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I. Expert Credentials (see attached CV in Appendix A)  
 
Pediatrician for 27+ years with special interests in preventative medicine, and how nutrition and 
the environment affect health; member of AAP Council on Environmental Health; consultant to 
SWPA-EHP; member of Air Quality Collaborative (Allegheny County); Physicians for Social 
Responsibility - PA board member; Clinical Assistant Professor of Pediatrics at University of 
Pittsburgh SOM. 
 
 
 
II. Introduction 
 
Humanity today finds itself at an existential crossroads. After two-a-half centuries of increasing 
global industrialization, we approach an inevitable obstacle to continuing business-as-usual: 
clear evidence of a global climate crisis. The other fact we must all face is based in a simple 
physical reality: Earth is a closed system; what happens here stays here. 
 
Here are some other facts that we know: Industries that extract and burn, in great quantities, 
carbon-based fossil fuels (coal, oil, natural gas) emit prodigious quantities of health-harming 
particles and chemicals into the atmosphere. These emissions — as we know from decades of 
global, evidence-based, peer-reviewed, scientific research and medical practice — make people 
sick, diminish their health and the quality of their lives, and kill them prematurely. We also know 
that while some people are more vulnerable to the effects of pollution in the air they breathe, the 
water they drink, and the food they eat — pregnant women and children, the elderly, those who 
live in poverty, people with pre-existing medical conditions — no one person is immune from 
adverse health impacts of pollution. 
 
We also know what emissions come from unconventional natural gas development (a.k.a. 
“fracking”), where along the chain of infrastructure they come from, what symptoms of people 
living in proximity to these activities are experiencing, and what diseases are developing or 
being exacerbated by these emissions into the air we all breathe, the water we all drink and bathe 
in, and the soil in which we grow our food and on which our children play. 
 
This is why the Pennsylvania Medical Society, which represents 16,000 Pennsylvania physicians 
and medical students, has come together and called for a moratorium on unconventional natural 
gas development. It adversely affects human health, and especially the health of children. We 
know that industrial air pollution, like the kind emitted from shale gas infrastructure and during 
consumption of methane, means more asthma in children, more chronic lung disease and heart 
disease in adults, more cancer in both adults and children, and, as some recent peer-reviewed 
studies have shown, perhaps more autism, ADHD, and other neurodevelopment problems in 
children.  
 
Airborne emissions occur at every stage of UNGD. The enormous volume of heavy diesel trucks 
passing along our highways, county roads, and through our communities means more of toxic 
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particulate matter, more volatile organic compounds and polycyclic aromatic hydrocarbons, 
more carbon monoxide, carbon dioxide, nitrogen oxides and ozone. Science continues to tell us 
that each and every one of these emissions makes people sick — especially children. These toxic 
emissions are released inadvertently, or out of necessity, at well pads, during pipeline 
construction and maintenance, at compressor stations, and at processing facilities. Also, let’s 
remember that a healthy percentage of the methane (2-8%) produced by this industry is leaked 
inadvertently, and vented and flared off by design into the atmosphere. Methane, as you know, is 
a potent heat-trapping, greenhouse gas — 86 times more potent than CO2 over a 20-year 
timeframe, and 20 times more potent over a hundred year span.  
 
Toxics generated by the oil and gas industry also spill onto the ground and make their way into 
ground water aquifers as well as into rivers and streams. With air pollution, what goes up comes 
down. With spills, what goes down (into the well) — a liquid concoction of millions of gallons 
of fresh water that can never be allowed to return to the Earth’s natural water cycle), chemicals 
that are not publicly disclosed, and sand as a proppant — comes back up in the form of 
“flowback”, which is water contaminated with the chemicals used in fracking (many of which 
are known to affect pregnancy outcomes, cause birth defects, cancer, and other human diseases). 
Also in that “flowback” are toxic heavy metals such as arsenic and lead, and naturally-occurring 
radioactive materials like uranium, thorium, and radium, which come from Earth’s crust.  
 
My testimony today, drawing from previous presentations and testimony, will address the peer-
reviewed consensus regarding health risks associated with UNGD.  
 
 
 
III. Health effects/studies 
 
A. Introduction — Before we consider the growing body of scientific and medical evidence, 
and the abundant wisdom that comes from common sense, we should remember that: 
 
No credible scientist ever said, “Exposure to air pollution is safe for human health.” No credible 
physician ever said, “Breathing air polluted with particulate matter and VOCs is not harmful.” 
No credible pulmonologist ever said, “Ground-level ozone affects every human’s lung function 
EXCEPT YOURS.” No credible cardiologist ever said, “Air pollution from natural gas 
production is less harmful to your heart than emissions from coal.” (Or “putting a filter on a 
Camel cigarette makes smoking okay.”) No credible psychiatrist ever said, “It’s just another gas 
well. Relax.” No credible pediatrician ever said to a concerned mother, “Air pollution is fine — 
your kids won’t suffer.”  
 
Numerous peer-reviewed studies however have demonstrated a link between air pollution and 
public health, and particularly on those most vulnerable in the population.  Air pollution has been 
shown to be a trigger for childhood asthma (a diagnosis which is prevalent in at least 8-9% of 
American children), and a factor in the premature development of coronary artery disease (heart 
attacks) and cerebrovascular disease (strokes).  It has also been shown to cause complications 
during pregnancy (increases in premature births and infant mortality) and to be associated with 
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chronic — and sometimes terminal — illness, disease, and premature death. Simply put, adverse 
health effects from the components of air pollution emitted by fossil fuel sources occur from 
cradle to grave. 
 
 
B. Why Are Children Most Susceptible to Harms from Air Pollution? 
 
As a practicing pediatrician, I believe it is important for you to understand why children are at 
higher risk for experiencing the harmful effects of pollution.  Children are not little adults. How 
they come into contact with dangerous pollutants and how their immature organs and immune 
systems handle these pollutants is far different from adults. Children’s bodies are especially 
susceptible to toxic chemical actions because of their size and because of the normal processes of 
growth and development.  
 
Children are not like adults: 
 
 • Per unit body weight, they breathe more air, drink more water, and eat more food than 

adults. 
 • They spend more time playing outdoors. 
 • Their play tends to be closer to where industrial fallout occurs — in grass, dirt, and 

bodies of water — and, thus, they are often exposed to higher doses of pollutants. 
 • Unlike full-size adults, children (including fetuses and infants) undergo continuous 

anatomic and physiologic growth and development. Normal processes of growth and 
development such as cell division, tissue differentiation, and organ migration can be 
disturbed and interrupted, resulting in birth defects, neurocognitive deficits, and various 
medical problems that are unique to — or more severe in — children. Asthma is just one 
of these. 

 • Children have a longer “shelf-life” than adults. That is, there is more time for a child to 
present with clinical manifestations resulting from toxic exposures than an adult exposed 
at the same time. Children have longer to live than their parents and grandparents; it’s 
only fair that we acknowledge that. 

