI within 250 m Buffer Marginal Risk Difference per 100,000 (95 % CI) 

Model Q2 vs Q1 (ref) Q3 vs Q1 (ref) Q4 vs Q1 (ref) Q3 vs Q2 (ref) Q4 vs Q3 (ref) 

Unadjusted model − 114.53 (-285.53, 
64.76) 

− 182.58 (-381.21, 
27.11) 

− 219.73 (-401.56, 
− 18.01) 

− 68.05 (-256.32, 
135.69) 

− 37.15 (-221.07, 
139.41) 

Adjusted model − 47.16 (-217.41, 
126.52) 

− 78.73 (-275.86, 
120.42) 

− 124.34 (-311.73, 
87.54) 

− 31.57 (-226.09, 
166.07) 

− 45.61 (-240.72, 
133.84) 

Adjusted model: sex stratified, males − 90.91 (-409.02, 
233.48) 

− 144.87 (-496.60, 
227.55) 

–233.04 (-561.41, 
129.37) 

− 53.96 (-384.12, 
296.33) 

− 88.17 (-442.80, 
249.09) 

Adjusted model: sex stratified, females 2.82 (-154.98, 160.42) − 5.79 (-163.20, 173.61) − 8.56 (-174.20, 146.62) − 8.60 (-157.56, 
150.36) 

− 2.78 (-155.01, 
142.91) 

Adjusted model + gestational age − 52.66 (-225.32, 
121.10) 

− 86.16 (-283.72, 
114.12) 

− 128.18 (-314.33, 
84.89) 

–33.51 (-228.75, 
163.35) 

− 42.01 (-238.08, 
139.16) 

Adjusted model + small for gestational 
age 

− 45.29 (-216.54, 
128.37) 

− 76.98 (-273.37, 
122.66) 

− 120.97 (-307.98, 
90.32) 

− 31.69 (-226.29, 
165.89) 

− 43.99 (-238.86, 
135.84) 

Adjusted model + birth weight − 46.86 (-219.49, 
127.09) 

− 75.99 (-271.39, 
125.07) 

− 113.04 (-300.12, 
99.14) 

− 29.14 (-224.03, 
166.93) 

− 37.04 (–232.89, 
143.77) 

Adjusted model + parity 11.67 (-153.18, 
183.26) 

23.79 (-181.08, 227.81) 2.54 (-189.72, 208.17) 12.13 (-187.96, 
216.08) 

− 21.26 (–222.16, 
162.06) 

Adjusted model + air pollutants (post- 
hoc) 

− 18.74 (-186.49, 
153.12) 

− 38.29 (-231.57, 
158.14) 

− 76.90 (-291.30, 
155.44) 

− 19.56 (-212.75, 
179.22) 

− 38.60 (-236.43, 
161.26)  
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Although some previous studies have analyzed prenatal environ-
mental exposures with mental and cognitive health outcomes in later 
life, (Xu et al., 1987; Essers et al., 2021; Johnson et al., 2021; Carter 
et al., 2022) similar research on greenspace exposure is scarce. Studies 
have found associations between greenspace exposure during pregnancy 
and gestational age, small for gestational age, and birth weight, (Torres 
Toda et al., 2020; Donovan et al., 2019) although the findings are 
inconsistent. (Dadvand et al., 2012; Glazer et al., 2018) In our study, 
adjusting for gestational age, small for gestational age, and birth weight 
as potential confounders did not meaningfully change effect estimates. 

Numerous studies provide support for the impact of greenspace 
exposure on children’s behavioral and mental health, such as reduced 
problems with attention (Markevych et al., 2014) and improved 

cognitive (Dadvand et al., 2015) and early development. (Jarvis et al., 
2021) However, these studies have not examined prenatal exposures. 
The etiology of ASD is not entirely understood, and multiple studies 
suggest that the etiology may have prenatal origins. (Bauman and 
Kemper, 2005) While there are hypothesized pathways for improved 
mental health outcomes in offspring from prenatal greenspace exposure, 
such as reduced air pollution (Asta et al., 2021) and lower stress levels 
(Verheyen et al., 2021) or lower risk of depression in pregnant mothers, 
(McEachan et al., 2016) the effect of greenspace on ASD may be too 
small to detect in our study context, or there could indeed be no effect. 
Metro Vancouver has a high amount of greenspace and relatively low air 
pollution levels. 

