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Background 

Existing research has investigated the relationships between sociodemographic characteristics 

and air toxic exposure in the United States. However, a few studies have examined the neurolog-

ical risk from exposure to air toxics. The purpose of the study was to determine the correlation 

between sociodemographic variables and neurological risk due to exposure to air toxics. Also, 

spatial methods were used to understand the distribution of neurological risk and sociodemo-

graphic characteristics. 

Methods 

Air toxic neurological risk data were obtained from the United States Environmental Protection 

Agency's National-scale Air Toxics Assessment and sociodemographic data from the 2010-2014 



 
 

American Community Survey US Census Bureau. The NATA dataset contains 24 neurotoxic air 

pollutants. The hazard quotient (HQ) for each air pollutant was quantified by calculating the ratio 

of the inhalation exposure concentration (EC) to the reference concentration (RfC). In addition, 

the EPA additively models the neurological risks of different pollutants (HQ) to estimate an ag-

gregate neurological risk score (hazard index (HI)) for each census tract. We conducted statisti-

cal analysis using R and spatial analysis using ArcGIS 10. 

Results 

The mean cumulative neurological risk (HI) from all sources was 0.05, and all HI<1 for all tracts 

in Minnesota. The range of values for HI is ≤1 to >1, with >1 being the greatest harm. Percent 

poverty, percent without high school education and percent non-Hispanic white were weakly 

negatively correlated with cumulative neurological risk. In comparison, median household in-

come, percent unemployed, percent non-Hispanic black, percent Hispanic and percent people of 

color were weakly positively correlated with cumulative neurological risk. The choropleth map 

of cumulative neurological risk showed that individuals in Minneapolis-St. Paul may be dispro-

portionately exposed to air toxics. 

Conclusions 

These findings suggest that there may be an unequal distribution of neurotoxic air pollutants, es-

pecially in Minneapolis-St. Paul. Study results may inform and target public health efforts at spe-

cific locations to eliminate sociodemographic inequalities in exposure to neurotoxic air pollu-

tants. 
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Chapter 1: Introduction 

1.1 Rationale 

Growing scientific evidence links exposure to air toxics and an elevated risk of developing various 

neurological health outcomes such as Parkinson's disease and autism.1–3 Neurological disorders 

are concerning because they affect people of all ages and can significantly impact their lives. As a 

result, racial and ethnic disparities in air toxic exposure could lead to disparities in the outcomes 

of neurologic diseases among exposed persons. For example, increased PM2.5 (a neurotoxicant) 

exposure is associated with double the risk for Alzheimer's disease in black women than in white 

women.4 Despite the documented evidence of a disproportionate burden of air toxic exposures 

with increased risk on populations of color or low-income persons,5–8 there is a paucity of studies 

that have examined the neurological risk due to exposure to air contaminants and the related dis-

parities in this risk for sub-populations. Besides, risk assessment methods used to examine the 

association between air toxic exposure and risks of unfavorable health outcomes have relied on a 

single pollutant approach.5,9–11 Pollutants, however, are ubiquitous and typically exist as mixtures 

of different chemicals and chemical classes based on the source of emission. Thus, the cumulative 

risk assessment approach is preferable, especially for identifying vulnerabilities at the neighbor-

hood level.12 However, this method has rarely been used to investigate the neurological risks as-

sociated with air toxic exposure. Altogether, these gaps in the literature support the need to assess 

the relationship between neurological risks and exposure to air contaminants. 

 

The proposed study seeks to address some of these gaps by characterizing neurological risks due 

to air toxic exposure in Minnesota. The cumulative neurological risk (hazard index) estimates as-

sociated with exposure to air toxics at the census tract level in Minnesota were obtained from U.S. 
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Environmental Protection Agency's National-scale Air Toxics Assessment (NATA) 2014 data. 

Additionally, the census tract is the smallest unit for which the estimated neurological risks are 

available from the U.S. EPA's NATA 2014 data. Subsequently, we will determine the correlation 

between cumulative neurological risk for air toxic exposure and sociodemographic characteristics 

of the Minnesotan population. 

 

1.2 Significance 

In the U.S., over 50 million people live in areas where air toxic concentrations exceed the levels 

for non-cancer health effects,10 and neurological health endpoints were ranked 2nd out of 17 ad-

verse health endpoints (after respiratory endpoints) in a cumulative risk assessment of 40 air tox-

ics.13,14 Thus, exposures to air toxics with neurological health endpoints have the potential to sig-

nificantly impact the health of the population because they may be associated with or create vul-

nerability for neurological disorders (N.Ds) such as epilepsy, Alzheimer's disease and other de-

mentias, cerebrovascular diseases including stroke, multiple sclerosis, Parkinson's disease, au-

tism, attention-deficit/hyperactivity disorder (ADHD).15,16  In fact, Gooch et al.,16 estimate that 

about 100 million Americans were suffering from at least one of the over 1000 neurological dis-

orders in 2011. Additionally, N.Ds are the second leading cause of death (after heart disease) and 

the first cause of severe long-term disability globally.17,18 As such, exposure to air toxics with a 

neurological health endpoint is an emerging concern, and the related risk for individuals and 

populations to develop N.D needs to be quantified. Yet, few studies in the U.S. have quantified 

the neurological risks associated with air toxic exposure.  
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Quantification of the potential risks for neurological endpoints associated with exposure to air 

toxics requires a verified and efficient risk assessment method that is easy to understand by all 

stakeholders. Traditionally, risk assessment methods employ a single pollutant approach which is 

incapable of assessing the risks of cumulative exposures to multiple environmental stressors.12 

The single pollutant approach will be inappropriate for assessing neurological risks due to expo-

sure to air toxics because they exist as mixtures of several chemicals and classes of chemicals. In 

the U.S alone, 187 air toxics have been identified as requiring attention and long-term monitor-

ing under the 1990 Clean Air Act Amendments, while a subtotal of 30 have been recognized as 

urban air toxics because they are a potential threat to public health in urban areas.19 Thus, a cu-

mulative risk assessment approach that analyzes, characterizes, and quantifies the combined risks 

to human health from multiple agents or stressors is warranted in quantifying neurological risks 

associated with air toxic exposure. Despite the critical need to appropriately quantify and assess 

the association between neurological risks and air toxic exposure because of the potential for 

public harm, the cumulative risk assessment approach is yet to be applied in the study of this as-

sociation.  

 

Moreover, the distribution and burden of exposure to air toxics in the environment are not uni-

form. Disparities in air toxic exposures could translate to differential neurological risks and re-

lated disparities in health outcomes. Disproportionate air toxic exposures typically fall along ra-

cial/ethnic and socioeconomic lines and these racial/ethnic and socioeconomic factors could pose 

as essential vulnerability factors. These vulnerability factors need to be explored as potential pre-

dictors of exposure and neurological risks to generate necessary information that could be incor-
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porated into interventions to reduce the disparities in neurological risks and exposure to air tox-

ics. Although some studies have characterized the role of several sociodemographic measures on 

the association between cancer risks and exposure to air toxics, 5,11,20–22  few studies have exam-

ined the association between sociodemographic measures and disparities in cumulative neurolog-

ical risks associated with exposure to air toxics.10,23,24 Grineski and Collins investigated the rela-

tionship between neurological risk and school-level environmental inequalities in the US.23 The 

authors observed that students who attended “high risk” public schools nationwide were signifi-

cantly more likely to be eligible for free/reduced price meals, and Hispanic, black, or Asian/Pa-

cific Islander (API).23 Also, the schools with greater proportions of Hispanic, black, and API stu-

dents, schools with higher enrollment, and schools located in more urban (vs. rural) counties 

faced greater neurological risks.23 In addition, the schools that served the youngest students (e.g., 

pre-kindergarten) had increased neurological risk than schools that served older students.23 Also, 

two studies have estimated neurological risk (hazard index). Young et al. estimated the mean 

neurological health hazard or risk of 0.07 in their study that examined differential exposure to 

hazardous air pollution in the United States.25 Morello-Frosh et al. investigated the public health 

implications of outdoor concentrations of air toxics and health risks in California.10 The authors 

estimated the neurological hazard index or risk of 0.9.10 Crafting intervention strategies to poten-

tially modify exposure and risk to reduce their related health effects is hampered by the lack of 

knowledge on the relationship between neurological risk and socioeconomic factors. The paucity 

of evidence-based knowledge on the impact of sociodemographic characteristics on cumulative 

neurological risk is detrimental to the development of cumulative risk assessment methods and 

effective intervention strategies. Our study seeks to address these significant knowledge gaps. 
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Minnesota was chosen as the study area because Minnesota is concerned about the effects of air 

pollution exposure on its population, particularly the elderly, the poor, children with asthma, the 

uninsured and people with pre-existing medical conditions.26 Although Minnesota meets the fed-

eral quality air standards, urban communities are concerned about the effect of air toxic exposure 

on their health.27 Minnesota Department of Health (MDH) Environmental Public Health Track-

ing Program (MN Tracking) and the Minnesota Pollution Control Agency (MPCA) jointly con-

ducted a 2008 environmental health impact analysis for Minneapolis-St. Paul (the Twin Cities) at 

the zip code level.27 They observed that exposure to PM led to approximately 2.1% of respiratory 

hospitalizations among residents aged 65 years and older (95% CI, 1.2-3.0) and 2.1% of child 

asthma hospitalizations (95% CI, 0-10.6); 0.7% of cardiovascular hospitalizations among resi-

dents aged 65 years and older (95% CI, 0.3-1.1); and 2.9% of all-ages asthma emergency depart-

ment (ED) visits (95% CI, 0.8-4.9).27 While exposure to ozone resulted in about 1.1% of all-ages 

premature cardiopulmonary deaths (95% CI, 0.4-1.8), 4.9% of all-ages asthma hospitalizations 

(95% CI, 3.0-6.7), and 3.2% of all-ages asthma ED visits (95% CI, 0-67.0).27 Minnesota began 

monitoring air toxics in 19919 and the Minnesota Pollution Control Agency (MPCA) closely 

monitors air toxic exposure in the state by collecting statewide air monitoring data on air toxics 

at the block group level; this geographic resolution is vital for identifying disparities in exposure 

and changes over small areas. These monitoring sites were designed to measure air concentra-

tions at specific point sources, collect baseline data on air toxic exposure in the Minneapolis-St. 

Paul metro area, and serve as a part of the statewide air toxic monitoring network (SATMN).9 

Additionally, the MCPA has a statewide risk screening tool for air toxics known as MNRISKS 

for estimating the risks associated with air toxic exposure. Pratt et al. conducted an assessment of 

air toxics in Minnesota, and observed that the highest modeled and monitored concentrations of 
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most air toxics were near the center of the Minneapolis-St. Paul metropolitan area.9 Pratt et al. 

conducted a study to investigate the inequities in traffic and air pollution exposure and associated 

risks (cancer and non-cancer) in Minnesota.28 The authors observed that populations of low soci-

oeconomic status and non-white bear disproportionately high effects of exposure to air pollution 

(mainly from transportation sources) and higher risks for adverse health outcomes.28 Our study 

will provide valuable information on sociodemographic disparities due to neurological risk in 

Minnesota and assist the state in focusing its resources on neighborhoods and locations that were 

identified as having air toxic levels of (neurological) concern. 

 

1.3 Study aim and objective 

The study's overall objective is to examine geographic and sociodemographic disparities in neu-

rological risk due to air toxic exposures in Minnesota using a spatial analyses framework. Specif-

ically, our aim is: 

Aim 1: To determine the correlation between sociodemographic features of the Minnesotan 

population and neurological risk estimates from exposure to air toxics. H1: Cumulative neu-

rological risk would be positively correlated with percent non-Hispanic black, percent Hispanic, 

percent people of color, percent unemployed, percent with less than high school education, and 

percent poverty. H2: Cumulative neurological risk would be negatively correlated with percent 

non-Hispanic white and median household income. Approach: We will extract the neurological 

risk estimates from Minnesota's air toxic exposure from US EPA NATA 2014 data and merge with 

several socioeconomic measures (e.g., race/ethnicity, poverty status) from the U.S. Census Bu-

reau's American Community Survey 5-Year Estimates 2010 - 2014 for Minnesota. Subsequently, 

we will conduct correlation analyses to observe the association between sociodemographic 
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measures and cumulative neurological risk estimates. Additionally, we will create maps to visual-

ize disparities in socioeconomic measures and neurological risk estimates individually using over-

lay methods. 