  
Our children — the best and most important things each of us has ever made and will ever make 
— are the most vulnerable people among us. Pollution which emanates from heavy industry is 
bad enough for adults (air pollution is a major contributor to heart disease, lung disease, and 
cancer) but it’s worse for our kids. This is what science has been telling us for a long, long time. 
 
 
 
 
 
 
 
 
 



 

 6 

 
C. Health Effects of Air Pollution in Children 
 
1. Respiratory problems: 
 
> Air pollution increases their risk of developing asthma. 
 
> Air pollution worsens symptoms of existing asthma, viral-induced wheezing, chronic lung 
disease in premature infants (BPD), acute bronchiolitis in infants, cystic fibrosis, and other 
respiratory tract conditions. 
 
> Air pollution increases the risk of developing other lower airway diseases and 
infections,including bronchiolitis, pneumonia, chronic obstructive airway disease (COPD), and 
silicosis. 
 
> Air pollution increases the risk of upper respiratory complications such as non-allergic rhinitis 
(runny nose) and conjunctivitis (red eyes), pharyngitis (sore throat), sinusitis, and otitis media 
(ear infections). 
 
A recent (not-yet-published) study from my colleague, Dr. Deborah Gentile, revealed that the 
risk of a school-aged child living in Pittsburgh and developing asthma is nearly three times the 
national average because of high particulate matter and ozone levels contributing to the region’s 
poor air quality 
 
http://www.nextpittsburgh.com/latest-news/asthma-is-an-epidemic-among-pittsburgh-
schoolchildren-how-can-communities-breathe-easier/ 
 
 
2. Childhood Obesity 
While the effects on the respiratory system are well documented, others are investigating effects 
that one may not anticipate. Rundle, et al reported in the American Journal of Epidemiology in 
2011 the association of childhood obesity and maternal exposure to air pollution during 
pregnancy — specifically exposure to polycyclic aromatic hydrocarbons which are emitted in 
abundance during the natural gas extraction process.   
 
Rundle, A., et al — Association of Childhood Obesity With Maternal Exposure to Ambient 
Air Polycyclic Aromatic Hydrocarbons During Pregnancy (American Journal of 
Epidemiology June 2012 School of Public Health, Columbia University) 
http://aje.oxfordjournals.org/content/175/11/1163 
 
 
3. Neurologic and Neurodevelopmental Disorders/Autism/ADHD: 
A 2005 landmark study examining umbilical cord blood of newborn babies described 
neurologic/neurodevelopmental/behavioral impacts of pollution in children and delivered news 
that should unsettle everyone: babies are being born “pre-polluted”. In 10 of these “pre-polluted” 

http://www.nextpittsburgh.com/latest-news/asthma-is-an-epidemic-among-pittsburgh-schoolchildren-how-can-communities-breathe-easier/
http://www.nextpittsburgh.com/latest-news/asthma-is-an-epidemic-among-pittsburgh-schoolchildren-how-can-communities-breathe-easier/
http://aje.oxfordjournals.org/content/175/11/1163
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babies, a total of 287 different chemicals were found, including 180 that cause cancer in humans 
or animals, 217 that are known to be toxic to the brain and nervous system, and 208 that are 
known to cause birth defects or abnormal development in animal tests.  
 
Environmental Working Group — Body Burden: The Pollution in Newborns 
(Environmental Working Group July 2005) 
http://www.ewg.org/research/body-burden-pollution-newborns  
 
> Lower IQ: A December 2014 study, published in the online journal PLOS ONE, demonstrated 
decreased child IQ associated with maternal prenatal exposure to phthalates.  
(Phthalates are chemicals used in the production of plastics and are ubiquitous in the 
environment.)  
 
 
Factor-Litvak, P., et al — Persistent Associations between Maternal Prenatal Exposure to 
Phthalates on Child IQ at Age 7 Years  (PLOS ONE December 2014 Columbia University 
School of Public Health) 
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0114003 
 
 
> Autism: Several studies have begun to associate air pollution with Autism Spectrum Disorder 
(ASD). In March 2015, a study from the Harvard School of Public Health and Harvard Medical 
School involving over 100,000 participants concluded that a higher maternal exposure to PM2.5 
during pregnancy, in particular the third trimester, was associated with greater odds of her child 
having ASD. 
 
Raz, R., et al — Autism Spectrum Disorder and Particulate Matter Air Pollution before, 
during, and after Pregnancy: A Nested Case–Control Analysis within the Nurses’ Health 
Study II Cohort (Environmental Health Perspectives March 2015 Harvard School of Public 
Health/Harvard Medical School)  
http://ehp.niehs.nih.gov/1408133/ 
 
A January 2014 study published in the journal Epidemiology was able to link the interaction of a 
specific gene and air pollutant exposure to an increased risk of autism. 
 
Volk, H., et al — Autism spectrum disorder: interaction of air pollution with the MET 
receptor tyrosine kinase gene.  (Epidemiology January 2014 University of Southern California)  
http://www.ncbi.nlm.nih.gov/pubmed/24240654 
 
In 2016, researchers from the University of Pittsburgh published another study linking air 
pollution and autism. For this study, researchers at the University of Pittsburgh conducted a 
population-based case control study in six counties in southwestern Pennsylvania, estimating the 
association between autism spectrum disorders and 30 known neurotoxicants. The researchers 
found that exposure to chromium, cyanide, styrene and other toxic air pollutants during 

http://www.ewg.org/research/body-burden-pollution-newborns
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0114003
http://www.ncbi.nlm.nih.gov/pubmed/24240654
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pregnancy and a child's early years of life increased the likelihood that a child would be 
diagnosed with an autism spectrum disorder. 
 
Talbot, E., et al — The Association of National Air Toxics Assessment Exposures and the 
Risk of Childhood Autism Spectrum Disorder: A Case Control Study (American Association 
for Aerosol Research October 2014 University of Pittsburgh)  
http://aaarabstracts.com/2014/viewabstract.php?pid=599 
 
 
Finally, a 2013 study in JAMA Psychiatry showed that exposure to traffic-related air pollution (in 
other words, particulate matter, benzene, carbon monoxide, carbon dioxide, nitrogen oxides) 
during pregnancy and during the first year of life was associated with autism. 
 
 Volk, H., et al — Traffic-Related Air Pollution, Particulate Matter, and Autism (JAMA 
Psychiatry January 2013 University of Southern California) 
http://archpsyc.jamanetwork.com/article.aspx?articleid=1393589 
 
> ADHD: Perera et al. elegantly demonstrated (by evaluating umbilical cord blood at birth) that 
prenatal exposure to polycyclic aromatic hydrocarbons — which are widespread when air is 
polluted primarily through the burning of fossil fuels and are known carcinogens, mutagens, and 
teratogens — may play a role in the development of Attention Deficit/Hyperactivity Disorder. 
 
Perera, F., et al — Early-Life Exposure to Polycyclic Aromatic Hydrocarbons and ADHD 
Behavior Problems (PLOS ONE November 2014 Columbia University)  
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0111670#abstract0 
 
 
D. Health Effects Associated with Unconventional Natural Gas Extraction 
 
As scientists and public health professionals continue to research and learn more about UNGD, a 
number of studies have documented adverse health effects associated with unconventional 
natural gas extraction. 
 