There are a few limitations to our study. First, greenspace exposure 
was measured by NDVI derived from 30 m spatial resolution remote 
sensing imagery, which cannot distinguish between different greenspace 
attributes or qualities (e.g., private versus public spaces, trees versus 
grass, or quality of amenities in public parks). Future studies should 
evaluate if certain types of natural environments, including blue spaces, 
may be inversely associated with developing ASD. We also recommend 
including greenspace metrics of higher granularity, such as percentage 
vegetation derived from spectral unmixing of satellite imagery. (Jarvis 
et al., 2021; Czekajlo et al., 2020) This would increase the exposure 
variation and the possibility to detect effects. Nevertheless, NDVI is 
among the most commonly used greenspace metrics in epidemiological 
research, (Davis et al., 2021) which contributes to the comparability of 
our study results. Second, there is a risk of exposure misclassification 
related to residential postal code data linkages. While postal codes 
typically correspond to a small area, approximately half a block in dense 
city environments, it does not provide the same specificity in exposure 
alignment as an individual address. As well, residential postal codes do 
not account for time-activity patterns. Third, limited data on individual- 
level socioeconomic status is a limitation of administrative health data. 
The attenuation of results after adjusting the models for parity—a po-
tential proxy for socioeconomic status—may suggest some residual 
confounding by individual-level socioeconomic status not accounted for 
by neighborhood-level income. Education and income are negatively 
associated with a woman’s number of children. (Huber et al., 2010) In 
Metro Vancouver, areas with lower socioeconomic status tend to have 
lower greenspace and higher air pollution levels. (Doiron et al., 2020) 
More studies are needed to detangle the impacts of socioeconomic and 
physical environments, for example, through an exposome approach 
that includes biological determinants. (Julvez et al., 1987; Maitre et al., 
2021; Robinson et al., 2018) It is also plausible that parents of lower 
socioeconomic status were less able to access ASD assessment for their 
children, and thus more children would be undiagnosed on the lower 
end of the socioeconomic spectrum. Given that green space is also 
correlated with increasing socioeconomic status, this would bias our 
results towards the null. We were also unable to control for all poten-
tially relevant confounders, such as maternal mental health. With these 
considerations in mind, it is conceivable that greenspace exposure 
during pregnancy may be a proxy exposure for yet unmeasured factors 
that are more proximal to the early origins of ASD. 

Our study also has several notable strengths, and to our knowledge, it 
is the first study to analyze the impact of prenatal exposure of green-
space on ASD. This work contributes new knowledge on the potential 
protective effects of modifiable environmental exposures to help prevent 
childhood developmental disabilities. We used data from a large 
population-based cohort and strict, clinically verified diagnostic criteria 
for case ascertainment. (Bickford et al., 2020) Our temporally adjusted 
land use regression models for air pollution have a high spatial and 
temporal resolution, (Henderson et al., 2007; Wang et al., 2013; Nethery 
et al., 2008) reducing measurement error. Although we were unable to 
conduct trimester-specific analyses, exposures over the pregnancy 
period tend to be correlated. Future studies should consider analyzing 
pregnant mothers who lived in a low NDVI area for one period of their 
pregnancy and then moved to a higher NDVI area (or in the oppositive 

Table 4 
Natural direct, natural indirect, and total effects of greenspace exposure during 
pregnancy on autism spectrum disorder with particulate matter with a diameter 
less than 2.5 µm (PM2.5), nitric oxide (NO), and nitrogen dioxide (NO2) as me-
diators. Effects estimated using marginal structural models, which included 
covariates for child sex, birth month, birth year, maternal age, maternal birth-
place, and neighborhood-level urbanicity and income band. Q1 represents the 
lowest normalized difference vegetation index (NDVI) exposure; Q4, the highest. 
The 95 % confidence intervals (CI) were derived via bootstrapping with 500 
replicates.   