Impact: Our findings will inform new research pathways aimed at elucidating the relationship 

between neurological risks and sociodemographic characteristics of the U.S. population. Charac-

terizing sociodemographic characteristics that can influence population vulnerability and neuro-

logical risks is an essential first step to improving our knowledge of the influence of sociodemo-

graphic features on neurological risks to develop efficient interventions to reduce exposures, 

risks, and health disparities due to air toxic exposure in the future. Finally, understanding the 

links between neighborhood characteristics and air toxics exposure is crucial for developing and 

evaluating effective public health interventions. 
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Chapter 2: Literature Review 

2.1 Air toxics 

Air toxics are airborne pollutants which are also known as hazardous air pollutants (HAPs) are 

defined by the Environmental Protection Agency (EPA) as pollutants that may cause serious 

health effects or adverse environmental and ecological effects.29 187 hazardous air pollutants 

(HAPs) known to cause or suspected of causing cancer, respiratory, neurological, reproductive, 

and other severe chronic health effects have been identified by The 1990 Clean Air Act Amend-

ments (CAA).30  In addition, the EPA identified 30 air toxics in urban areas that represent the 

most significant potential health threat.30 HAPs comprise a variety of volatile (e.g., formalde-

hyde, benzene, 1,3-butadiene) and semivolatile (e.g., naphthalene, polycyclic aromatic hydrocar-

bon (PAH) congeners, organic compounds (volatile organic compounds [VOCs] and semivola-

tile organic compounds [SVOCs]), and metals (e.g., arsenic, hexavalent chromium). Air toxics 

are emitted by various sources, which comprise mobile sources (e.g., cars, trucks and construc-

tion equipment); large or major sources (e.g., factories and power plants); smaller, or area, 

sources (e.g., gas stations and dry cleaners); and natural processes (biogenic VOC releases and 

wildfires).  

 

U.S Environmental Protection Agency (EPA) does not regulate air toxics under the National 

Ambient Air Quality Standards (NAAQS); however, the EPA is mandated under the Clean Air 

Act (CAA) and its amendments to characterize, prioritize and address the effects of air toxic on 

public health and the environment.31 The CAA mandates the EPA to set emissions standards for 

major sources of air toxics based on technology performance.32 The CAA uses a phased regula-

tory approach to control air toxic emissions and mitigate risks from major stationary sources.32 
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The first phase focuses on emission standards based on the best performers in the industry.32 The 

EPA establishes national emission regulations for major stationary sources of air toxics, which 

are generally referred to as the maximum achievable control technology (MACT) program, with 

numerical limitations that reflect available control technologies or work practice requirements.32 

The residual risk program is the second regulatory phase, which evaluates health and environ-

mental risks and develops risk-based standards.32 Within 8 years of MACT regulations being es-

tablished, the EPA analyzes the health and environmental risks posed by sources.32 Additionally, 

the CAA requires the EPA to establish new risk-based standards if substantial emission reduc-

tions are required to protect public health and safety.32 

 

The U.S EPA estimates air toxic emissions using the National Emissions Inventory (NEI), which 

"is a comprehensive and detailed estimate of air emissions of criteria pollutants, criteria precur-

sors, and hazardous air pollutants from air emissions sources." 33 The NEI is released every three 

years and built using the Emissions Inventory System (EIS) which collects data from state, local 

and tribal air agencies and synchronizes the data with other data sources.33 NEI covers five major 

emission sources comprise: (1) point sources: large stationary facilities regulated based on the 

emissions thresholds set in the Air Emissions Reporting Rule (AERR) (such as electrical power 

plants, airports), (2) nonpoint sources: individually small in magnitude to report as point sources 

(such as residential heating, asphalt paving), (3) on-road sources: fuel combustion from automo-

biles during transportation or road-work or idling, (4) nonroad sources: lawn and garden equip-

ment, aircraft, commercial marine vessels, (5) event sources: wildfires and prescribed burns.33 a 
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critical emissions inventory that is linked to and overlaps with air emissions and NEI is the Tox-

ics Release Inventory (TRI). TRI tracks the management of certain toxic chemicals released into 

the air, water or land disposal.34 

 

EPA created the National-scale Air Toxics Assessment (NATA) as a screening tool for state, lo-

cal and tribal air agencies and to serve as a geographical extension of the ambient air monitoring 

network concerning emissions of air toxics.35 NATA is a vital decision-making tool because it 

helps to identify and prioritize pollutants and emission sources, identify locations of interest 

(such as hotspot areas) for further investigation, improve emissions inventory, inform and design 

air monitoring programs, improve the knowledge of health risks posed by air toxics, support 

communities in developing their local assessments.35,36 The goal of NATA is to identify the air 

toxics that are the most significant potential concern and pose the greatest threat to public 

health.36 Typically, NATA generates ambient and exposure concentrations as well as risk and 

hazard estimates for air toxics at the census tract level in each state.36 NATA estimates cancer 

and non-cancer risk from inhalation and outdoor exposure to air pollutants.35 NATA models air 

toxic concentrations and risks from a year's emission data at the census tract level.35 EPA has 

completed six assessments of cancer risk estimates and non-cancer hazards, with 2014 as the 

sixth and most recent assessment that was released in 2018.35 NATA data have been used by en-

vironmental epidemiologists to understand the relationship between air toxic exposure and health 

outcomes, such as autism spectrum disorder (ASD),1 amyotrophic lateral sclerosis (ALS)2. The 

non-cancer hazard index for neurological risk from NATA has been used to explore the relation-

ship between neurological health and air toxic exposure in public schools in the U.S.37 We fo-

cused on neurological risk since neurological illnesses affect people of all ages and have long-



Exploring risk assessment methods to examine neurological risk due to air toxic exposure in 
Minnesota 

 11

term consequences that are cumulative over the lifespan of an individual. It is important to note 

that several behavioral, genetic and environmental factors may be important influences on indi-

vidual and group neurological risks. 

 

2.2 NATA's estimation of neurological risk 

NATA used these steps to produce the 2014 final assessment: compile national emissions inven-

tory (2014 NEI), estimate ambient concentrations of air toxics across the U.S, estimate popula-

tion exposures, and characterize potential public health risks from inhalation.36 NATA's emission 

data are from the 2014 NEI version 2 and is the bedrock of NATA's air quality modeling.36 NEI 

emissions and meteorological data are incorporated in the American Meteorological Society/En-

vironmental Protection Agency Regulatory Model (AERMOD) atmospheric dispersion model 

and the Community Multiscale Air Quality (CMAQ) photochemical model.36  All NATA air tox-

ics are modeled using AERMOD, and CMAQ is used for a list of 52 air toxics that are incorpo-

rated into CMAQ multipollutant version 5.2.36 For hazardous air pollutants (HAPs) generated 

subsequently in the atmosphere (i.e., secondary pollutants, e.g., formaldehyde, acetaldehyde, and 

acrolein), CMAQ offers overall mass, chemistry, and formation. In contrast, AERMOD provides 

spatial granularity and more comprehensive source attribution.36  Also, CMAQ provides bio-

genic and fire concentrations because these source emission categories are not run in AER-

MOD.36   

 

Annual average concentrations generated through the models (CMAQ and AERMOD) are used 

to estimate census tract-level concentrations of all modeled air toxics.36 In addition, the 

HAPEM7 (version 7 of the EPA Hazardous Air Pollutant Exposure Model) exposure model is 
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used to account for human activity patterns and develop exposure concentrations (ECs) for each 

census tract in the country. HAPEM 7 is a screening-level exposure model that calculates inhala-

tion ECs based on ambient-pollutant levels.36 Finally, census tract-level risks are estimated by 

using health benchmark data and the ECs.36  

 

Following EPA risk assessment methodologies (hazard identification and dose-response assess-

ment), the EPA conducts a toxicity assessment to identify and quantify the negative health im-

pacts of chemical exposure.36 The results of this toxicity assessment are known as toxicity val-

ues, which are combined with exposure estimates to characterize health risks for exposed popula-

tions.36 NATA's toxicity values are numerical expressions that indicate the likelihood of adverse 

health effects given a predicted concentration and duration of exposure.36 To evaluate the poten-

tial for neurological adverse health effects, chronic dose-response data were used to estimate a 

threshold that is the EC (exposure concentration) in the air at which neurological adverse health 

effects are assumed to be unlikely (i.e., the RfC (reference concentration)).36 In an air toxics risk 

assessment, the potential for neurological effects is quantified by calculating the ratio of the in-

halation EC to the RfC. This ratio is referred to as the hazard quotient (HQ). It is represented as: 

HQij =  ����/����       ………Equation 1 

Where: 

HQij = Hazard quotient for pollutant j in census tract i, unitless 

ECij = Exposure air concentration (µg/m3) of pollutant j in census tract i (estimate of long-term 

inhalation exposure concentration for a specific air toxic, in units of mg/m3) 

RfCj = Reference concentration (µg/m3) for pollutant j (the corresponding reference concentra-

tion for that air toxic, in units of mg/m3) 
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Exposures at or below the RfC (i.e., HQs of 1 or less) are unlikely to have harmful health effects 

for a specific air toxicant. As exposures rise above the RfC (i.e., HQs rise above 1), the risk of 

deleterious effects also rises. On the other hand, the HQ should not be construed as a likelihood 

of negative neurological consequences. HQ >1 simply states whether (and by how much) a cer-

tain exposure concentration exceeds the RfC. This could indicate that if exposures exceed RfC, 

the risk of neurological adverse effects increases. 

 

Neurological risks for multiple air toxics were estimated by summing chronic neurological HQs 

for individual air toxics. The result is a hazard index (HI), which is defined as a sum of HQs for 

individual air toxics that affect the nervous system. The HI is referred to as the neurological risk 

in the study. The equation below is used to estimate HI from inhalation of multiple air toxics: 

HIi = Σj HQij = HQ1 + HQ2 + …. + HQi     …….Equation 2 

Where:  

HIi = Hazard index at census tract i (sum of the hazard quotients for all pollutants in census tract 

i), unitless 

HQij = Hazard quotient for each air toxic with neurological health endpoint emitted at census 

tract I, unitless 

A HI score of less than or equal to 1 implies that the exposure is unlikely to cause neurological 

harm. A HI value larger than one does not mean a risk of adverse neurological effects and should 

not be construed as the occurrence of neurological adverse effects. This could mean that the risk 

of neurological effects increases. 
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2.3 Reference concentrations (RfCs) 

A reference concentration is "an estimate of a continuous inhalation exposure over a 70-year life-

time that is thought to be without an appreciable risk of adverse health effects over a lifetime." 36 

Reference concentrations are intended to protect known sensitive populations or subgroups, such 

as children, asthmatics and the elderly.36,38,39 The RfC values are obtained by reviewing a health-

effects database (such as the Integrated Risk Information System (IRIS) from the U.S. Environ-

mental Protection Agency (EPA), U.S. Department of Health and Human Services, Agency for 

Toxic Substances and Disease Registry (ATSDR), California Environmental Protection Agency 

Office of Environmental Health Hazard Assessment (CAL EPA-OEHHA), US EPA Health Ef-

fects Assessment Summary Tables for a chemical and identifying the most sensitive and relevant 

(neurological) endpoint principal study or studies showing that endpoint.36 

 

2.4 Risk assessment methods used in NATA 

EPA used a risk-based methodology which is the general risk assessment framework in NATA 

and has developed a three-volume Air Toxics Risk Assessment (ATRA) Reference Library40 

which is a reference for those conducting air toxics risk assessments.36 This library contains in-

formation on the core principles of risk-based assessment for air toxics, application of these prin-

ciples in various situations and strategies for risk reduction at the local level.36,41 The purpose of 

a human health air toxics risk assessment is to understand the public health risks associated with 

exposures to air toxics from various sources of interest.36 The EPA's risk assessment has three 

phases: problem formulation, analysis and risk characterization.36  
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The first phase is problem formulation, which includes an initial and systematic planning and 

scoping activities as well as the problem identification, which leads to the creation of a concep-

tual model.36 This is a critical phase and influences EPA's decisions on methods, models and data 

sources to use in the assessment.36 The planning process ensures that the developed objectives 

are met, resources are efficiently utilized and the project is successful.36 This planning and the 

scoping process is critical in determining "the scope of the risk assessment, the level of detail and 

documentation, trade-offs between depth and breadth in the analysis, quality assurance and qual-

ity control requirements, analytical approaches to be used (modeling vs monitoring), and the 

staffing and monitoring resources to commit." 36 The problem formulation phase leads to the de-

velopment of the conceptual model and the analysis plan.36 The conceptual model is a guide and 

describes the human health risks associated with air toxic exposure.36  

 