1. Self-Reported Symptoms:  A comprehensive study by Steinzor et al. published in 2013 
investigated self-reported health symptoms of persons residing near shale gas sites in 
Pennsylvania.  The study reported on prevalent self-reported health symptoms that went beyond 
the respiratory symptoms mentioned previously, and included increased fatigue, severe 
headaches muscle aches and weakness, anxiety and depression, dizziness and nausea, memory 
problems, skin irritations, sleep disturbances, and more. 

 
The study reports that these symptoms were consistent with exposures to the types of chemicals 
found in air tests performed during the time of the survey and in proximity to gas sites. The air 
tests together detected 19 chemicals that are known to cause sinus, skin, ear/nose/throat, and 
neurological symptoms, 17 that may affect eyes and vision, and 16 that may induce behavioral 
effects; as well as 11 that have been associated with liver damage, nine with kidney damage, and 

http://aaarabstracts.com/2014/viewabstract.php?pid=599
http://archpsyc.jamanetwork.com/article.aspx?articleid=1393589
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0111670%25252523abstract0
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eight with stomach and other digestive problems. In addition, the brain and nervous system may 
be affected by five of the volatile organic compounds (VOCs) detected; the cardiac system by 
five; muscles by two; and blood cells by two. 
 
Steinzor, N., Subra, W., et al — Investigating Links Between Shale Gas Development And 
Health Impacts Through A Community Survey Project In Pennsylvania (Scientific Solutions 
Earthworks 2013) 
https://www.earthworksaction.org/files/publications/SteinzorSubraSumiShaleGasHealthImpacts2
013.pdf 
 
 
Rabinowitz et al. surveyed residents in Washington County in a 2013 study published in the 
Journal Environmental Health Perspectives. The aim of the study was to assess the relationship 
between household proximity to natural gas wells and reported health symptoms. At the time of 
the study, there were over 600 active unconventional natural gas wells in the county. The 
researchers were able to associate proximity to natural gas wells and the prevalence of not only 
respiratory symptoms, but also skin rashes. 
 
Rabinowitz, P., et al — Proximity to Natural Gas Wells and Reported Health Status: 
Results of a Household Survey in Washington County, Pennsylvania 
(Environmental Health Perspectives January 2015 Yale University)  
http://ehp.niehs.nih.gov/1307732/ 
 
Researchers from Pennsylvania’s Geisinger Health System and Johns Hopkins University found 
that Pennsylvania residents with the highest exposure to active natural gas wells operated by the 
hydraulic fracturing ("fracking") industry are nearly twice as likely to suffer from a combination 
of migraine headaches, chronic nasal and sinus symptoms, and severe fatigue.  
 
The understanding is that development of oil and gas wells generates toxic air pollution, which, 
as we’ve just seen, provokes nasal and sinus symptoms. This type of drilling also produces 
stressors such as odors, noise, bright lights and heavy truck traffic. Any of these stressors could 
increase the risk of symptoms. Migraine headaches, for example, are known to be triggered by 
odors in some individuals. 
  
Tustin, A., et al (Environmental Health Perspectives - Online)   
https://www.sciencedaily.com/releases/2016/08/160825084623.htm  
 
In September 2017, researchers with the SWPA Environmental Health Project confirmed similar 
reported health symptoms in people living in proximity to shale gas infrastructure. The top 10 
symptoms reported were sleep disruption, headache, throat irritation, stress/anxiety, cough, 
shortness of breath, sinus problems, fatigue, nausea, and wheezing. 
 
Weinberger, B. et al — Health symptoms in residents living near shale gas activity: A 
retrospective record review from the Environmental Health Project 
http://www.sciencedirect.com/science/article/pii/S2211335517301353?via%3Dihub 

https://www.earthworksaction.org/files/publications/SteinzorSubraSumiShaleGasHealthImpacts2013.pdf
https://www.earthworksaction.org/files/publications/SteinzorSubraSumiShaleGasHealthImpacts2013.pdf
http://ehp.niehs.nih.gov/1307732/
https://www.sciencedaily.com/releases/2016/08/160825084623.htm
http://www.sciencedirect.com/science/article/pii/S2211335517301353?via%3Dihub
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2.  Complications of Birth/Abnormal Birth Outcomes:  In December 2014, Webb, et al 
published an extensive review titled: “Developmental and reproductive effects of chemicals 
associated with unconventional oil and natural gas operations” in the journal Reviews on 
Environmental Health. 
 
Developmental health effects that were present included: 
 

> Impaired fetal growth 
> Low birth weight 
> Birth defects 

 
Reproductive health effects that were observed included: 

> Infertility 
> Miscarriage 
> Preterm births (prematurity) 

 
These conditions have been associated with chemicals and compounds that occur in every stage 
of natural gas development: volatile organic compounds (VOC’s) such as the BTEX compounds 
(benzene, toluene, ethyl benzene, and xylene) and formaldehyde, and the heavy metals arsenic, 
cadmium, and lead. 
 
A postulated mechanism of action for these conditions has been getting a lot of attention in 
recent years: that these (and other chemicals) act as “endocrine disruptors.”  Endocrine disruptors 
interfere with the synthesis, secretion, transport, binding, actions, or elimination of natural 
hormones.  They are known to cause: 
 

>  Birth deformities in the embryo (examples are the well-known effects of DES and 
Thalidomide from generations past). 

>  Cancers — particularly in organs especially sensitive to hormones such as in the 
breast, prostate, and thyroid gland. 

>  Neurodevelopment disorders — including learning disabilities and ADHD. 
>  Embryonic disorders of sexual development — including feminization and androgen 

excess syndromes. 
 
The Webb paper suggests that even tiny doses of benzene, toluene and other chemicals released 
during the various phases of oil and natural gas production, including hydraulic fracturing, could 
pose serious health risks -- especially to developing fetuses, babies and young children.  Among 
the more than 750 chemicals known to be used in hydraulic fracturing, a significant subset (at 
least 130) may carry the potential to disturb the natural hormone messengers responsible for 
critical processes such as sleep, metabolism, growth, and reproduction. Even in very small 
concentrations, these endocrine disruptors have been shown capable of derailing normal brain 
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and sexual development, diminishing the immune system's ability to fight disease, cause certain 
cancers, and other effects. 
 
Webb, E., et al — Developmental and reproductive effects of chemicals associated with 
unconventional oil and natural gas operations (Reviews on Environmental Health December 
2014) 
http://www.degruyter.com/view/j/reveh.2014.29.issue-4/reveh-2014-0057/reveh-2014-
0057.xml?format=INT 
 
A 2016 Pennsylvania study, published in the journal Epidemiology, demonstrated an association 
between proximity of women living near natural gas operations and two adverse birth outcomes: 
Preterm (premature) births and higher rates of high risk pregnancies (pregnancy-induced 
hypertension (pre-eclampsia), asthma, maternal obesity). 
  
