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Autism Spectrum Disorder 

SOCIAL SKILLS 
nonverbal interactions 

friendship 
joint attention 

reciprocity 

COMMUNICATION 
language 

conversation 
play 

UNUSUAL BEHAVIORS 
obsessive interests 

rigid rituals 
preoccupation with  

parts of objects 



ASD Prevalence in the United States 

CDC, MMWR, 2007, 2007 2009, 2012 

Statistics from the Autism and Developmental Disabilities  
Monitoring Network (ADDM) 

Surveillance 
Year 

Birth Year Number 
Locations 

Prevalence 
per 1,000 
Children 

~ 1 in X 
children… 

2000 1992 6 6.7 1 / 150 

2002 1994 14 6.6 1 / 150 

2004 1996 8 8.0 1 / 125 

2006 1998 11 9.0 1 / 110 

2008 2000 14 11.3 1 / 88 

2010 2002 11 14.7 1 / 68 
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Family History 

More likely to have 
ASD diagnosis if have a 

sibling with an  
ASD diagnosis 
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Adapted from Gaugler et al., 2014 

Genetic Influences on ASD 
Environmental 
Effects and GxE 
Interactions 



Autism Causation is Multifactorial 
Likely to be many causes across the population and 

within an individual… 

A 

More Rare:  
1 Cause 

More Common:  
3 or More Causes 

Possible: 
2 Causes 

B 
E B 

C F D 

…from both genes and / or the environment(s) 



Genes & 
Environment 

Courtesy of Dr. Craig Newschaffer  



Early Life Exposure Matters 



Los Angeles 

London 

Beijing 

New York 

We are ALL exposed…. 



 
 

…air pollution 
involves more  

than just cars… 



Air Pollution Is A Mixture 

Particles 
Coarse 

Fine 
Ultrafine 
Metals 

Gases 
Nitrogen Dioxide 

Ozone 
& More 

Volatile Agents 
Polycyclic Aromatic 

Hydrocarbons 
& More 



What Do We Mean When We Talk 
About Particles? 



Health Effects of Air Pollution 

Respiratory 
Morbidity & Mortality 

Cardiovascular 
Morbidity & Mortality 

Assorted Birth Outcomes 

Perinatal Development 

CNS  
(Neurological) 

Cancer 





What Can Animal Studies Tell Us? 

Direct Effects of Exposure 
• Re-aerosolized UFPM from LA roadways 

– Increased inflammation in brain  
– Inflammatory cytokine activation 
– Changes in neuronal growth and differentiation 
– Depression symptoms 

 
Trans-placental Effects 
• In utero DEP exposure 

– Inflammation in brains of exposed pups 
– Male-specific effects 

 

Kleinman et al., 2008 
Morgan et al., 2011 
Davis et al., 2013 
Bolton et al., 2013 



So What Does Air Pollution Do To the Brain?  
Can It Even GET There? 

Same Number 

Different Differentiation 

Less Fully Developed and Differentiated 



So What Does Air Pollution Do To the Brain?  
Can It Even GET There? 

Leaky Blood Brain Barrier 



So What Does Air Pollution Do To the Brain?  
Can It Even GET There? 



How Do We Measure This In Humans? 
Personal Monitoring 

Biologic 
Measures of 

Exposure 

Geographic Linkages To Monitoring Networks 



Measures of Air Pollution 

Air Monitor 



Air Pollution Exposure and Early Life 
Neurodevelopment 

Decreased cognitive 
development score 

with increasing 
exposure 

Perera et al., 2006  



Roadway Proximity and Cognitive 
Development at Age 8 

Harris et al., 2015  

Decreased non-verbal 
IQ with increasing 

proximity 



Air Pollutants and ASD 

Hazardous Air Pollutants 

• Mercury, cadmium, nickel, vinyl 
chloride, DEP  
• California 
• Windham et al., 2006 

 
• Methylene chloride, styrene, 

quinoline  
• North Carolina 
• Kalkbrenner et al., 2010 

 

• Styrene, chromium, PAH, 
methylene chloride 
• Pennsylvania 
• Talbott et al., 2015 

 