Analysis is the second phase in which risk assessment methods are used to evaluate the problem 

and comprise exposure assessment and toxicity assessment (comprise hazard identification and 

dose-response assessment).36 The purpose of an exposure assessment is to identify the potentially 

exposed population, the air toxics of concern, exposure pathways and routes, and quantify expo-

sure.36 The exposure assessment refines the conceptual model and is the analytical step where the 

magnitude, frequency and duration of air toxic exposures are quantified.36 Toxicity assessment is 

used to determine the types of adverse health effects linked to exposure to the air toxic of con-

cern and the relationship between exposure and response to the exposure of various dosages of 

the air toxic of concern.36 Toxicity assessment comprises hazard identification and dose-response 

assessment. The process of determining adverse health outcomes from exposure to air toxics, 

which includes the nature and strength of the evidence of causation, as well as the circumstances 
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in which these health endpoints occur (e.g., inhalation vs. ingestion, acute vs. chronic), is known 

as hazard identification.36 Dose-response relationship quantifies the association between the dose 

of the air toxic and the incidence of adverse health effects in the exposed population.36 Models 

are used to predict the dose-response relationship and derive the toxicity values used in risk char-

acterization.36 

 

Risk characterization is the third phase, which is a synthesis of the exposure and toxicity assess-

ment results to characterize health risks for the scenario given in the first phase.36 Basically, this 

phase produces numbers that denote the likelihood that the exposure to the air toxic of potential 

concern result in an adverse health outcome.36 This process entails a thorough uncertainty analy-

sis for each step of the risk assessment to understand better which aspects of the assessment are 

uncertain, the magnitude and direction of the effect that the various uncertainties have on the risk 

estimates.36 The risk assessor's expert judgment is reflected in the uncertainty analysis.36 A writ-

ten report containing all of the analyses performed to quantify exposure, identify toxicity values, 

characterize risk, and assess and present uncertainty is the end product of risk assessment.36 

 

2.5 Air toxics and neuro-pathology 

Exposure to air toxics at sufficient concentrations and duration may increase the risk of experi-

encing adverse health outcomes, such as neurological disorders. Although emerging evidence 

suggests that chronic exposure to air toxics can affect brain functioning and lead to neurological 

health outcomes, exposure to neurological air toxics has rarely been investigated.37 While inges-

tion has been considered the predominant way of neurotoxicant exposure, and inhalation is a 

common, essential, and more toxic mode of exposure. Exposure to air toxics via inhalation has 
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far-reaching consequences. Inhaled air toxics such as ultrafine particles (UFP) can be deposited 

in the pulmonary alveolar regions of the lung, where they can cross the alveolocapillary barrier 

to access the pulmonary interstitium and cross endothelial cells into blood circulation, affecting 

other organs such as the brain and nervous system.42,43 Also, air toxics can be deposited in the 

nasal cavity, which can be translocated to the brain.44,45 Exposures to air toxic adversely affect 

the brain and nervous system through inflammation and oxidative stress.46 Inhaled air toxics 

damage the body's natural barriers and enter the body, triggering an innate immune response that 

involves proteins known as cytokines (which are found in the blood and cerebrospinal fluids).47 

These cytokines result in swelling of tissues and the release of cytotoxic substances from im-

mune cells and trigger the synthesis of additional cytokines. This causes neuroinflammation in 

the brain and results in widespread neural tissue loss and damage. Cytokines are linked to the de-

velopment of white matter hyperintensities (WMH) which are regions of demyelinated neurons 

in the brain that have a deleterious impact on synaptic capabilities and are linked with cognitive 

deficits. In addition, neuroinflammation could be aggravated by increased peripheral inflamma-

tion and macrophage activation, which could increase the permeability of the blood-brain barrier, 

thereby allowing the movement of activated macrophage, pathogens and other foreign bodies 

into the central nervous system (CNS).48 Ultimately, exposure to air toxic can lead to cognitive 

deficiencies via neuroinflammation and cell loss, and damage to myelin and neural functioning.49 

Apart from causing oxidative stress, the toxicity of neurotoxicants such as metals is due to the 

ability to substitute various polyvalent cations, such as calcium that serve as charge carriers, in-

termediaries in catalyzed reactions, or as structural elements in the maintenance of protein con-

formation.50 
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2.6 Air toxics and neurological disorders 

Emerging evidence has shown that there is a link between air toxic exposure and neurological 

disorders, which could be neurodevelopmental or neurodegenerative. Neurodevelopmental disor-

ders are a group of conditions that manifest early in development and are characterized by devel-

opmental deficiencies that result in impairments of personal, social, academic or occupational 

functioning.51 These disorders comprise autism spectrum disorder (ASD), intellectual disability, 

communication disorders, attention deficit hyperactivity disorder (ADHD), neurodevelopmental 

motor disorders and specific learning disorders.51 Neurodegenerative disorders are disorders in 

which the neurological system deteriorates gradually and irreversibly. Examples of late-onset 

neurodegenerative disorders are Alzheimer's disease (AD), Parkinson's disease (PD), Hunting-

ton's disease (HD) and Amyotrophic lateral sclerosis (ALS). 

 

There is mounting scientific evidence on the relationship between neurodevelopmental disorders 

and exposure to air toxics.1,2,52–54 Ehrenstein et al. investigated the risks for autism in children 

due to in utero exposure to air toxics.52 The study used data from 4 air toxic monitoring stations 

(collecting 24-hour integrated samples every 12 days at each monitoring site) in Los Angeles 

County, which the California Air Resources Board maintained. Participants' addresses were geo-

coded and the distance from the participant's address to each monitoring station was determined. 

Participants were assigned pollutants (24 air toxics) values based on the measurements taken at 

the nearest monitoring station. The authors observed that after adjusting for maternal age, 

race/ethnicity, nativity, education, insurance type, maternal birthplace, parity, child sex, and birth 

year; there were increased autism risks per interquartile-range increase in average concentrations 
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during pregnancy of several correlated toxics mostly loading on one factor, including 1,3-butadi-

ene (OR=1.59 [95% CI=1.18–2.15]), meta/para-xylene (1.51 [1.26–182]), other aromatic sol-

vents, lead (1.49 [1.23–1.81]), perchloroethylene (1.40 [1.09–1.80]), and formaldehyde (1.34 

[1.17–1.52]).52 Talbott et al. also conducted a case-control study to examine the relationship be-

tween exposure to 30 neurotoxic air pollutants (as modeled by NATA) and the risk of developing 

autism spectrum disorder (ASD) using geocoded participants' addresses and  2005 NATA data.55 

The authors determined that exposure to chromium and styrene significantly increased the risk of 

ASD after adjusting for the mother's age, race, education, smoking, child's year of birth and 

child's sex.55 Kalkbrenner et al. examined the relationship between perinatal air toxics with ASD 

and associated quantitative traits in high-risk multiplex families.54 Individuals from the Autism 

Genetic Resource Exchange (AGRE), a volunteer research repository of families from around 

the United States with two or more siblings diagnosed with ASD, were used in the study (multi-

plex families). Air toxic data (for 155 pollutants) from NATA were linked to participants' birth 

year and address during the pregnancy. Also, three outcome measures were used to assess au-

tism: an ASD diagnosis, a continuous measure of the broader autism phenotype among cases and 

controls using the Social Responsiveness Scale (SRS), and a measure of the severity of autism 

symptoms only among those who met diagnostic criteria for ASD using the Calibrated Severity 

Score (CSS). The results revealed that Propionaldehyde, methyl tert-butyl ether (MTBE), bromo-

form, 1,4-dioxane, dibenzofurans, and glycol ethers were positively associated with ASD diag-

nosis, while 1,4-dichlorobenzene, 4,4′-methylene diphenyl diisocyanate (MDI), benzi-

dine, and ethyl carbamate (urethane) were inversely associated with ASD diagnosis.54 These as-

sociations were still observed after adjustment in two-pollutant models. Carbon disul-
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fide and chlorobenzene were positively associated with autism severity. In contrast, 1,4-dichloro-

benzene was negatively associated, and there were no observed associations with SRS.54 Kalk-

brenner et al. conducted a screening analysis of air toxics and ASD using a prevalent case-con-

trol design in North Carolina and West Virginia.53 Participants were assigned individual perinatal 

exposures based on the 1996 air toxic data (35 pollutants) from NATA corresponding to the cen-

sus tract of their residential address from their birth certificate. The authors observed elevated 

OR estimates for methylene chloride (OR = 1.4 [95% CI = 0.7-2.5]), quinoline (1.4 [1.0-2.2]), 

and styrene (1.8 [1.0-3.1]).53 Roberts and colleagues used a case-control design to examine the 

relationship between perinatal exposure to air toxics and ASD.56 Participants' were assigned air 

toxic measurements from NATA (1990, 1996, 1999 and 2002) closest to their birth year. The re-

sults showed that perinatal exposures (highest vs lowest quintile) of diesel (2.0 [1.0–4.0]), lead 

(1.6 [1.1-2.3]), manganese (1.5 [1.1-2.2]), mercury (2.0 [1.2-3.3]), methylene chloride (1.8 [1.2-

2.7]) and an overall measure of metals (1.5 [1.0-2.3]) were significantly associated with ASD.56 

 

Dellefratte and colleagues investigated the joint association between early exposure to common 

air toxics (benzene, toluene, ethylbenzene, and xylene (BTEX)) and material hardship on 

teacher-assessed ADHD-suggestive behaviors in a nationally representative sample of children 

enrolled in kindergarten.57 Participants were from the Early Childhood Longitudinal Study Birth 

Cohort (ECLS-B) and participants' BTEX exposures were estimated using 2002 NATA data. 

The results showed that after adjusting for covariates, there were increased odds of displaying 

ADHD-suggestive behaviors in children who had both high-level exposure to BTEX and in those 

experiencing material hardship (odds ratio 1.54, 95% CI 1.12, 2.11, and OR 2.12, 95% CI 1.25, 

3.59, respectively). These associations were stronger when the study population was restricted to 
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children living in urban areas OR 1.83 95% CI (1.23, 2.73) for BTEX exposure and material 

hardship exposure OR 2.44 95% CI (1.33, 4.49).57 Stingone et al. examined the relationship be-

tween early-life exposure to BTEX compounds and the use of academic support services (which 

was defined as the use of early intervention programming) later in childhood.58 Exposure to 

BTEX pollutants was assigned to participants from 1996 NATA data. The results showed that 

children with higher exposure to one or more BTEX pollutants were more likely to use academic 

support services than children with lower exposure levels.58 Also, children with higher levels of 

exposure to one or more BTEX pollutants have a slightly increased hazard of using academic 

support services compared to children born in areas with lower levels of exposure.58 Dickerson et 

al. used 1999 NATA data to examine if the lead, mercury and arsenic ambient air concentrations 

were associated with ASD prevalence among 8-year-old children of the Autism and Develop-

mental Disabilities Monitoring (ADDM) Network.59 The results showed that after adjusting for 

confounders, census tracts with air lead concentrations in the highest quartile had a significantly 

higher prevalence of ASD compared to census tracts with air levels of lead in the lowest quartile 

(prevalence ratio (PR) = 1.36; 95% CI: 1.18, 1.57).59 Also, census tracts with mercury levels 

above the 75th percentile (>1.7 ng/m3) and arsenic levels below the 75th percentile 

(≤0.13 ng/m3) had a significantly higher prevalence of ASD (adjusted RR = 1.20; 95%% CI: 

1.03, 1.40) than census tracts with arsenic, lead, and mercury levels below the 75th percen-

tile.60 Lett et al. investigated the joint association of isophorone exposure (an ambient air marker 

of industrial pollution) and social factors on early cognitive skills in an urban cohort of chil-

dren.61 Exposure levels were assigned to the Early Childhood Longitudinal Study participants 

using 2002 NATA. The low quality home learning environment was used as a marker of social 

factors, which was assessed with a modified version of the Home Observation for Measurement 
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of the Environment (HOME) Inventory, and standardized math assessment scores were used as a 

measure or proxy of early cognitive skills. The authors observed that after adjusting for con-

founders, children who lived in areas with ambient isophorone in the upper quintile of exposure 