Casey, J., et al —Unconventional Natural Gas Development and Birth Outcomes in 
Pennsylvania, USA (Epidemiology) 
http://journals.lww.com/epidem/Citation/2016/03000/Unconventional_Natural_Gas_Developme
nt_and_Birth.2.aspx 
 
 
An analysis of birth records from researchers at the University of Pittsburgh Graduate School of 
Public Health in 2015 found that pregnant women living close to a high density of natural gas 
wells drilled with hydraulic fracturing were more likely to have babies with lower birth weights 
than women living farther from such wells. 
 
“Developing fetuses are particularly sensitive to the effects of environmental pollutants,” said 
co-author Dr. Bruce Pitt. “We know that fine particulate air pollution, exposure to heavy metals 
and benzene, and maternal stress all are associated with lower birth weight.” 
 
Stacy, S., et al — Perinatal Outcomes and Unconventional Natural Gas Operations in 
Southwest Pennsylvania (PLOS ONE June 2015 — Univ. of Pittsburgh) 
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0126425 
 
 
A 2015 study from Children’s Hospital of Cincinnati found exposure to high levels of fine 
particulate air pollution (PM2.5) in the third trimester of pregnancy was associated with a 42% 
increased risk of miscarriage and fetal death (stillbirth). 
 
DeFranco, E., et al — Air Pollution and Stillbirth Risk: Exposure to Airborne Particulate 
Matter during Pregnancy Is Associated with Fetal Death (PLOS ONE March 2015 Children’s 
Hospital of Cincinnati/University of Cincinnati) 
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0120594 
 
 

http://www.degruyter.com/view/j/reveh.2014.29.issue-4/reveh-2014-0057/reveh-2014-0057.xml?format=INT
http://www.degruyter.com/view/j/reveh.2014.29.issue-4/reveh-2014-0057/reveh-2014-0057.xml?format=INT
http://journals.lww.com/epidem/Citation/2016/03000/Unconventional_Natural_Gas_Development_and_Birth.2.aspx
http://journals.lww.com/epidem/Citation/2016/03000/Unconventional_Natural_Gas_Development_and_Birth.2.aspx
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0126425
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0120594
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The same researchers from Cincinnati also found that exposure to high levels of small particle air 
pollution (PM2.5) was associated with an 19% increased risk of preterm birth — before 37 
weeks of pregnancy — with exposure in the third trimester accounting for the highest risk. 
 
DeFranco, E., et al — Exposure to airborne particulate matter during pregnancy is 
associated with preterm birth: a population-based cohort study (Environmental Health — 
January 2016 Children’s Hospital of Cincinnati/Univ. of Cincinnati) 
http://ehjournal.biomedcentral.com/articles/10.1186/s12940-016-0094-3 
 
 
3.  Birth Defects — Congenital Heart Disease, Spina Bifida:  In a study that has gotten a lot of 
attention from the pediatric community in 2014, McKenzie, et al. studied birth outcomes and 
maternal residential proximity (within ten miles) to natural gas wells in Colorado and found 
these disturbing findings:  The closer that pregnant mothers lived to natural gas wells, the higher 
the incidence of congenital heart diseases.  There was also a possible correlation of proximity 
and neural tube defects such as spina bifida.  Birth defects are a leading cause of neonatal 
mortality and natural gas development emits several potential teratogens. The study also 
indicated a positive relationship between increased density of gas wells and mothers who gave 
birth to children with certain defects, with one of the most likely culprits being benzene 
emissions. It is important to note that these birth defects occurred when mothers lived within a 
radius of 10 miles from natural gas wells.  
 
McKenzie, L., et al — Birth Outcomes and Maternal Residential Proximity to Natural Gas 
Development in Rural Colorado (Environmental Health Perspectives April 2014) 
http://ehp.niehs.nih.gov/1306722/ 
  
 
4. Asthma:  Another study from the folks at Geisinger and Johns Hopkins that was published in 
the Journal of the American Medical Association Internal Medicine received a great deal of 
attention in the media after showing that people who lived near a large number of active natural 
gas wells were 1.5 to 4 times more likely to suffer from asthma attacks compared to those who 
lived farther away. The risk also showed this association between asthma exacerbations and 
proximity to activity in all four phases of well development — pad preparation, drilling, 
stimulation (fracking), and production. The authors of the study point to air pollution emitted 
during the totality of unconventional natural gas operations and stress as the main culprits for 
worsening asthma symptoms in these Pennsylvania residents. 
 
Rasmussen, S., et al — Association Between Unconventional Natural Gas Development in 
the Marcellus Shale and Asthma Exacerbations (JAMA Internal Medicine) 
http://archinte.jamanetwork.com/article.aspx?articleid=2534153 
 
 
5. Lung cancer:  Geisinger and Hopkins researchers also found that radon levels in buildings 
near unconventional natural gas development in Pennsylvania are higher than those in other 

http://ehjournal.biomedcentral.com/articles/10.1186/s12940-016-0094-3
http://ehp.niehs.nih.gov/1306722/
http://archinte.jamanetwork.com/article.aspx?articleid=2534153
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areas of the state, suggesting that hydraulic fracturing has opened up new pathways for the 
carcinogenic gas to enter people’s homes.  
 
Radon is the second leading cause of lung cancer worldwide next to tobacco. Tobacco and radon 
occurring in tandem is an especially dangerous and deadly combination. Children who are 
exposed to secondhand tobacco smoke in their homes as well as to radon may be extremely 
vulnerable. 
 
Casey, J., et al — Predictors of Indoor Radon Concentrations in Pennsylvania, 1989–2013 
(Environmental Health Perspectives April 2015)  
http://ehp.niehs.nih.gov/1409014/ 
 
 
6.  Hospitalizations:  Hospitalizations for heart conditions were about 27% higher over five 
years among residents who lived in zip codes with more wells than among those whose zip codes 
had the least. 
 
Neurology admissions also increased significantly for zip codes with more wells. 
 
The study’s senior author at the University of Pennsylvania speculated that more air pollution 
and higher environmental stress could have caused the cardiology increases. 
 

"Our guess is that the numbers of big trucks," he said, caused a "tremendous increase in 
diesel exhaust fumes as well as ozone." Noise may have disrupted sleep, leading to rising 
cases of hypertension and heart disease, the author said. 

  
 
Jemielita, T., et al — Unconventional Gas and Oil Drilling Is Associated with Increased 
Hospital Utilization Rates (PLOS ONE July 2015 University of Pennsylvania) 
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0131093 
 
 
7. Mental Health:  Mental illness is an adverse side effect of environmental degradation and 
destruction, as well as pollution. The psychologic and behavioral fallout from natural gas 
extraction is not trivial. As we’ve already seen, ADHD has been associated with exposure to air 
pollution.  Mental health disorders — especially anxiety and depression — have also been shown 
to be associated with pollution exposure.   
 
In 2013, a study from the University of Pittsburgh reported that the most common concern cited 
by 76% of residents living in proximity to natural gas wells was “stress”.  