• Metals (lead, manganese, 
mercury), methylene chloride, 
DEP  
• Across USA 
• Roberts et al., 2013 

 

• Traffic and industry emissions 
• LA County 
• Von Ehrenstein et al., 2014 

 



Particles and Metals 

Roberts et al., 2013 



Air Pollutants and ASD 
Near Roadway Air Pollution  

and NO2 in the US 
• California 

• Volk et al., 2011, 2013 
• LA County 

• Becerra et al., 2011 
 Studies from Abroad 
• No association with NO2 in 4 European 

birth cohorts 
• Guxens et al., 2016 

• No association with NO2 in Sweden 
• Gong et al., 2014 

• NO2, Ozone, SO2, CO in Taiwan 
• Jung et al., 2013 

Particulate Matter  
(PM2.5 and PM10) 

• California 
• Volk et al., 2013 

• Across USA 
• Raz et al., 2015 

• California and North Carolina 
• Kalkbrenner et al., 2014 

• Pennsylvania 
• Talbott et al., 2015 

• LA County 
• Becerra et al., 2013 



Study Design 
 

• Childhood Autism Risks From Genetics and the 
Environment (CHARGE) Study 
– Born 1996-2007 

 
• Autism Cases  

– First diagnosed by Regional Center (Department of 
Developmental Services (DDS))or clinical referral 

– Positive for autism on gold standard assessments 
 

• Controls  
– Typically developing children from birth records 

 NIEHS R01 ES015359 , PI: Hertz-Picciotto 



Air Pollution In CHARGE 

CA Standard = 30 ppb 

CA Standard = 20 ug/m3 
CA Standard = 12 ug/m3 



Distance From Freeway at Birth 
(304 Cases and 259 Controls) 

Crude OR Adjusted OR* 

Birth Address <309m  1.86 (1.04-3.45) 1.86 (1.03-3.45) 

Birth Address 309-647m  0.98 (0.60-1.59) 0.96 (0.58-1.56) 

Birth Address 647-1419m  1.14 (0.76-1.71) 1.11 (0.73-1.67) 

Birth Address >1419  Reference Reference 

*Model adjusted for child male gender, child ethnicity (Hispanic vs. White, 
Black/Asian/Other vs. White), maximum education in home (college degree 
or more), maternal age > 35 years, and prenatal smoking 
 

Volk, et al., 2011 SCEHSC Pilot Project, PI: Volk 



Volk, et al., 2013 

Near Roadway Air Pollution  
(279 Cases and 245 Controls) 

Near Roadway Air Pollution 

Probability of ASD 
Increases as NRAP 

Increases 



Regional Pollutant Exposure 
(279 Cases and 245 Controls) 

First Year of Life 
OR* 

All Pregnancy  
OR* 

PM2.5 2.12 (1.45-3.10) 2.08 (1.93-2.25) 

PM10 2.14 (1.46-3.12) 2.17 (1.49-3.16) 

Nitrogen Dioxide  2.06 (1.37-3.09) 1.81 (1.23-2.65) 

Ozone  1.15 (0.72-1.86) 1.09 (0.76-1.55) 

*Regional pollution effects reflect risk of autism based on 2 standard deviations from the 
mean value, specifically per increase of 8.8 mg/m3 PM2.5, 12.4 mg/m3 PM10, 9.0 ppb NO2, 
and 13.6 ppb ozone. The top TRP quartile refers to estimated exposure levels of 30.4ppb or 
greater.  
Models adjusted for child male gender, child ethnicity (Hispanic vs. White, Black/Asian/Other 
vs. White), maximum education of parents (parent with highest of four levels: college degree 
or higher vs. some high school, high school degree, or some college education), maternal age 
( >35 years vs.  35years), prenatal smoking, population density. 

Volk, et al., 2013 NIEHS R21 ES19002, PI: McConnell, Co-I: Volk 



What Do We Know So Far? 

• Air Pollution Associated with ASD 
• Air Pollution Associated with Worse 

Functioning in ASD 
 
 

• So How Might This Work?    
• What’s the Responsible Ingredient?   

 

What Do We Want To Know Next? 