(>0.49 ng/m3) had lower math scores than their less exposed peers (-1.63, 95% CI: −2.91, 

−0.34).61 Also, children with lower HOME scores (at or below 9 out of 12) had lower math 

scores that were 1.20 points lower than children with better HOME scores (-1.20, 95% CI: −2.30, 

−0.10).61 Stingone et al. examined the effects of prenatal exposure to both diesel particulate mat-

ter (PM) and perchloroethylene on academic outcomes later in childhood.62 Exposure levels were 

assigned to participants using 1996 NATA based on the census tract which corresponds to the 

address on their birth records. The authors observed that children exposed to the highest levels of 

both diesel PM and perchloroethylene had math scores that were about 6% lower than children 

exposed to lower levels of both pollutants.62  

 

Clark-Reyna et al. investigated the relationship between health status, residential air toxics risk 

estimates and grade point averages (GPA) among a representative sample of 4th and 5th graders in 

El Paso, Texas.63 Risk estimates (respiratory and diesel particulate matter risk) were assigned to 

participants using 2005 NATA based on the census block where the child's residential address 

was located. The results revealed that the participant's health status was positively and signifi-

cantly associated with GPA (β= 0.035, p<0.0001).63 Also, respiratory and diesel PM risks (β=-

0.023, p<0.004 and β=-0.021, p<0.009 respectively) were significantly and negatively associated 

with GPA.63 Grineski and colleagues examined the associations between hazardous air pollutants 

(HAPs) and individual performance of children in reading, math and science.64 Participants were 

from the Early Childhood Longitudinal Study, Kindergarten Cohort, 2011 (ECLS-K:2011). Risk 
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estimates (lifetime cancer risk) were assigned to participants using 2011 NATA based on the 

census tract where the participants' addresses were located. Reading (β=-0.016; p 0.05), science 

(β=-0.046; p 0.001), and math (β =-0.024; p 0.001) were all found to have statistically significant 

negative relationships with the risk estimates.64 

 

Aging is linked to a wide range of clinical and pathological problems known as neurodegenera-

tive disorders and has been identified as a risk factor for neurodegenerative disorders. Emerging 

evidence shows that an aging brain could be susceptible to neurotoxicants, and studies have been 

published that provide scientific evidence on the relationship between neurodegenerative disor-

ders and exposure to air toxics.2,65,66 Malek et al. conducted a case-control study to examine the 

relationship between residential exposure to 35 suspected neurotoxic hazardous air pollutants 

and the development of sporadic amyotrophic lateral sclerosis (ALS).2 The study linked geo-

coded participants' addresses by census tract to U.S. Environmental Protection Agency's (EPA) 

National-Scale Air Toxics Assessment (NATA) data for 1999, 2002, and 2005 to determine his-

torical exposure. The authors categorized neurotoxic hazardous air pollutants (HAPs) based on 

their structures into metals, aromatic solvents, organic/chlorinated solvents, other HAPs and pes-

ticides. After controlling for education, smoking, and other exposure groups (outpatient hospital 

controls and population-based controls), the authors discovered that exposure to aromatic sol-

vents significantly increased the odds of ALS among cases compared to controls in 2002 (OR = 

5.03, 95% CI: 1.29, 19.53) and 1999 (OR = 4.27, 95% CI: 1.09, 16.79). Kirrane et al. examined 

the associations between Parkinson's disease (PD) and exposure to ambient ozone and PM2.5 in 

North Carolina and Iowa among participants in the Agricultural Health Study.65 Exposure to the 

air pollutants were assigned to participants based on their residential addresses using USEPA Air 
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Quality System (AQS) and Community Multiscale Air Quality Model (CMAQ). The results 

showed positive associations of PD with ozone (OR=1.39; 95% CI: 0.98, 1.98) and PM2.5 

(OR=1.34; 95% CI: 0.93, 1.93) in North Carolina but not in Iowa.65 Liu and colleagues used a 

nested case-control study to examine the associations between long-term residential exposures to 

particulate matter (PM10 and PM2.5) and nitrogen dioxide (NO2) and the risk of PD.67 Participants 

were from the PAGE study within a large prospective National Institutes of Health (NIH)-

AARP, (formerly known as the American Association of Retired Persons) Diet and Health 

Study. Exposure levels were assigned to participants based on their addresses using EPA Air 

Quality System Data Mart. The results showed that high exposure PM10 was associated with an 

increased risk of PD among women (OR=1.65, 95% CI: 1.11,2.45) but not among men (OR = 

0.92; 95% CI: 0.73, 1.14).67 Also, there was an increased risk of PD among never smokers 

(OR=1.29, 95% CI: 0.94,1.76) associated with exposure to the highest quintile of PM2.5 levels.67 

Gatto et al. investigated cross-sectional associations between residential exposures of O3, 

PM2.5 and NO2, global cognition and six domains of cognitive function among healthy, cogni-

tively intact middle-aged and older adults in the greater Los Angeles area, California.66 Exposure 

levels were assigned based on the participant's residential address using measurements from EPA 

AQS. The results indicated that increasing PM2.5 exposure was significantly associated with 

lower verbal learning (β = −0.32 per 10μg/m3 PM2.5, 95% CI: −0.63, p = 0.00).66 Also, exposure 

to NO2 >20 ppb was not significantly associated with lower logical memory (β = −0.62, 95% 

CI = −1.35, 0.11; p = 0.095) compared to exposure ≤10 ppb.66 In addition, O3 exposures above 

49 ppb were associated with lower executive function (β = −0.66, 95% CI = −1.35, 

0.03; p = 0.059).66 While, mid-range O3 exposure (34–49 ppb) was also associated with a higher 

logical memory factor score, which appeared to be driven by the effect in women (β = 0.46, 95% 
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CI = 0.09, 0.83) and in adults aged 60 and older (β = 0.51, 95% CI = 0.11, 0.91).66 Ailshire and 

colleagues investigated the relationship between exposure to ambient PM2.5 and cognitive func-

tion among non-Hispanic white and black men and women aged 55 and older from the Ameri-

cans' Changing Lives (ACL) study.68 PM2.5 exposure levels were assigned to participants based 

on their census tract from data obtained from EPA AQS. Cognitive function was assessed with a 

serial 3's subtraction test to measure working memory and recall of the date, day of the week, 

and name of the president and vice-president to measure orientation. The results indicated that 

participants who lived in areas with higher exposure to PM2.5 had an error rate of 1.5 times 

greater than those exposed to lower PM2.5 levels(IRR = 1.53, 95% CI: 1.02–2.30).68  

 

2.7 Sociodemographic disparities and air toxic exposures 

Disparities in risks and health outcomes associated with air toxic exposure are not uniformly dis-

tributed in populations. Exposure to air toxics can lead to health disparities attributed to individ-

ual-level and community-level vulnerability.12,69,70 Scientific evidence has indicated that health 

disparities occur due to individual-level vulnerabilities because research shows that people of 

color and low-income individuals are often disproportionately impacted by adverse health effects 

due to air toxic exposure.6,22 Also, at the community-level vulnerability, social and economic 

characteristics of residential areas tend to be associated with air toxic exposures and various 

health risks and outcomes. For instance, Gary and colleagues found that socioeconomic status 

(SES) and race/ethnicity were associated with PM2.5 and O3 exposures when they examined the 

racial and socioeconomic disparities in air pollution across North Carolina.71 The results indi-

cated that lower SES and a higher proportion of people of color were associated with higher con-

centrations of annual average PM2.5, while lower SES and a higher proportion of people of color 
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were associated with lower concentrations of annual O3.71 Perlin et al. observed that African 

Americans were more likely to be of low income and reside near industrial emission sources.72 

Grineski et al. observed that census block groups that had lower neighborhood socioeconomic 

status, greater proportions of Latina immigrants and greater proportions of renters were exposed 

to higher concentrations of criteria air pollutants (NOx, CO and O3).73  

 

Sociodemographic variables have been used to understand the disparities in exposures, risks, and 

health. Sociodemographic variables about race/ethnicity and socioeconomic status from the U.S 

Census Bureau data that have been used in existing research comprise: percent Hispanic, percent 

African American, percent non-white (inclusive of all races except non-Hispanic whites), per-

cent home ownership, per capita income, median household (HH) income, percent poverty, per-

cent unemployment, percent of homes built pre-1950, percent without a high school (HS) educa-

tion, percent unemployed and percent urban area.5,6,11,21,74 

 

Emerging research indicates that sociodemographic and geographic disparities exist in cancer 

risk due to exposure to air toxic. Apelberg et al. used 1996 NATA data and determined that the 

census tracts with a higher percentage of African Americans (3 times) and lower socioeconomic 

positions (10 to 100 times more likely) experienced increased cancer risk because of exposure to 

air toxics in Maryland.75 Additionally, James et al. used cancer risk estimates for Cancer alley, 

LA from 2005 NATA data to show that individuals in low-income census tracts (12% more) and 

those in black-dominant tracts (16% more) experienced greater cumulative cancer risk than those 

in high-income and white-dominant tracts.22 Wilson et al. indicated that a greater number of high 

cancer risk census tracts were found in tracts with higher percent poverty (3.6 times), homes 
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built pre-1950s (5.2 times), percent non-white (3.7 times), percent Hispanic (2.1 times) and in 

urban areas (17.8 times) in South Carolina.76 Ekenga et al. observed that census tracts with 

higher percent non-white residents (18.5 times), percent African American (17.4 times), percent 

poverty (12 times), percent unemployment (3.4 times) and percent without high school education 

(2.8 times) were more likely to be identified as air toxic hot spots (at 99% significance level).21 

Collins et al. observed that census block groups with the highest proportion of Hispanics (3.6 

times), the lowest proportion of non-Hispanic whites (2.71 times), lowest median household in-

come (9.67 times), the highest proportion of people greater than 25 years without high school ed-

ucation (5 times), the highest proportion of percent income below the poverty level (7.67 times), 

a higher proportion of renter occupied rental units (10 times), the highest proportion of percent 

greater than 64 years (5 times), the highest proportion of female-headed households (6.75 times) 

were more likely to be identified among the high cancer risk census block groups.74 Altogether, 

these results consistently show that census tracts with a higher percentage of people of color ex-

perience greater cancer risks because of exposure to air toxics than those with a lower percentage 

of people of color.  

 

Although there is scientific evidence of socioeconomic and geographic disparities in health risks, 

including cancer risks due to air toxic exposure,20,75–77 only one study23 has examined these dis-

parities based on the neurological risk associated with exposure to air toxics. Grineski and Col-

lins examined social and geographic disparities to 24 air neurotoxicants in U.S. public schools 

using USEPA NATA 2011 data.37 The authors showed that EPA region 5 (including Minnesota) 

has 16.5% of high-risk schools in the region with the third-highest levels of air neurotoxicants.23 
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Also, schools with an increased number of children of color, children in the earliest grades (ele-

mentary schools), and schools in urban counties are more likely to experience higher neurotoxi-

cant risk.23  

Chapter 3: Methods 

We examined socioeconomic disparities in estimated neurological risk from air toxics in Minne-

sota. We obtained modeled neurological risk estimates from the U.S. EPA's 2014 NATA data 

and linked them to socioeconomic and racial characteristics from the 2010 – 2014 ACS 5-year 

U.S. The census tract was chosen as the unit of analysis to determine the relationship between 

Minnesota's economic and racial makeup and neurological risk from exposure to air toxics. Ad-

ditionally, the census tract is the smallest unit for which the estimated cumulative neurological 

risks are available from the U.S. EPA's NATA 2014 data. 