 
UPMC reported:  “Among the leading causes of stress reported by the participants were 
feelings of being taken advantage of, having their concerns and complaints ignored, and 
being denied information or misled.” 

 

http://ehp.niehs.nih.gov/1409014/
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0131093
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The study reported, importantly, that these effects were not temporary:  
 

“Reported health impacts persist and increase over time, even after the initial drilling 
activity subsides.” 
 
 

Ferrar, et al — Assessment and longitudinal analysis of health impacts and stressors 
perceived to result from unconventional shale gas development in the Marcellus Shale 
region (International Journal of Occupational and Environmental Health November 2013 
University of Pittsburgh)  
http://www.tandfonline.com/doi/full/10.1179/2049396713Y.0000000024  
 
 
Stress can be caused by a number of factors associated with the gas industry: 
 

> Noise: Noise associated with gas operations, such as drilling, hydraulic fracturing, 
flaring, regular pipeline maintenance (via the “pig launcher”), and truck traffic, keeps 
people awake at night and on edge during the day.  Sleep deprivation is a known and 
powerful trigger of anxiety and depression — this is well-documented in the pediatric 
literature. 
 
> Odors: The sheer volume of diesel fumes produced throughout the many-year life cycle 
of a natural gas well creates a pervasive industrial stench. Other fumes produced during 
this heavy industrial process add to the stench.  Air is not supposed to smell like 
anything.  When it does — and your brain decides it’s a bad smell — it’s already past 
your olfactory bulbs and into your lungs and bloodstream. 

 
> Traffic: Residents have testified in townships that allow unconventional natural gas 
extraction about being terrified to drive on the same narrow country roads as huge trucks 
involved in the process.  Roads are chewed up.  Large truck traffic on residential streets, 
main streets, and the interstate increases. The fear appears to be validated by the report by 
the Multi-State Shale Collaborative, which found that there is a statistically significant 
increase of truck-related traffic fatalities in communities with natural gas drilling. 

 
> Crime: This same study (The Relationship of Drilling to Crime, Traffic Fatalities, 
STD’s, and Rent in PA, WVa, and Ohio from 2005-2012) also concluded: 

 
“There was a statistically significant increase in violent crime of 17.7% in high-
drilling counties… [Washington and Greene Counties included].” 
 
“We observed a statistically significant increase in property crime of 10.8% in 
high-drilling counties.” 

 
Also increased in this report:  In high-drilling counties, including Washington and 
Greene Counties, drug and alcohol abuse (by 48%), sexually-transmitted diseases 

http://www.tandfonline.com/doi/full/10.1179/2049396713Y.0000000024
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(Chlamydia by 24-27%; interestingly, gonorrhea’s incidence has increased across 
the entire state, irrespective of natural gas drilling.); and “truck-involved” motor 
vehicle fatalities (by 27.8%). 

 
 
Smalldone, et al — Sleepless in America: Inadequate Sleep and Relationships to 
Health and Well-being of Our Nation's Children  
http://pediatrics.aappublications.org/content/119/Supplement_1/S29?sid=c9a19cb1-cb18-
48eb-a044-653344aef48d 
 
Owens, J., Insufficient Sleep in Adolescents and Young Adults: An Update on 
Causes and Consequences. Adolescent Sleep Working Group, AAP Committee on 
Adolescence.   
http://pediatrics.aappublications.org/content/134/3/e921?sid=c9a19cb1-cb18-48eb-a044-
653344aef48d 
 
 
Price, M., et al —The Shale Tipping Point: The Relationship of Drilling to Crime, 
Traffic Fatalities, STDs, and Rents in Pennsylvania, West Virginia, and Ohio  (The 
Multi-State Shale Research Collaborative December 2014)  
http://www.multistateshale.org/shale-tipping-point 

 
 
8. Pennsylvania Air Toxics Inventory from UNGD 
 
As scientific research continues — much of it conducted in communities in Pennsylvania — 
evidence continues to mount and point to threats to public health and safety posed by the heavy 
industrial process of UNGD. 
 
In 2016, the Pennsylvania Department of Environmental Protection released the Air Inventory 
Data Report for 2014 — data which is derived from information provided by the industry. The 
report shows that air pollutants emitted at all phases of UNG development have increased at all 
points of natural gas operations — from the clearing of land to create well pads, to the drilling 
and the fracking that brings up methane and liquid fuels from deep down in Earth’s crust, to the 
transportation of the products gathered at the well site to processing and export facilities via 
diesel trucks, trains, and pipelines, with additional and significant emissions coming from other 
infrastructure like pig launchers, compressor stations, giant flowback evaporation pits, and 
landfills. 
 
Emissions of: 
 
— Sulfur dioxide — a respiratory toxic — increased by 40% between 2013 and 2014. 
 
— Nitrogen oxides — a main component of ozone and smog (which are respiratory toxics) — 
increased by 18%. 

http://pediatrics.aappublications.org/content/119/Supplement_1/S29?sid=c9a19cb1-cb18-48eb-a044-653344aef48d
http://pediatrics.aappublications.org/content/119/Supplement_1/S29?sid=c9a19cb1-cb18-48eb-a044-653344aef48d
http://pediatrics.aappublications.org/content/134/3/e921?sid=c9a19cb1-cb18-48eb-a044-653344aef48d
http://pediatrics.aappublications.org/content/134/3/e921?sid=c9a19cb1-cb18-48eb-a044-653344aef48d
http://www.multistateshale.org/shale-tipping-point
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— Volatile Organic Compounds (VOC’s) — the other main component of ozone, are respiratory 
toxics, liver and kidney toxics, neurotoxics, and carcinogens — increased by 25% 
 
— Fine particulate matter (PM2.5) — a major component of smog and a cardiorespiratory toxic 
and carcinogen — increased by 25%. 
 
— Carbon monoxide — emitted in abundance by diesel and gas-powered engines present at all 
stages of this heavy industrial process and poisonous to every human body — increased by 19%. 
 
— Carbon dioxide and methane emissions — the two main greenhouse gases responsible for 
global warming and climate change — both increased in 2014. (CO2 by nearly 20%.) 
 
Pennsylvania Department of Environmental Protection — 2015 Oil and Gas Report 
http://www.elibrary.dep.state.pa.us/dsweb/Get/Document-113887/8000-RE-DEP4621.pdf 
 
PA-DEP Air Inventory Data 
http://www.dep.pa.gov/Business/Air/BAQ/BusinessTopics/Emission/Pages/Marcellus-
Inventory.aspx 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://www.elibrary.dep.state.pa.us/dsweb/Get/Document-113887/8000-RE-DEP4621.pdf
http://www.dep.pa.gov/Business/Air/BAQ/BusinessTopics/Emission/Pages/Marcellus-Inventory.aspx
http://www.dep.pa.gov/Business/Air/BAQ/BusinessTopics/Emission/Pages/Marcellus-Inventory.aspx
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IV. Conclusion 

 
In my opinion, the findings from these and other studies need to be considered seriously when 
evaluating siting natural gas facilities near where children live, learn, and play. These studies 
have passed peer review, which is the highest level of scientific evaluation available. The 
adverse effects documented by these reports tend to be especially hazardous for individuals with 
health conditions that make them susceptible to air toxins, such as pregnant women, children 
with asthma, and people with other chronic health conditions. 
 