Adapted from Gaugler et al., 2014 

Where Do Genes Fit In? 
Environmental 
Effects and GxE 
Interactions 



Adapted from Geschwind et al., 2008 

Simple Model for Gene and 
Environment Effects 



Prenatal PAH Exposure Reduces MET Protein 
Expression in Mouse Cortex 

(Benzo(a)Pyrene) 

Sheng et al., 2010 



Replications of MET rs1858830 Variant Association 
with Autism 

Reference Study Design Sample Source 
1 Campbell et al. 2006. PNAS. Family-based and 

case-control 
Italy (Rome 1) 

2 Campbell et al. 2006. PNAS. Family-based and 
case-control 

NIMH 

3 Campbell et al. 2008. Autism Res. Family-based Vanderbilt 
4 Sousa et al. 2009. Eur J Hum Genet. Family-based and 

case-control 
Europe (UK) 

5 Sousa et al. 2009. Eur J Hum Genet. Case-control Italy (Bologna) 
6 Jackson et al. 2009. Autism Res. Case-control South Carolina 
7 Jackson et al. 2009. Autism Res. Case-control Italy (Rome 2) 

8 Thanseem et al. 2010. Neurosci Res. Family-based Japan 

9 Thanseem et al. 2010. Neurosci Res. Family-based AGRE 

10 Rajamma et al. 2011. SfN poster Family-based India 



Joint Effect of MET rs1858830 and Air Pollution 

Near Roadway Air Pollution 
MET rs1858830 Genotype 
C/C C/G or G/G 

Exposed 2.9 (1.0-10.4) 1.3 (0.73-2.2) 
Unexposed 0.80 (0.47-1.4) reference 

Regional Nitrogen Dioxide 
MET rs1858830  Genotype 

C/C C/G or G/G 
Exposed 3.6 (1.3-12.7) 1.2 (0.71-2.1) 
Unexposed 0.72 (0.41-1.3) reference 

Volk et al, 2014. 



What Are The Next Steps? 



Prospective Evaluation of Air Pollution, 
Cognition, and Autistic Traits from  

Birth Onward (PEACABO) 
• Collaboration with At-risk Infant 

Sibling Study Designs 
– Early Autism Risk Longitudinal 

Investigation (EARLI) 
• R01 ES016443 (Newschaffer) 

– Markers of Autism Risk in Babies- 
Learning Early Signs (MARBLES) 

• R01 ES020392 (Hertz-Picciotto)  

ASD 
NIEHS R01 ES023780, PI: Volk 



Air Pollution on Development and 
ASD Over Time 

Polycyclic Aromatic Hydrocarbon (PAH) 
Biomarkers 

Modeled Residential Exposure Cognitive Development  
Adaptive Function 

ASD and Related Traits 

Prenatal Exposure 6, 12, 24, and 36 months 

NIEHS R01 ES023780, PI: Volk 



Virtual Consortium for 
Transdisciplinary Environmental 

Research (ViCTER) 

• Understand the MECHANISM of the effect of 
air pollution on ASD 

• Combine Both Human and Animal Models 



Traffic and PM2.5 

Prenatal Exposure 
Child Cognitive Development 

ASD and Related Traits 

12, 24, and 36 months 

Genomics 
RNA seq 

Gene Expression 
Epigenetic Effects 
 

Genetic Associations 

Behavior Step 1 

Step 2 

Step 3 



Air Pollution Exposure Effects on 
Brain Structure 

Peterson et al., 2015  



IBIS Collaboration 

Modeled Residential Exposure 

Enrollment, 12, and 24 months 

Prenatal Exposure 

Brain Volume, Surface Area, EAF Volume, 
CC Morphology, WM Fiber Tract Structure   

MSEL and VABS 
ASD and Related Traits 

6, 12, 24 and 36 months 



So Is It All True? 

Given the general consistency of findings across studies 
and the exposure-window-specific associations recently 
reported, the overall evidence for a causal association 

between air pollution and ASD is increasingly compelling.   



What Might Be the Impact? 

Population Attributable Risk Percent 
 = 

The percent of cases that would NOT occur if 
that risk factor were eliminated 



What Might Be The Impact? 
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OR = 2.0 

OR = 1.5 

OR = 1.1 

We have room for improvement! 
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