 

3.1 Study area: Minnesota 

Minnesota is the 12th largest state (land area 79,626.7 square miles), 78 in the upper Midwestern 

of the United States and a part of North America's Great Lakes Region.79 Minnesota shares a wa-

ter border with Michigan, and to the east, a land and water border with Wisconsin. Also, it shares 

a border with Iowa to the south, North and South Dakota to the west, and Canada (Ontario and 

Manitoba) to the north.79 The 2020 U.S. Census revealed that, as of April 1, 2020, Minnesota had 

a population of 5,706,494.80,81 50.2% of the people are female, 23.1% are under 18 years, and 

16.3% are 65 years and above.80 83.8% of the population are white, while 79.1% are white 

alone.80 Black or African Americans account for 7%, 5.6% are Hispanic or Latino, 1.4% are 

American Indian and Alaska Native, 5.2% are Asian alone, and 0.1% are Native Hawaiian and 
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other Pacific Islander alone.80 Also, Minnesota has 1,338 census tracts, 4,111 block groups, and 

259,777 blocks.78  

 

 

3.2 National Scale Air Toxics Assessment (NATA) 

The NATA dataset includes all air toxics or hazardous air pollutants (HAPs), which have car-

cinogenic, neurological, developmental, respiratory, immunological, and reproductive adverse 

health effects. Our data was focused on air toxics with neurological health effects. There are 24 

neurotoxicants which are in the NATA dataset (as shown in Table 1): 1,1,1-Trichloroethane, 2,4-

Dinitrotoluene, Acrylamide, Allyl Chloride, Benzidine, Calcium Cyanamide, Carbon Disulfide, 

Carbonyl Sulfide, Cresol/Cresylic Acid, Cyanide Compounds, Dichlorvos, Ethylene Oxide, Hex-

achloroethane, Hexane, Lead Compounds, Manganese Compounds, Mercury Compounds, Me-

thyl Chloride (Chloromethane), Selenium Compounds, Styrene, Tetrachloroethylene, Toluene, 

Trichloroethylene, and Xylenes. The EPA additively models the neurological risks of different 

pollutants (hazard quotient – Equation 1) to estimate an aggregate neurological risk score (hazard 

index – Equation 2) for each census tract (as shown and discussed under NATA’s estimation of 

neurological risk in chapter 2). The EPA suggests adding the exposure risk estimates for each 

chemical known to affect the same target organ (e.g., the nervous system in this case) to compute 

a cumulative exposure risk score, given the significant degree of uncertainty surrounding non-

additive interactions between chemicals. The neurological risk estimates were determined based 

on the concentration of each pollutant to which people are exposed and each chemical's reference 

concentration (i.e., the amount of toxicity below which long-term exposure to the general popu-

lation is not expected to result in adverse effects). These estimates reflect neurological risk due to 
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chronic inhalation exposure to air toxics.36 The variable used in this study is cumulative neuro-

logical risk, which includes neurological risks associated with inhalation exposure to air toxics 

released by the different emission sources. In the NATA dataset, there are five different emission 

sources: (1) on-road, (2) nonroad, (3) major or point, (4) area or non-point, and (5) background 

sources. In addition, the USEPA's NATA dataset includes neurological risk estimates for each 

source and a total neurological risk estimated as the sum of the risks from all the emission 

sources. Currently, the NATA is publicly available and is a widely used secondary data source 

for a spatially explicit characterization of air toxic exposure and risk in the U.S.  

Table 1. Description of the 24 neurotoxicants contained in the NATA dataset 

            

Air toxicants 

Noncancer 

chronic air 

reference 

Reference 

concen-

tration 

(mg/m3) 

Reference 

concentra-

tion 

(ug/m3) 

Human or an-

imal study Critical health endpoints 

1,1,1 -Trichloroethane IRIS 5  rat  
Performance on neurobehavioral 
tests 

 

CAL 
OEHHA  400  Nervous system 

2,4-Dinitrotoluene IRIS n/a   Neurotoxicity 

Acrylamide IRIS 0.006 6 rat  Degenerative nerve changes 

Allyl Chloride IRIS 0.001 1 rabbit 
Functional and histological periph-
eral neurotoxicity 

Benzidine IRIS n/a    

Calcium Cyanamide n/a    

Carbon Disulfide IRIS 0.70  

Occupational 
study 

Peripheral nervous system dys-
function 

 CAL EPA  800  Nervous system 

Carbonyl Sulfide 
CAL 
OEHHA  10  Nervous system 

Cresol/Cresylic Acid IRIS     

 CAL EPA  600  Nervous system 

Cyanide Compounds IRIS  0.8  Nervous system 

Dichlorvos IRIS 0.0005  rat  
Decreased brain cholinesterase ac-
tivity 

Ethylene Oxide CAL EPA  30  Nervous system 

Hexachloroethane IRIS  30  

Neurotoxicity (tremors and ruffled 
pelt) 

Hexane  0.70 700 rat  
Peripheral neuropathy (decreased 
MCV at 12 weeks) 

Lead Compounds NAAQS  0.15  Nervous system 
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 Manganese Com-
pounds MDH HRV  0.2  Nervous system 

Mercury Compounds IRIS 0.0003 0.3 
Occupational 
study 

Hand tremor; increases in memory 
disturbances; slight subjective and 
objective evidence of autonomic 
dysfunction 

Methyl Chloride 
(Chloromethane) IRIS 0.09  mouse Cerebellar lesions 

Selenium Compounds CAL EPA  20  Nervous system 

Styrene IRIS 1  

Occupational 
study CNS effects 

Tetrachloroethylene IRIS 0.04  Human Neurotoxicity 

Toluene IRIS 5  

Human (Occu-
pational study) 

Neurological effects in occupa-
tionally-exposed workers 

Trichloroethylene IRIS 0.02  rat, mice Nervous system 

Xylenes IRIS 0.1   rat 
Impaired motor coordination (de-
creased rotarod performance) 

Integrated Risk Information System (IRIS) from U.S. Environmental Protection Agency (EPA), California Environmental Protection Agency 
Office of Environmental Health Hazard Assessment (CAL EPA-OEHHA), Minnesota Department of Health Health Risk Values (MDH HRV) 

 

3.3 Census Data - Socioeconomic Measures 

We obtained the U.S. Census 2010-2014 data for Minnesota. Socioeconomic measures including 

income, wealth, poverty and education indicators were considered because of prior use in previ-

ous studies assessing air toxic exposure, risk, and health outcomes.75,76,82 Specifically, we used 

percent non-Hispanic white, percent Hispanic, percent non-Hispanic black or African American, 

percent people of color (inclusive of all races except non-Hispanic whites), median household 

(H.H.), income, percent poverty, percent unemployed, and percent without a high school (H.S.) 

education (data was obtained from data.census.gov and accessed 1 December 2021).  

 

3.4 Statistical Analysis 

We downloaded the 2014 NATA data (from https://www.epa.gov/national-air-toxics-assess-

ment/2014-nata-assessment-results#nationwide and accessed 1 December 2021) and racial/socio-

economic data from the U.S. Census 2010-2014 estimates as Excel spreadsheets and the census 
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2010 tiger shapefile for Minnesota (shapefile was obtained from https://www.census.gov/geogra-

phies/mapping-files/time-series/geo/tiger-line-file.2010.html and accessed 1 December 2021). 

NATA 2014 and 2010-2014 U.S. Census data were merged using FIPS codes. Data linking, 

management and statistical analysis were performed in R and mapped using ArcGIS version 10. 

We calculated summary descriptive statistics to show the distribution of demographic character-

istics and estimated neurological risk from air toxics among the census tracts in Minnesota. We 

conducted a correlation analysis between neurological risk estimates from each emission source 

and census tract level demographic characteristics as continuous variables to determine the linear 

association's strength and direction. These correlations allowed us to observe the linear relation-

ship between different sources of neurological risk regarding their relationship with sociodemo-

graphic factors. 

 

3.5 Spatial Analysis 

We created choropleth maps and graduated symbology of sociodemographic measures of the 

population and cumulative neurological risk estimates in Minnesota, respectively. Disparity and 

correlational maps were created by overlaying sociodemographic measures individually as grad-

uated symbols on choropleth maps of cumulative neurological risk for clarity. Finally, we ex-

cluded red and green colors from our maps to make them color blind adaptive. 
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Chapter 4: Results 

The distribution of the hazard quotients for the 24 neurotoxicants in the EPA dataset are shown 

in Table 2. 13 of the 24 neurotoxicants had maximum values greater than 0, while 8 of them had 

minimum values greater than 0. The maximum values of the hazard quotients ranged from 

0.0002 to 0.0475. Cyanide compounds had the highest mean value of 0.0142 (minimum = 0.0001 

and maximum = 0.0475) and toluene had the lowest mean value of 0.0002 (minimum = 0 and 

maximum = 0.0004). Methyl Chloride (Chloromethane) had the largest minimum value of 

0.0057. Cyanide compounds, tetrachloroethylene and trichloroethylene had the lowest minimum 

value of 0.0001. 

 

The distribution of sociodemographic variables and cumulative neurological risk estimates from 

air toxics by emission source categories for Minnesota are summarized in Table 3. The mean 

percent non-Hispanic white, percent non-Hispanic black and percent Hispanic account for 

81.8%, 5.6%, and 5.1% of the population. 18.2% of Minnesotans were people of color. The 

mean percent of the population without a high school education was 15.3% and 2.2% were un-

employed. The state's mean poverty rate was 23.3%.  
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The mean cumulative neurological risk or hazard index from all sources was ~ 0.05. The esti-

mated mean cumulative neurological risk from area sources (~0.03) was higher than the mean 

cumulative neurological risk from all other sources (major, on-road, nonroad and background). 

Also, the lowest mean cumulative neurological risk was from background sources (0.000004). 

Furthermore, the variation in cumulative neurological risk between the 5th and 95th percentiles 

of all sources reflected a wide range in risk (~0.02 and ~0.11, respectively), while nonroad 

sources demonstrated a smaller range in risk (0.0007 and 0.0036, respectively). The neurological 

risk from all sources, area sources and major sources increased progressively from the 5th percen-

tile to the 95th percentile as shown in Figure 1.  

 
 

Table 2. Distribution of the hazard quotients for the 24 neurotoxicants contained in the NATA 
dataset 

    Hazard Quotient 

Air toxicants CAS RN Mean  Minimum Maximum 

1,1,1 -Trichloroethane 71-55-6 0 0 0 

     

2,4-Dinitrotoluene 121-14-2 0 0 0 

Acrylamide 79-06-1 0 0 0.0017 

Allyl Chloride 107-05-1 0 0 0 

Benzidine 92-87-5 0 0 0 

Calcium Cyanamide 0 0 0 

Carbon Disulfide 75-15-0 0 0 0 

     

Carbonyl Sulfide 463-58-1 0 0 0 

Cresol/Cresylic Acid 1319-77-3 0 0 0.0002 

     

Cyanide Compounds 0.0142 0.0001 0.0475 

Dichlorvos 62-73-7 0 0 0 

Ethylene Oxide 75-21-8 0 0 0.0011 

Hexachloroethane 67-72-1 0 0 0 

Hexane 110-54-3 0.0003 0 0.0139 

Lead Compounds 7439-92-1 0.0017 0.0002 0.038 

 Manganese Compounds 0.0011 0.0002 0.0254 

Mercury Compounds 7439-97-6 0.0039 0.0022 0.0146 
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Methyl Chloride (Chloro-
methane) 74-87-3 0.0113 0.0057 0.0349 

Selenium Compounds 0-01-9 0 0 0 

Styrene 100-42-5 0 0 0 

Tetrachloroethylene 127-18-4 0.0005 0.0001 0.011 

Toluene 108-88-3 0.0002 0 0.0004 

Trichloroethylene 79-01-6 0.0106 0.0001 0.3457 

Xylenes 1330-20-7 0.0045 0.0003 0.0144 

 

 

 

 

Table 3. Distribution of demographic characteristics (2010-2014) and estimated neurological 
risk from air toxics among Minnesota census tracts (n = 1338 tracts) 

Characteristic Mean SD Min Max 5th 25th 50th 75th 95th 

Median household income (US$) 61979 23504.2 12255 177727 32306 46341 56708 73430 108265 

Percent poverty 23.3 8.3 3.7 61.4 11.1 17.3 23.0 28.2 38.3 
Percent without high school educa-
tion 15.3 10.7 0.0 70.8 0.0 7.4 13.9 20.6 35.6 