The scientific evidence that unconventional natural gas extraction endangers health and safety is 
substantial and growing. These studies and reports inform us of the hazards to human health this 
heavy industrial process has on all of us, but especially, our children. Their fast-growing and 
rapidly developing bodies are susceptible to adverse health effects from exposure to particulate 
matter (PM2.5), ground-level ozone, volatile organic compounds (VOCs, like benzene, a known 
carcinogen), polycyclic aromatic hydrocarbons (which act as endocrine-disrupting chemicals), 
carbon monoxide, radon, silica particles, naturally-occurring radioactive materials (NORMs), 
heavy metals, etc. I should point out that pregnant women are also extremely vulnerable to these 
pollutants. Miscarriages, pregnancies ending before term, and birth defects have all been 
documented in Pennsylvania.  
 
Finally, as the pros and cons (adverse health effects) of approving unconventional natural gas 
development around where children live, learn, and play are considered, understand that the very 
fabric of this community will be stressed, perhaps frayed, maybe even torn apart, as it has been 
in so many other communities in the Marcellus Shale region. 
 
 
 
 
/s/ Edward C. Ketyer 
 
Edward C. Ketyer, M.D., F.A.A.P. 
Pediatric Alliance, P.C. 
Editor, The PediaBlog 
AAP Council on Environmental Health 
Southwest Pennsylvania Environmental Health Project 
Physicians for Social Responsibility - Pennsylvania 
Clinical Assistant Professor of Pediatrics, University of Pittsburgh School of Medicine 
 
October 20, 2017 
 

http://www.thepediablog.com/
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A B S T R A C T

Increasing evidence demonstrates an association between health symptoms and exposure to unconventional
natural gas development (UNGD). The purpose of this study is to describe the health of adults in communities
with intense UNGD who presented for evaluation of symptoms. Records of 135 structured health assessments
conducted between February 2012 and October 2015 were reviewed retrospectively. Publicly available data
were used to determine proximity to gas wells. Analysis was restricted to records of adults who lived within 1 km
of a well in Pennsylvania and denied employment in the gas industry (n = 51). Symptoms in each record were
reviewed by a physician. Symptoms that could be explained by pre-existing or concurrent conditions or social
history and those that began or worsened prior to exposure were excluded. Exposure was calculated using date of
well drilling within 1 km. The number of symptoms/participant ranged from 0 to 19 (mean = 6.2; SD = 5.1).
Symptoms most commonly reported were: sleep disruption, headache, throat irritation, stress or anxiety, cough,
shortness of breath, sinus problems, fatigue, nausea, and wheezing. These results are consistent with findings of
prior studies using self-report without physician review. In comparison, our results are strengthened by the
collection of health data by a health care provider, critical review of symptoms for possible alternative causes,
and confirmation of timing of exposure to unconventional natural gas well relative to symptom onset or ex-
acerbation. Our findings confirm earlier studies and add to the growing body of evidence of the association
between symptoms and exposure to UNGD.

1. Background

The public's health should be a consideration when there is wide-
spread adoption of new industrial activity such as extraction of natural
gas through hydraulic fracturing, commonly referred to as “fracking”.
Hydraulic fracturing, the injection of pressurized water, chemicals and
sand into a well bore to increase production of oil or gas, was first used
in conventional vertical wells drilled into discrete oil or gas reservoirs.
In recent years, the development of high volume, high pressure hy-
draulic fracturing, combined with directional drilling, has facilitated
the extraction of oil and gas from unconventional reservoirs, such as
shale and other “tight” geologic formations, where the oil and gas is
distributed throughout the formation rather than in defined reservoirs.
Proponents of hydraulic fracturing cite benefits such as reduced de-
pendence on foreign oil and job creation in local communities. Public
health professionals and others have raised concerns about short- and
long-term health and environmental impacts.

Hydraulic fracturing is part of a larger process of extracting, pro-
cessing and transporting natural gas. Taken together, it is referred to as
unconventional natural gas development (UNGD). UNGD sites include
well pads, where the hydraulic fracturing occurs, compressor stations,
metering stations, and processing plants, all of which release emissions.

Air and water monitoring near well pads have documented the
presence of multiple compounds with known human health effects,
both short- and long-term. Compounds of concern are volatile organic
compounds including benzene, associated with short-term effects of
headache and dizziness and long-term effects of aplastic anemia and
leukemia (ATSDR, 2015); toluene, associated with headaches, sleepi-
ness, confusion, and possible permanent neurological damage (ATSDR,
2011a) ethylbenzene, associated with symptoms of eye and throat ir-
ritation and a possible carcinogen (ATSDR, 2011b) and xylene, asso-
ciated with eye, nose, throat, and skin irritation and possible long-term
neurologic effects (CCOHS, 2017).

Other compounds with documented adverse health outcomes
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include particulate matter, associated with asthma attacks, acute
bronchitis, and reduced lung function (OSHA, 2013), methylene
chloride, associated with cancer (ATSDR, 2011c), and hydrogen sulfide,
associated with eye, nose, and throat irritation and asthma (ATSDR,
2011d). Our understanding of the human health impacts of exposure,
however, is hampered by the absence of human toxicity information on
75–80% of the chemicals used in this process (Elliott et al., 2016). In
addition to chemical emissions, UNGD produces noise and light ex-
posures at levels that may increase the risk of adverse health outcomes,
including annoyance, sleep disturbance, and cardiovascular symptoms
(Hays et al., 2017).

Self-report studies have consistently documented skin irritation and
rash; respiratory symptoms including difficulty breathing; nose, throat,
and sinus problems; gastrointestinal disturbances; headache; sleep dis-
ruption; and psychological symptoms including stress (Saberi, 2013;
Ferrar et al., 2013; Rabinowitz et al., 2015; Steinzor et al., 2013). These
studies relied on self-report of symptoms, obtained either through a
survey “check-list” that was self-administered (Saberi, 2013; Steinzor
et al., 2013) or administered by a research assistant (Rabinowitz et al.,
2015). In one study a semi-structured interview was used (Ferrar et al.,
2013). With the exception of the study conducted by Rabinowitz and
colleagues (Rabinowitz et al., 2015), these studies used convenience
samples that ranged in size from 33 to 108. Rabinowitz et al. used
randomized subject selection and did not refer explicitly to UNGD in
the survey process. Two studies included an estimate of exposure.
Steinzor et al. demonstrated compounds with known human health
effects in air and water samples; symptoms reported by participants
were consistent with these effects. Rabinowitz et al. found increased
prevalence of skin and respiratory symptoms was associated with in-
creased proximity to natural gas wells.

Limitations of the self-report studies include the use of convenience
samples and possible recall bias on the part of the participant. Onset
and/or exacerbation of self-reported symptoms may be subject to recall
bias on the part of the participant, particularly if the participants have a
high level of awareness of the risks associated with exposure and/or
understand the purpose of the study. None of the self-report studies
incorporated review of data by a health care provider.