Marginal Risk Difference per 100,000 (95 % CI) 

NDVI 
within 250 
m Buffer 

Estimand PM2.5 

Mediator 
NO Mediator NO2 

Mediator 

Q2 vs Q1 
(Ref) 

Natural 
Direct Effect 

− 41.68 
(-250.29, 
147.36) 

–22.99 
(-220.81, 
177.19) 

− 53.24 
(-249.62, 
147.57) 

Natural 
Indirect 
Effect 

10.52 
(–33.84, 
52.31) 

− 8.17 
(-72.52, 
54.30) 

22.08 (-46.51, 
88.00) 

Total Effect − 31.16 
(-229.36, 
161.83) 

− 31.16 
(-229.36, 
161.83) 

− 31.16 
(-229.36, 
161.83) 

Q3 vs Q1 
(Ref) 

Natural 
Direct Effect 

− 126.24 
(-338.67, 
100.95) 

− 128.89 
(-352.93, 
97.65) 

− 70.15 
(-300.89, 
194.46) 

Natural 
Indirect 
Effect 

28.89 (-38.58, 
95.22) 

31.55 (-75.07, 
136.74) 

− 27.19 
(-167.62, 
108.18) 

Total Effect − 97.35 
(-304.89, 
123.62) 

− 97.35 
(-304.89, 
123.62) 

− 97.35 
(-304.89, 
123.62) 

Q4 vs Q1 
(Ref) 

Natural 
Direct Effect 

− 161.90 
(-392.47, 
60.41) 

− 66.44 
(-324.49, 
208.82) 

− 238.69 
(-553.14, 
109.54) 

Natural 
Indirect 
Effect 

57.39 (-87.99, 
192.50) 

− 38.07 
(-218.35, 
147.25) 

134.18 
(-151.38, 
395.19) 

Total Effect − 104.51 
(-304.00, 
103.46) 

− 104.51 
(-304.00, 
103.46) 

− 104.51 
(-304.00, 
103.46) 

Q3 vs Q2 
(Ref) 

Natural 
Direct Effect 

− 76.66 
(-278.12, 
127.24) 

− 78.27 
(-283.47, 
123.31) 

− 85.91 
(-288.37, 
116.13) 

Natural 
Indirect 
Effect 

10.48 (-15.23, 
36.85) 

12.09 (-24.97, 
49.23) 

19.73 (-29.67, 
73.28) 

Total Effect − 66.19 
(-267.02, 
140.40) 

− 66.19 
(-267.02, 
140.40) 

− 66.19 
(-267.02, 
140.40) 

Q4 vs Q3 
(Ref) 

Natural 
Direct Effect 

− 47.30 
(-245.34, 
161.60) 

13.25 
(-195.49, 
218.89) 

− 26.19 
(–232.92, 
198.82) 

Natural 
Indirect 
Effect 

40.14 
(–32.36, 
106.48) 

− 20.41 
(-73.16, 
37.02) 

19.03 (-60.25, 
100.19) 

Total Effect − 7.16 
(-201.56, 
177.33) 

− 7.16 
(-201.56, 
177.33) 

− 7.16 
(-201.56, 
177.33)  
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direction). Capturing this discordance in exposure in the same mother 
would allow for improved exposure contrast. 

5. Conclusion 

In this pioneering hypothesis-driven study, prenatal greenspace 
exposure was associated with a small reduction in the odds of ASD, but 
no significant risk differences were found in the additive scale nor 
mediation through air pollution reduction. Further research is needed to 
evaluate prenatal and long-term exposure to greenspace and ASD in 
different geographical, social, and climate contexts and using green-
space metrics of higher variability and spatial resolution. Future di-
rections include focusing on specific gestational time windows of 
vulnerability and identifying factors that may elucidate how and why 
prenatal greenspace shapes child development. 
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Söderström, M., Mårtensson, F., Grahn, P., Blennow, M., 2004. The outdoor environment 
of day care centers. Its importance to play and development. Ugeskr Laeger. 166 
(36), 3089–3092. 

Statistics Canada. Focus on Geography Series, 2016 Census: Census Metropolitan Area of 
Vancouver. Published 2017. https://www12.statcan.gc.ca/census-recensement 
/2016/as-sa/fogs-spg/Facts-cma-eng.cfm?LANG=Eng&GK=CMA&GC=933&TOPIC 
=1. 

Statistics Canada. Statistics Canada income band data (catalogue number 13C0016); data 
extract from Population Data BC, 2016. Published 2009. Accessed May 20, 2021. htt 
ps://www.popdata.bc.ca/data/work/income_band. 

Talbott, E.O., Arena, V.C., Rager, J.R., et al., 2015. Fine particulate matter and the risk of 
autism spectrum disorder. Environ Res. 140, 414–420, 10/f7j5zg.  

Tomson, N., Michael, R.N., Agranovski, I.E., 2021. Removal of particulate air pollutants 
by Australian vegetation potentially used for green barriers. Atmospheric Pollut Res. 
12 (6), 101070, 10/gmpknk.  
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