Percent unemployed 2.2 1.1 0.3 10.6 0.8 1.4 1.9 2.7 4.3 

Percent Non-Hispanic white 81.8 18.5 2.6 99.6 36.0 76.7 88.2 94.6 97.8 

Percent Non-Hispanic black 5.6 9.6 0.0 76.2 0.0 0.3 1.6 6.5 24.4 

Percent Hispanic 5.0 6.5 0.0 59.5 0.3 1.3 2.8 6.1 17.8 

Percent people of color 18.2 18.5 0.4 97.4 2.2 5.4 11.8 23.4 64.0 

Neurological risk                   

All sources 0.0483 0.0345 0.0161 0.4239 0.0185 0.0234 0.0377 0.0733 0.1083 

Major or point sources 0.0144 0.0183 0.0001 0.3558 0.0013 0.0036 0.0097 0.0189 0.0396 

Area or non-point sources 0.0311 0.0169 0.0026 0.0631 0.0123 0.0171 0.0244 0.0476 0.0605 

On-road sources 0.0034 0.0025 0.0002 0.0105 0.0004 0.0009 0.0030 0.0056 0.0074 

Nonroad sources 0.0022 0.0011 0.0003 0.0160 0.0007 0.0013 0.0024 0.0030 0.0036 

Background sources 0.000004                 
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Figure 1. Neurological risk values at selected percentiles for Minnesota 
 

 

The first step in investigating relationships between sociodemographic variables and exposure to 

air toxics was to conduct a correlation analysis. The correlation values between cumulative neu-

rological risk by source and sociodemographic variables are displayed in Table 2. Race-related 

variables (percent non-Hispanic white (-0.18), people of color (0.18), percent non-Hispanic 

Black (0.17) and percent Hispanic (0.10)) had higher correlation values with cumulative neuro-

logical risk from all sources than other sociodemographic characteristics. Median household in-

come, percent unemployed, percent non-Hispanic black, percent Hispanic and percent people of 

color were weakly positively correlated with cumulative neurological risk from the different 

source categories. Percent poverty, percent without high school education and percent non-His-

panic white were weakly negatively correlated with cumulative neurological risk from the differ-

ent source emission categories.  
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Table 4. Correlation between NATA neurological risk and sociodemographic characteristics 
(2010-2014) in Minnesota (n 1338 = tracts) 

  

Median 
household 
income 
(US$) 

Percent 
poverty 

Percent 
without 
high school 
education 

Percent 
unem-
ployed 

Percent 
non-
His-
panic 
white 

Percent 
non-His-
panic 
black 

Percent 
Hispanic 

Percent 
people of 
color 

Neurological risk         

All sources 0.15**** -0.15**** -0.08** 0.12**** -0.18**** 0.17**** 0.10*** 0.18**** 
Major or point 
sources 0.07** -0.06* -0.06* 0.09*** -0.13**** 0.11**** 0.08** 0.13**** 
Area or non-point 
sources 0.18**** -0.20**** -0.08** 0.13**** -0.19**** 0.19**** 0.10*** 0.19**** 

On-road sources 0.21**** -0.20**** -0.08** 0.11**** -0.17**** 0.17**** 0.09*** 0.17**** 

Nonroad sources 0.21**** -0.17**** -0.07* 0.08** -0.14**** 0.14**** 0.07** 0.14**** 

Background sources 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.00001 

 

The neurological risk from nonroad sources had a higher correlation value with median house-

hold income (0.21) than other sociodemographic characteristics. Also, the correlation between 

the neurological risk from on-road sources and median household income was 0.21. The neuro-

logical risk for area sources had higher correlation values with race/ethnicity-related variables 

than the other source emission categories. The correlation of percent non-Hispanic white, percent 

non-Hispanic black, percent Hispanic and percent people of color were -0.19, 0.19, 0.10 and 

0.19, respectively, with cumulative neurological risk from area sources. Overall, we observed a 

weak correlation which was statistically significant between cumulative neurological risk and the 

various sociodemographic variables. 

 

The spatial distributions of cumulative neurological risk and sociodemographic characteristics 

are displayed in Figures 1to 8. The choropleth map showing the distribution percent non-His-

panic white (Figure 2) indicates the population is majorly white with about greater than 70.9% 

accounting for the population that self-identify as white. Map showing the distribution of percent 
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non-Hispanic Black population (Figure 3) reveals that the black or African American population 

(9.11% to 76.20%) are concentrated in certain parts of Minnesota. Also, the map showing the 

distribution of percent of the population that identify as Hispanic (Figure 4) also indicates that 

Hispanics (7.71% to 59.5%) are concentrated in certain areas of the state. In addition, the map 

showing the distribution of the percent of the population that identifies as people of color (Figure 

5) shows that people of color (29.31% to 97.40%) are concentrated in certain parts of Minnesota.  

 

 
 
 

 
Figure 2. Map showing the distribution of percent non-Hispanic white in Minnesota (with an insert show-
ing the Minneapolis-St. Paul area) 
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Figure 3. Map showing the distribution of percent non-Hispanic black in Minnesota (with an insert show-
ing the Minneapolis-St. Paul area) 
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Figure 4. Map showing the distribution of percent Hispanic in Minnesota (with an insert showing the 
Minneapolis-St. Paul area) 
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Figure 5. Map showing the distribution of percent people of color in Minnesota (with an insert showing 
the Minneapolis-St. Paul area) 
 
 
 

The choropleth map showing the distribution of the median household income ($) in Minnesota 

(Figure 6) reveals that a larger proportion of the state has median household incomes greater than 

$52,500. The distribution of the percent of the unemployed population is shown in Figure 7, 

which shows that some census tracts have greater than 3.11% of the population unemployed. 

Figure 8 shows the distribution of percent poverty in Minnesota, which reveals that census tracts 

with greater than 21.01% percent poverty are scattered across the state. The distribution of the 

percent of the population with less than high school education (Figure 9) shows that census tracts 
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with greater than 22.70% of the population with less than high school education are concentrated 

in the northern part of Minnesota. 

 
Figure 6. Map showing the distribution of median household income ($) in Minnesota (with an insert 
showing the Minneapolis-St. Paul area) 
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Figure 7. Map showing the distribution of percent of the population that is unemployed in Minnesota 
(with an insert showing the Minneapolis-St. Paul area) 
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Figure 8. Map showing the distribution of percent poverty in Minnesota 
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Figure 9. Map showing the distribution of percent of the population with less than high school education 
in Minnesota (with an insert showing the Minneapolis-St. Paul area) 
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Figure 10. Map of the distribution of cumulative neurological risk in Minnesota (with an insert showing 
the Minneapolis-St. Paul area) 

 

 

The map showing the distribution of cumulative neurological risk in Minnesota (Figure 10) 

shows that the cumulative neurological risk is greatest in the south-eastern part of Minnesota 

(Minneapolis-St. Paul area). It is observed that the highest values of neurological risk are at the 

center of this cluster. The map showing the cumulative neurological risk and percent people of 

color (Figure 11) shows that the census tracts with higher neurological risks (in the south-eastern 

part of the state) have greater than 16.30% of the population as people of color. Figure 12 shows 

the map of cumulative neurological risk and percent non-Hispanic white. Figure 13 displays a 
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map of cumulative neurological risk and percent non-Hispanic black. Figure 14 shows the map 

of cumulative neurological risk and percent Hispanic. Figures 15, 16, 17 and 18 are maps that 

show cumulative neurological risk and percent poverty, median household income, percent less 

than high school education and percent unemployed respectively. 

 
Figure 11. Map of the distribution of cumulative neurological risk and percent people of color in Minne-
sota (with an insert showing the Minneapolis-St. Paul area) 
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Figure 12. Map showing the distribution of cumulative neurological risk and percent non-Hispanic white 
in Minnesota (with an insert showing the Minneapolis-St. Paul area) 
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Figure 13. Map showing the distribution of cumulative neurological risk and percent non-Hispanic Black 
in Minnesota (with an insert showing the Minneapolis-St. Paul area) 
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Figure 14. Map showing the distribution of cumulative neurological risk and percent Hispanic in Minne-
sota (with an insert showing the Minneapolis-St. Paul area) 
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Figure 15. Map showing the distribution of cumulative neurological risk and percent poverty in Minne-
sota (with an insert showing the Minneapolis-St. Paul area) 
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Figure 16. Maps of the distribution of cumulative neurological risk and median household income ($) in 
Minnesota (with an insert showing the Minneapolis-St. Paul area) 
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Figure 17. Maps of the distribution of cumulative neurological risk and percent with less than high school 
education in Minnesota (with an insert showing the Minneapolis-St. Paul area) 
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Figure 18. Map showing the distribution of cumulative neurological risk and percent unemployed in Min-
nesota (with an insert showing the Minneapolis-St. Paul area) 
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Figure 19. Map showing the distribution of cumulative neurological risk (considering the hazard index 
>0.1) in Minnesota (with an insert showing the Minneapolis-St. Paul area) 
 
 

A map showing the distribution of cumulative neurological risk in Minnesota (Figure 19) which 

considers the neurological (risk) hazard index as >0.1 rather than >1 was created. Kortenkamp 

and Koch83 in their paper titled "Refined reference doses and new procedures for phthalate mix-

ture risk assessment focused on male developmental toxicity" proposed using a hazard index of 

0.1-0.2 as a benchmark for interpreting phthalate mixture risk assessments. This proposal to re-

vise the hazard index benchmark could be applicable to air toxics with neurological health end-

points. This proposed idea is due to uncertainties (such as the number of chemicals used in the 
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risk assessment, uncertainty factors used in calculating reference doses, bias during the estima-

tion of HI) and feedback from the scientific community. The cumulative neurological risk for all 

the census tracts in our study were less than 1. However, air toxics (HAPs) are a group of 187 

compounds that include arsenic, lead, cadmium, pollutant gases, solvents, and pesticides, many 

of which are deemed to have no safe level of exposure.84 In addition, neurological health end-

points affect individuals of different ages and its impacts can last throughout an individual’s life 

course. Therefore, we should consider the suggestion from Kortenkamp and Koch83 and reduce 

the hazard index for air toxics with neurological health endpoints to 0.1-0.2. 
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Chapter 5: Discussion 

Our study investigated the correlation between sociodemographic characteristics and neurologi-

cal risk due to air toxic exposure in Minnesota. The mean neurological risk from all sources was 

~0.05 and the mean neurological risk from point sources was ~0.01. In addition, the mean neuro-

logical risk from area sources, on-road sources and nonroad sources was 0.0311, 0.0034 and 

0.0022 respectively. Also, the variation in neurological risk between the 5th and 95th percentiles 

ranged from 0.0185 to 0.1083 for all sources, 0.013 to 0.0396 for point sources, 0.0123 to 0.0605 

for area sources, 0.0034 to 0.0074 for on-road sources and 0.0007 to 0.0036 for nonroad sources. 

We observed that census-tract measures of median household income, percent unemployed, per-

cent non-Hispanic black, percent Hispanic and percent people of color were positively correlated 

with neurological risk. However, the correlation values obtained for neurological risk and per-

cent without high school education show little or no correlation. In contrast, characteristics such 

as poverty, percent with less than high school education, and percent non-Hispanic white were 

weakly negatively correlated with cumulative neurological risk. The findings show some socio-

demographic and geographic differences in neurological risk due to air toxic exposure, which 

may have severe implications for the health of Minnesotans.  

 

Overall, we observed that sociodemographic factors were weakly correlated with estimated cu-

mulative neurological risks. The correlation results could mean that the neurological risk in-

creases in census tracts with high median household income, percent non-Hispanic black, percent 

Hispanic and percent people of color. Also, the results could mean that neurological risk in-
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creases in tracts with lower percent poverty, percent without high school education, percent un-

employed and percent non-Hispanic white. The largest correlation value observed was 0.21 for 

neurological risk from on-road sources and median household income and the neurological risk 

from nonroad sources and median household income (both relationships were positively corre-

lated). This could mean that census tracts that have a larger number of (on-road and nonroad) 

emission sources may be predominantly found in tracts with high median household incomes 

than tracts with lower median household incomes. Our findings showed that neurological risk 

from area and on-road sources had a stronger correlation value of -0.20 with percent poverty 

compared to other emission source categories. Also, nonroad sources had a correlation value of -

0.17 with percent poverty. These results could mean that locations that produce these emissions 

(area, on-road and nonroad sources) may be more common in communities or census tracts with 

a lower percent of poverty. 