More recently, several population-based studies using publicly
available or health system data have documented an association with
poor birth outcomes (Casey et al., 2015; McKenzie et al., 2014; Stacy
et al., 2015) asthma exacerbation (Rasmussen et al., 2016), infant
mortality (Busby and Mangano, 2017), and childhood acute lympho-
cytic leukemia.(McKenzie et al., 2017) One other study demonstrated
an association with migraine, chronic rhinosinusitis, and fatigue,
symptoms previously documented in the other self-report studies.
(Tustin et al., 2016)

The purpose of the present study is to describe the symptoms re-
ported in a sample of Pennsylvania residents who lived in close proxi-
mity to unconventional gas wells. We conducted a retrospective review
of 135 health assessment records of individuals who live in the
Marcellus Shale region of the United States. The health assessments had
been conducted by family nurse practitioners in collaboration with an
occupational medicine physician. Because available evidence suggests
that health impacts are related to proximity to wells, with symptoms
more likely in individuals who live in closer proximity to gas wells
(Rabinowitz et al., 2015; Casey et al., 2015; McKenzie et al., 2014;
Stacy et al., 2015; Rasmussen et al., 2016; McKenzie et al., 2017; Tustin
et al., 2016), this review was restricted to the records of individuals
who lived within 1 km of at least one gas well. The study was reviewed
and approved by the Duquesne University Institutional Review Board.

2. Method

Family nurse practitioners at the Southwest Pennsylvania
Environmental Health Project (EHP) have been systematically col-
lecting health data from residents of communities located near UNGD

sites since 2012. This service was developed to meet the needs of re-
sidents who were concerned about health impacts and who sought
evaluation by a health care professional. Services are advertised on the
EHP website, local media, community meetings, and word-of-mouth
and are offered at no charge. The health records of these clients provide
a dataset of health symptoms reported by those living in proximity to
UNGD sites.

Between February 1, 2012 and October 31, 2015, 135 children and
adults completed the standardized health assessment, typically con-
ducted face-to-face by a family nurse practitioner. The health assess-
ments were conducted according to standard clinical practice for col-
lecting a medical history and included current problems, review of
systems, past medical history, family history, and social history. When
indicated by the interview, a targeted physical examination was con-
ducted. Individuals who completed this health assessment did so for
their own personal health information.

All 135 records were reviewed by a team of health care providers
that included a physician who is board certified occupational medicine
(LW) and at least one nurse practitioner. Records were excluded if they
were incomplete at the time of the review (n = 2); the client was<
18 years of age (n = 21); the client reported employment in the gas
industry (n= 7); client resided in a state other than Pennsylvania
(n = 28); client did not report any symptoms at the time of the health
assessment (n = 3). After these exclusion criteria were applied, 74 re-
cords remained.

2.1. Proximity to unconventional natural gas wells

One author (BW) used publicly available data to determine the
number of unconventional natural gas wells located within 1 km of
each residence for the 74 records. Publicly available data includes lo-
cation and “SPUD” date, or date drilling began. Using ArcGIS, the home
address was used to calculate the distance from the home to the nearest
well(s). Records were excluded if it was not possible to verify at least
one gas well within 1 km of the residence (n = 23). After this criterion
was applied, 51 records remained.

2.2. Symptom inclusion criteria

Prior to review of the records, the physician (LW) and nurse prac-
titioner developed and implemented the symptom inclusion criteria.
Each symptom recorded in the health assessment was reviewed in the
context of past medical and surgical history, concurrent medical con-
ditions, family and social history, and environmental exposures un-
related to UNGD. If a plausible cause for the symptom was identified,
the symptom was not included in the analysis. For example, if the social
history indicated a ½ pack/day smoking history, the symptom of “dif-
ficulty breathing” was not included. Symptoms were included only
when there was no possible cause evident in the health assessment
record. The records were not reviewed with the intent of establishing or
confirming a diagnosis, but to determine if a plausible explanation for
the symptom could be identified.

Independently, BW determined timing of the exposure for each
symptom that met the inclusion criteria, using the SPUD date for each
unconventional natural gas well within 1 km. The earliest SPUD date
for wells within 1 km of the residence was considered the beginning of
exposure to UNGD. The date of onset/exacerbation of each symptom
was available in the health assessment record. If the date of onset/ex-
acerbation of a symptom occurred prior to the earliest SPUD date for
wells within 1 km, that symptom was not included in the analysis.
Symptoms were included only if the onset/exacerbation occurred after
the date of first exposure, estimated by the earliest SPUD date.

Descriptive statistics were used to determine frequency, distribu-
tion, and variance.
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3. Results

The 51 adults included in this record review had reported at least
one symptom on their health assessment, denied occupation exposure
related to natural gas extraction and lived in Pennsylvania within 1 km
of an unconventional natural gas well. The average age of this sample
was 57 (SD = 12.3), with a range of 24–85. More than half (56.8%)
were female and the majority (83%) were married. Each individual
lived within 1 km of a gas well; the number of wells ranged from 1 to
16, (mean 5.7, SD 3.6). A total of three counties in Pennsylvania are
represented in this sample: Washington (n = 47), Butler (n= 3), and
Bedford (n = 1) counties.

In this sample, all individuals reported at least one symptom at the
time of the health assessment. The number of symptoms reported
ranged from 1 to 19, with an average of 7.2 (SD = 4.9). Not all of the
symptoms reported met the inclusion criteria (i.e., symptoms began or
worsened after exposure to UNGD and could not be explained by a pre-
existing or concurrent health condition). Some symptoms reported by
19 individuals (37%) did not meet inclusion criteria and were excluded,
although the individuals remained in the analysis. The number of
symptoms excluded/individual ranged from 1 to 7, with an average of
2.4 symptoms. For five of the 19 individuals, all reported symptoms
were excluded.

The number of symptoms meeting inclusion criteria ranged from 0
to 19 with a mean of 6.2 (SD = 5.1) symptoms/individual. The most
frequently reported symptoms that met inclusion criteria were sleep
disturbance, headache, throat irritation, stress/anxiety, cough, short-
ness of breath, sinus, fatigue, wheezing, nausea (> 20% of sample).

Symptoms shown in Table 1 were reported by at least 10% of the
sample. Symptoms not shown on Table 1, reported by< 10% of the
sample were: weight change, hearing loss, vomiting, burning skin, and
depression.

4. Discussion

The symptoms reported by residents of southwestern Pennsylvania
who live within 1 km of an unconventional natural gas well are con-
sistent with those reported in other self-report studies. The most com-
monly reported symptoms in this sample of adults were sleep disrup-
tion, headache, throat irritation, stress/anxiety, cough, shortness of
breath, sinus problems, fatigue, nausea, and wheezing.