 

The mean cumulative neurological risk in our study (~0.05–using the 2014 NATA data) for Min-

nesota is higher than the mean neurological risk of 0.07 for the United States obtained by Young 

et al.24 Young et al. used the 2005 NATA data to assess differential exposure to HAP respiratory, 

neurological and cancer hazard related to the Townsend Index of Socioeconomic Deprivation 

(TSI) in the U.S.24 Morello-Frosch et al. used EPA's Cumulative Exposure Project (CEP) 1990 

data to characterize the exposure to air toxics in California.10 Morello-Frosch et al. observed that 

the mean neurological risk was 0.9 (median = 0.6, minimum = 0.4 and maximum = 14) higher 

than the mean neurological risk of ~0.05 in our study.10  The minimum value for neurological 

risk from all sources in our study was 0.0161 and the maximum value was 0.4239.  
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Extant literature has provided scientific evidence about sociodemographic disparities in air toxic 

and air pollution exposures.5,6,11,20,21,23 Sociodemographic disparities in neurological risk were 

not evenly distributed for all emission categories in Minnesota. The correlation results show that 

on-road and nonroad sources had larger correlation values of 0.21 (positive correlation) with me-

dian household income. This trend agrees with Pratt et al.28 that transportation sources appear to 

be a major source of disparities. Also, individuals on the lower end of the socioeconomic spec-

trum and minorities are disproportionately exposed to air pollution and are at higher risk for ad-

verse health outcomes in Minnesota. The map showing the distribution of the cumulative neuro-

logical risk was consistent with Pratt et al.9 who observed the highest concentrations of 1,3-buta-

diene (an air toxic) and the highest excess lifetime inhalation cancer risk at the center of the Min-

neapolis-St. Paul metro area (the south-eastern part of the state on our map). 

 

5.1 Limitations  

There are several limitations to the study. NATA data was used to examine neurological risk at 

the census tract level across Minnesota, but we could not account for individual-level exposures 

to air toxic in the state. Also, NATA does not consider all potential exposure pathways to air tox-

ics (such as dermal contact and ingestion) but includes risks due to inhalation of air toxics. The 

addition of other exposure pathways to the assessment (NATA) would probably increase the esti-

mated health risks. Also, NATA data reflects air toxics emitted outdoors but not indoors, and it 

does not consider air toxics released into water or soil. 

 

Furthermore, NATA does not include all air toxics to which people may be exposed, and it only 

estimates the neurological risk associated with a limited number of air toxics. Also, NATA does 
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not consider all potential sources and exposure pathways of neurotoxic air pollutants. In addition, 

EPA risk assessment models were used to estimate NATA neurological risks which were not 

based on any human neurological disease data. Neurological risks were estimated for a limited 

number of air toxics (n = 24) which does not allow for a thorough estimate of neurological risk 

from all potential air toxics, including indoor pollutants. 

 

Our study was cross-sectional in nature, and although we observed correlations between socio-

demographic factors and neurological risk due to air toxic exposure, we cannot infer causality 

from this data. Sociodemographic information from census data from 2010 to 2014 was merged 

with NATA data from 2014, which may lead to overestimating or underestimating neurological 

risk among our study population. This study focused on estimated neurological risk and did not 

examine the relationship between estimated neurological risk, the incidence or prevalence of any 

neurological disorders, and mortality due to any neurological disorder in Minnesota. Neurologi-

cal diseases are multifactorial in nature, and risk factors comprise age, family history of neuro-

logical diseases, genetic disorders, etc. 

 

5.2 Strengths  

This study is the first to investigate the relationship between neurological risk due to air toxic ex-

posure and sociodemographic characteristics in Minnesota. Identifying census tracts with neuro-

logical air toxic levels of concern in the state is an important step. It would assist Minnesota and 

MPCA in utilizing site-specific air toxic monitoring programs and local-scale (such as block-

group level) assessments that could provide refined and localized data that are fundamental to 

developing risk-reduction efforts to improve the lives of Minnesotans. 
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5.3 Policy implications and future research 

Our study provides a significant contribution because it has improved the understanding and 

knowledge of neurological risk from air toxic exposure in Minnesota. Our findings are signifi-

cant and critical for developing policies and interventions to reduce and eliminate sociodemo-

graphic inequities and neurological risks due to air toxic emissions and exposure. Our findings 

support the promotion and evaluation of measures targeted at reducing air toxic emissions and 

neurological risks, besides highlighting local areas of concern within Minnesota. Although, the 

values of neurological risk obtained through the hazard index were <1, suggesting that there may 

not be a need for further action. Kortemkamp and Koch’s proposal to consider using a hazard in-

dex of 0.1-0.2 for phthalate mixtures should be considered and applicable to air toxic risk assess-

ments.83 Typically, air toxics occur as mixtures and the uncertainty factors used to estimate the 

reference concentrations of most of the air toxics in the study were from animal studies.  

 

Future research should consider using MPCA’s statewide risk screening tool (MNRISKS) which 

estimates concentrations and risks at the block group level. The use of MNRISKS may be instru-

mental in providing information on the relationship between neurological risk and sociodemo-

graphic variables in Minneapolis-St. Paul. Future studies should consider residential segregation 

in the analyses, and the results may provide critical information that could be useful in develop-

ing and implementing strategies to address air toxic exposure disparities in Minnesota. In addi-

tion, future research should consider using source-apportionment studies and local air toxic mon-

itoring data, which will help identify and prioritize source compounds. Also, this step may reveal 

neighborhood-level spatial variability of air toxic exposure at a granular level. In addition to 



Exploring risk assessment methods to examine neurological risk due to air toxic exposure in 
Minnesota 

 62

quantifying disproportionate exposures, these methodologies could be applied to exposure as-

sessments for future epidemiologic studies of air toxics and health outcomes.  

 

5.4 Conclusion 

There are inequities in the distribution of neurological risk from air toxics in Minnesota, with so-

ciodemographic factors including median household income, unemployment, being African 

American, Hispanic, or a person of color being linked to increased risk. Future research is 

needed to identify priority sources of air toxic pollutants and inform public health activities to 

reduce socioeconomic disparities in exposure to air toxics. 

 

 
 

 

 

 

 

 

 

 

 

 

 



Exploring risk assessment methods to examine neurological risk due to air toxic exposure in 
Minnesota 

 63

References 

1. Talbott, E. O. et al. Air toxics and the risk of autism spectrum disorder: The results of a 

population based case-control study in southwestern Pennsylvania. Environ. Heal. A Glob. 

Access Sci. Source 14, 1–16 (2015). 

2. Malek, A. M. et al. Exposure to hazardous air pollutants and the risk of amyotrophic 

lateral sclerosis. Environ. Pollut. 197, 181–186 (2015). 

3. Bandyopadhyay, A. Neurological Disorders from Ambient (Urban) Air Pollution 

Emphasizing UFPM and PM2.5. Curr. Pollut. Reports 2016 23 2, 203–211 (2016). 

4. Younan, D. et al. Racial/Ethnic Disparities in Alzheimer’s Disease Risk: Role of 

Exposure to Ambient Fine Particles. Journals Gerontol. Ser. A (2021). 

doi:10.1093/GERONA/GLAB231 

5. Apelberg, B. J., Buckley, T. J. & White, R. H. Socioeconomic and Racial Disparities in 

Cancer Risk from Air Toxics in Maryland. Environ. Health Perspect. 113, 693–699 

(2005). 

6. Morello-Frosch, R. & Jesdale, B. M. Separate and unequal: Residential segregation and 

estimated cancer risks associated with ambient air toxins in U.S. metropolitan areas. 

Environ. Health Perspect. 114, 386–393 (2006). 

7. Mohai, P. & Saha, R. Which came first, people or pollution? A review of theory and 

evidence from longitudinal environmental justice studies. Environ. Res. Lett. 10, 125011 

(2015). 

8. Mohai, P., Pellow, D. & Roberts, J. T. Environmental Justice. http://dx.doi.org.proxy-

um.researchport.umd.edu/10.1146/annurev-environ-082508-094348 34, 405–430 (2009). 

9. Pratt, G. C. et al. An assessment of air toxics in Minnesota. Environ. Health Perspect. 



Exploring risk assessment methods to examine neurological risk due to air toxic exposure in 
Minnesota 

 64

108, 815–825 (2000). 

10. Morello-Frosch, R. A., Woodruff, T. J., Axelrad, D. A. & Caldwell, J. C. Air toxics and 

health risks in California: The public health implications of outdoor concentrations. Risk 

Anal. 20, 273–292 (2000). 

11. Wilson, S. et al. Assessment of sociodemographic and geographic disparities in cancer 

risk from air toxics in South Carolina. Environ. Res. 140, 562–568 (2015). 

12. deFur, P. L. et al. Vulnerability as a function of individual and group resources in 

cumulative risk assessment. Environ. Health Perspect. 115, 817–824 (2007). 

13. Fox, M. A., Tran, N. L., Groopman, J. D. & Burke, T. A. Toxicological resources for 

cumulative risk: an example with hazardous air pollutants. Regul. Toxicol. Pharmacol. 40, 

305–311 (2004). 

14. Xu, X., Ha, S. U. & Basnet, R. A Review of Epidemiological Research on Adverse 

Neurological Effects of Exposure to Ambient Air Pollution. Front. Public Heal. 4, 1 

(2016). 

15. WHO. Mental health: neurological disorders. Mental health: neurological disorders 

(2016). Available at: https://www.who.int/news-room/q-a-detail/mental-health-

neurological-disorders. (Accessed: 8th September 2021) 

16. Gooch, C. L., Pracht, E. & Borenstein, A. R. The burden of neurological disease in the 

United States: A summary report and call to action. Ann. Neurol. 81, 479–484 (2017). 

17. Dumurgier, J. & Tzourio, C. Epidemiology of neurological diseases in older adults. Revue 

Neurologique 176, 642–648 (2020). 

18. Carroll, W. M. The global burden of neurological disorders. Lancet Neurol. 18, 418–419 

(2019). 



Exploring risk assessment methods to examine neurological risk due to air toxic exposure in 
Minnesota 

 65

19. Bari, M. A. & Kindzierski, W. B. Concentrations, sources and human health risk of 

inhalation exposure to air toxics in Edmonton, Canada. Chemosphere 173, 160–171 

(2017). 

20. Rice, L. J. et al. Use of Segregation Indices, Townsend Index, and Air Toxics Data to 

Assess Lifetime Cancer Risk Disparities in Metropolitan Charleston, South Carolina, 

USA. Int. J. Environ. Res. Public Health 11, 5510–5526 (2014). 

21. Ekenga, C. C., Yeung, C. Y. & Oka, M. Cancer risk from air toxics in relation to 

neighborhood isolation and sociodemographic characteristics: A spatial analysis of the St. 

Louis metropolitan area, USA. Environ. Res. 179, 108844 (2019). 

22. James, W., Jia, C. & Kedia, S. Uneven Magnitude of Disparities in Cancer Risks from Air 

Toxics. Int. J. Environ. Res. Public Heal. 2012, Vol. 9, Pages 4365-4385 9, 4365–4385 

(2012). 

23. Grineski, S. E. & Collins, T. W. Geographic and social disparities in exposure to air 

neurotoxicants at U.S. public schools. Environ. Res. 161, 580–587 (2018). 

24. Young, G. S. et al. Differential Exposure to Hazardous Air Pollution in the United States: 

A Multilevel Analysis of Urbanization and Neighborhood Socioeconomic Deprivation. 

Int. J. Environ. Res. Public Heal. 2012, Vol. 9, Pages 2204-2225 9, 2204–2225 (2012). 

25. Young, G. S. et al. Differential Exposure to Hazardous Air Pollution in the United States: 

A Multilevel Analysis of Urbanization and Neighborhood Socioeconomic Deprivation. 

Int. J. Environ. Res. Public Heal. 2012, Vol. 9, Pages 2204-2225 9, 2204–2225 (2012). 

26. Stanley, G. Air pollution implicated in up to 4,000 Minnesota deaths a year - 

StarTribune.com. 

27. Johnson, J. E., Bael, D. L., Sample, J. M., Lindgren, P. G. & Kvale, D. L. Estimating the 



Exploring risk assessment methods to examine neurological risk due to air toxic exposure in 
Minnesota 

 66

public health impact of air pollution for informing policy in the Twin Cities: A Minnesota 

tracking collaboration. J. Public Heal. Manag. Pract. 23, S45–S52 (2017). 

28. Pratt, G. C., Vadali, M. L., Kvale, D. L. & Ellickson, K. M. Traffic, air pollution, minority 

and socio-economic status: Addressing inequities in exposure and risk. Int. J. Environ. 

Res. Public Health 12, 5355–5372 (2015). 

29. US EPA, O. A. R. Health and Environmental Effects of Hazardous Air Pollutants. US 

EPA (2015). 

30. Environmental Protection Agency. About Urban Air Toxics. (2020). Available at: 

https://www.epa.gov/urban-air-toxics/about-urban-air-toxics. (Accessed: 16th December 

2021) 

31. Harrison, R. M. et al. Measurement and modeling of exposure to selected air toxics for 

health effects studies and verification by biomarkers. (2008). 

32. US EPA. Setting Emissions Standards for Major Sources of Toxic Air Pollutants. US EPA 

(2017). Available at: https://www.epa.gov/clean-air-act-overview/setting-emissions-

standards-major-sources-toxic-air-pollutants. (Accessed: 7th February 2022) 

33. NEI EPA. National Emissions Inventory (NEI). US Environmental Protection Agency 

(2016). Available at: https://www.epa.gov/air-emissions-inventories/national-emissions-

inventory-nei. (Accessed: 17th December 2021) 

34. US EPA. What is the Toxics Release Inventory? | Toxics Release Inventory (TRI) 

Program | US EPA. Web Page (2020). Available at: https://www.epa.gov/toxics-release-

inventory-tri-program/what-toxics-release-inventory. (Accessed: 17th December 2021) 

35. Environmental Protection Agency. NATA Overview. (2017). Available at: 

https://www.epa.gov/national-air-toxics-assessment/nata-overview. (Accessed: 17th 



Exploring risk assessment methods to examine neurological risk due to air toxic exposure in 
Minnesota 

 67

December 2021) 

36. Epa, U. S. Technical Support Document EPA ’ s 2014 National-scale Air Toxics 

Assessment 2014 NATA. (2015). 

37. Grineski, S. E. & Collins, T. W. Geographic and social disparities in exposure to air 

neurotoxicants at U.S. public schools. Environ. Res. 161, 580–587 (2018). 

38. Lorber, M. et al. Assessment of inhalation exposures and potential health risks to the 

general population that resulted from the collapse of the world trade center towers. Risk 

Anal. 27, 1203–1221 (2007). 

39. Air modeling and human health | Minnesota Pollution Control Agency. Available at: 

https://www.pca.state.mn.us/air/air-modeling-and-human-health. (Accessed: 21st June 

2021) 

40. United States Environmental Protection Agency. Air toxics risk assessment reference 

library. Technical Resource Manual 1, (2004). 

41. US EPA. Risk Assessment and Modeling - Air Toxics Risk Assessment Reference Library. 

42. Oberdorster, G., Ferin, J. & Lehnert, B. E. Correlation between particle size, in vivo 

particle persistence, and lung injury. in Environmental Health Perspectives 102, 173–179 

(Public Health Services, US Dept of Health and Human Services, 1994). 

43. Brown, D. M., Wilson, M. R., MacNee, W., Stone, V. & Donaldson, K. Size-dependent 

proinflammatory effects of ultrafine polystyrene particles: A role for surface area and 

oxidative stress in the enhanced activity of ultrafines. Toxicol. Appl. Pharmacol. 175, 

191–199 (2001). 

44. Elder, A. et al. Translocation of inhaled ultrafine manganese oxide particles to the central 

nervous system. Environ. Health Perspect. 114, 1172–1178 (2006). 



Exploring risk assessment methods to examine neurological risk due to air toxic exposure in 
Minnesota 

 68

45. Lewis, J. et al. Trigeminal uptake and clearance of inhaled manganese chloride in rats and 

mice. Neurotoxicology 26, 113–123 (2005). 

46. Block, M. L. & Calderón-Garcidueñas, L. Air pollution: mechanisms of 

neuroinflammation and CNS disease. Trends Neurosci. 32, 506–516 (2009). 

47. Calderón-Garciduenãs, L. et al. Air pollution and children: Neural and tight junction 

antibodies and combustion metals, the role of barrier breakdown and brain immunity in 

neurodegeneration. J. Alzheimer’s Dis. 43, 1039–1058 (2015). 

48. Elwood, E., Lim, Z., Naveed, H. & Galea, I. The effect of systemic inflammation on 

human brain barrier function. Brain. Behav. Immun. 62, 35–40 (2017). 

49. Brockmeyer, S. & D’Angiulli, A. How air pollution alters brain development: The role of 

neuroinflammation. Translational Neuroscience 7, 24–30 (2016). 

50. Kampa, M. & Castanas, E. Human health effects of air pollution - ScienceDirect. (2008). 

51. Goldberg, A. E. & Beemyn, G. Diagnostic and Statistical Manual. in The SAGE 

Encyclopedia of Trans Studies (2021). doi:10.4135/9781544393858.n66 

52. Von Ehrenstein, O. S., Aralis, H., Cockburn, M. & Ritz, B. In utero exposure to toxic air 

pollutants and risk of childhood autism. Epidemiology 25, 851–858 (2014). 

53. Kalkbrenner, A. E. et al. Perinatal exposure to hazardous air pollutants and autism 

spectrum disorders at age 8. Epidemiology 21, 631–641 (2010). 

54. Kalkbrenner, A. E. et al. Air toxics in relation to autism diagnosis, phenotype, and 

severity in a U.S. family-based study. Environ. Health Perspect. 126, (2018). 

55. Talbott, E. O. et al. Air toxics and the risk of autism spectrum disorder: The results of a 

population based case-control study in southwestern Pennsylvania. Environ. Heal. A Glob. 

Access Sci. Source 14, 1–16 (2015). 



Exploring risk assessment methods to examine neurological risk due to air toxic exposure in 
Minnesota 

 69

56. Roberts, A. L. et al. Perinatal air pollutant exposures and autism spectrum disorder in the 

children of Nurses’ Health Study II participants. Environ. Health Perspect. 121, 978–984 

(2013). 

57. Dellefratte, K., Stingone, J. A. & Claudio, L. Combined association of BTEX and material 

hardship on ADHD-suggestive behaviours among a nationally representative sample of 

US children. Paediatr. Perinat. Epidemiol. 33, 482–489 (2019). 

58. Stingone, J. A., McVeigh, K. H. & Claudio, L. Early-life exposure to air pollution and 

greater use of academic support services in childhood: a population-based cohort study of 

urban children. Environ. Heal. A Glob. Access Sci. Source 16, 1–10 (2017). 

59. Dickerson, A. S. et al. Autism spectrum disorder prevalence and associations with air 

concentrations of lead, mercury, and arsenic. Environ. Monit. Assess. 188, 1–15 (2016). 

60. Dickerson, A. S. et al. Autism spectrum disorder prevalence and proximity to industrial 

facilities releasing arsenic, lead or mercury. Sci. Total Environ. 536, 245–251 (2015). 

61. Elle Lett, Stingone, J. A. & Claudio, L. The combined influence of air pollution and home 

learning environment on early cognitive skills in children. Int. J. Environ. Res. Public 

Health 14, (2017). 

62. Stingone, J. A., McVeigh, K. H. & Claudio, L. Association between prenatal exposure to 

ambient diesel particulate matter and perchloroethylene with children’s 3rd grade 

standardized test scores. Environ. Res. 148, 144–153 (2016). 

63. Clark-Reyna, S. E., Grineski, S. E. & Collins, T. W. Health status and residential exposure 

to air toxics: What are the effects on children’s academic achievement? Fam. Community 

Heal. 39, 160–168 (2016). 

64. Grineski, S. E., Collins, T. W. & Adkins, D. E. Hazardous air pollutants are associated 



Exploring risk assessment methods to examine neurological risk due to air toxic exposure in 
Minnesota 

 70

with worse performance in reading, math, and science among US primary schoolchildren. 

Environ. Res. 181, 108925 (2020). 

65. Kirrane, E. F. et al. Associations of ozone and PM2.5 concentrations with Parkinson’s 

disease among participants in the agricultural health study. J. Occup. Environ. Med. 57, 

509–517 (2015). 

66. Gatto, N. M. et al. Components of air pollution and cognitive function in middle-aged and 

older adults in Los Angeles. Neurotoxicology 40, 1–7 (2014). 

67. Liu, R., Young, M. T., Chen, J. C., Kaufman, J. D. & Chen, H. Ambient air pollution 

exposures and risk of parkinson disease. Environ. Health Perspect. 124, 1759–1765 

(2016). 

68. Ailshire, J. A. & Clarke, P. Fine particulate matter air pollution and cognitive function 

among U.S. older adults. Journals Gerontol. - Ser. B Psychol. Sci. Soc. Sci. 70, 322–328 

(2015). 

69. Payne-Sturges, D. & Gee, G. C. National environmental health measures for minority and 

low-income populations: Tracking social disparities in environmental health. Environ. 

Res. 102, 154–171 (2006). 

70. Gee, G. C. & Payne-Sturges, D. C. Environmental health disparities: A framework 

integrating psychosocial and environmental concepts. Environmental Health Perspectives 

112, 1645–1653 (2004). 

71. Gray, S. C., Edwards, S. E. & Miranda, M. L. Race, socioeconomic status, and air 

pollution exposure in North Carolina. Environ. Res. 126, 152–158 (2013). 

72. Perlin, S. A., Wong, D. & Sexton, K. Residential proximity to industrial sources of air 

pollution: Interrelationships among race, poverty, and age. J. Air Waste Manag. Assoc. 51, 



Exploring risk assessment methods to examine neurological risk due to air toxic exposure in 
Minnesota 

 71

406–421 (2001). 

73. Grineski, S., Bolin, B. & Boone, C. Criteria air pollution and marginalized populations: 

Environmental inequity in metropolitan phoenix, Arizona. Soc. Sci. Q. 88, 535–554 

(2007). 

74. Collins, T. W., Grineski, S. E., Chakraborty, J. & McDonald, Y. J. Understanding 

environmental health inequalities through comparative intracategorical analysis: 

Racial/ethnic disparities in cancer risks from air toxics in El Paso County, Texas. Heal. 

Place 17, 335–344 (2011). 

75. Apelberg, B. J., Buckley, T. J. & White, R. H. Socioeconomic and Racial Disparities in 

Cancer Risk from Air Toxics in Maryland. Environ. Health Perspect. 113, 693–699 

(2005). 

76. Wilson, S. et al. Assessment of sociodemographic and geographic disparities in cancer 

risk from air toxics in South Carolina. Environ. Res. 140, 562–568 (2015). 

77. Morello-Frosch, R. & Jesdale, B. M. Separate and Unequal: Residential Segregation and 

Estimated Cancer Risks Associated with Ambient Air Toxics in U.S. Metropolitan Areas. 

Environ. Health Perspect. 114, 386 (2006). 

78. Minnesota. Available at: https://www.census.gov/geographies/reference-

files/2010/geo/state-local-geo-guides-2010/minnesota.html. (Accessed: 5th August 2021) 

79. Minnesota - Wikipedia. Available at: https://en.wikipedia.org/wiki/Minnesota. (Accessed: 

4th August 2021) 

80. U.S. Department of Commerce. U.S. Census Bureau QuickFacts: Minnesota. United 

States Census Bureau (2019). Available at: 

https://www.census.gov/quickfacts/fact/table/MN/POP010220. (Accessed: 22nd June 



Exploring risk assessment methods to examine neurological risk due to air toxic exposure in 
Minnesota 

 72

2021) 

81. Data by Topic - 2010 Decennial Census / MN State Demographic Center. Available at: 

https://mn.gov/admin/demography/data-by-topic/population-data/2020-decennial-census/. 

(Accessed: 22nd June 2021) 

82. Krieger, N., Williams, D. R. & Moss, N. E. Measuring social class in US public health 

research: concepts, methodologies, and guidelines. Annu. Rev. Public Health 18, 341–378 

(1997). 

83. Kortenkamp, A. & Koch, H. M. Refined reference doses and new procedures for phthalate 

mixture risk assessment focused on male developmental toxicity. Int. J. Hyg. Environ. 

Health 224, 113428 (2020). 

84. USEPA. Concepts, Methods, and Data Sources for Cumulative Health Risk Assessment of 

Multiple Chemicals, Exposures and Effects: A Resource Document (Final Report). 

(2007). 

 

 

 

 

 

 

 

 

 

 