Limitations of this study include use of self-report data and a con-
venience sample. However, our methodology mitigates some of the
limitations typically associated with this type of data and strengthens
our results. Reported symptoms were abstracted from health records
obtained by a nurse practitioner in consultation with a physician. Each
symptom was evaluated using criteria to establish onset or exacerbation
of the symptom relative to exposure to UNGD and to rule out other
plausible explanations for the symptom. Only those symptoms that
could not be explained by evidence in the health record (i.e., medical,
surgical, or social history) and had a date of onset or exacerbation after
exposure to UNGD began were included in the analysis.

Both the collection of symptom data, and the inclusion criteria used,
distinguish this study from others that rely only on self-report. In
comparison to such studies, our results are strengthened by the col-
lection of health assessment data by a health care provider, critical
review of symptoms for possible alternative causes, and confirmation of
timing of exposure relative to symptom onset or exacerbation.

Health care providers whose clients live or work in communities
where unconventional techniques are used to extract natural gas and/or
oil should be alert to the possibility of environmental exposures.
Symptoms, particularly those that are unexplained by concurrent
medical conditions, may be related to environmental exposures.
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TECHNICAL REPORT

Insufficient Sleep in Adolescents and Young Adults:
An Update on Causes and Consequences

abstract
Chronic sleep loss and associated sleepiness and daytime impair-
ments in adolescence are a serious threat to the academic success,
health, and safety of our nation’s youth and an important public health
issue. Understanding the extent and potential short- and long-term
repercussions of sleep restriction, as well as the unhealthy sleep
practices and environmental factors that contribute to sleep loss in
adolescents, is key in setting public policies to mitigate these effects
and in counseling patients and families in the clinical setting. This
report reviews the current literature on sleep patterns in adoles-
cents, factors contributing to chronic sleep loss (ie, electronic media
use, caffeine consumption), and health-related consequences, such as
depression, increased obesity risk, and higher rates of drowsy driving
accidents. The report also discusses the potential role of later school
start times as a means of reducing adolescent sleepiness. Pediatrics
2014;134:e921–e932

INTRODUCTION

Since the publication of the American Academy of Pediatrics technical
report on excessive sleepiness in adolescents in 2005,1 there have
been a considerable number of articles published pertaining to sleep.
These articles expand on many of the topics raised in the original
report and add a number of new important health issues not pre-
viously or minimally discussed (ie, short sleep and its association
with obesity, caffeine/stimulant use). The previous technical report
provided an overview of the profound changes in sleep–wake regu-
lation and circadian biology occurring during adolescence, outlined
factors (ie, parental influence, school start times) contributing to
insufficient sleep in adolescents, and summarized consequences such
as negative impacts on mood, attention, and school performance. It
also focused in particular on clinical sleep disorders such as in-
somnia, narcolepsy, and restless legs syndrome contributing to day-
time sleepiness in adolescents. The new material in the present
report adds to what is known about the extent of sleep restriction in
the adolescent population and reinforces the importance of recog-
nizing insufficient sleep both as a key public health issue and one that
is immediately relevant to pediatric practice.

The focus of this updated technical report is on insufficient sleep,
specifically as a consequence of voluntary sleep restriction. It should

Judith Owens, MD, MPH, FAAP, ADOLESCENT SLEEP WORKING
GROUP, and COMMITTEE ON ADOLESCENCE

KEY WORDS
adolescents, caffeine, car crashes, media use, obesity, sleep loss,
sleepiness

ABBREVIATIONS
REM—rapid eye movement

This document is copyrighted and is property of the American
Academy of Pediatrics and its Board of Directors. All authors
have filed conflict of interest statements with the American
Academy of Pediatrics. Any conflicts have been resolved through
a process approved by the Board of Directors. The American
Academy of Pediatrics has neither solicited nor accepted any
commercial involvement in the development of the content of
this publication.

The guidance in this report does not indicate an exclusive
course of treatment or serve as a standard of medical care.
Variations, taking into account individual circumstances, may be
appropriate.

All technical reports from the American Academy of Pediatrics
automatically expire 5 years after publication unless reaffirmed,
revised, or retired at or before that time.

www.pediatrics.org/cgi/doi/10.1542/peds.2014-1696

doi:10.1542/peds.2014-1696

PEDIATRICS (ISSN Numbers: Print, 0031-4005; Online, 1098-4275).

Copyright © 2014 by the American Academy of Pediatrics

PEDIATRICS Volume 134, Number 3, September 2014 e921

FROM THE AMERICAN ACADEMY OF PEDIATRICS

 by guest on October 19, 2017http://pediatrics.aappublications.org/Downloaded from 

http://pediatrics.aappublications.org/


be noted that such terms as insufficient
sleep, inadequate sleep, short sleep
duration, sleep loss, and sleep re-
striction are used interchangeably and
as generic descriptive terms only and
do not imply specific amounts but
rather “less sleep than needed.”

Insufficient sleep in adolescents was
recognized as a serious health risk in
2010 in a jointly sponsored American
Medical Association/American Academy
of Sleep Medicine resolution acknowl-
edging the problem.2 Furthermore,
objectives for Sleep Health, a new topic
in Healthy People 2020,3 specifically
includes reducing adolescent sleep loss:
“SH-3: Increase the proportion of stu-
dents in grades 9 through 12 who get
sufficient sleep” (defined as ≥8 hours).
A second focus of the present report is
on unhealthy sleep behaviors (ie, poor
“sleep hygiene”) in teenagers, including
irregular sleep–wake patterns, elec-
tronic media use in the bedroom, and
excessive caffeine use. A third focus
is on the myriad of potential conse-
quences of inadequate sleep in ado-
lescents, including depression/suicidal
ideation, obesity, car crashes attribut-
able to drowsiness, and poor academic
performance.

EPIDEMIOLOGIC STUDIES OF
SLEEPING ADOLESCENTS

Epidemiologic studies of sleep typically
rely on self- or parent-reported ques-
tionnaire data to document adolescent
sleep patterns and the factors affecting
them. The key advantage of this method
is the ease of assessment of large
sample sizes. As a result, epidemiologic
studies can determine sleep patterns
across the full adolescent age range
with less potential sampling bias than
smaller case-control studies. Consistent
with other methodologic approaches,
the consensus finding across epidemi-
ologic studies is that both younger4–6

and older4,7–11 adolescents are not get-
ting enough sleep. It is important to

note that studies comparing self-
reported sleep duration with objectively
measured sleep amounts (ie, with
actigraphy) suggest that self-reports of
sleep often overestimate actual sleep
duration, signifying that the problem of
chronic sleep loss in adolescents may
be even greater than the data indicate.12

US-based4,13 and international studies5,6,14

revealed that as students get older, sleep
durations decline. The National Sleep
Foundation Sleep in America Poll4 found
that by the 12th grade, 75% of students
self-reported sleep durations of less than
8 hours of sleep per night compared with
16% of sixth graders. Furthermore, al-
though 30% to 41% of sixth through
eighth graders were getting 9 or more
hours of sleep, only 3% of 12th graders
reported doing so. Adolescents often
attempt to address the accumulated
weekday sleep debt during the week-
end, when oversleep (the difference be-
tween weekday and weekend sleep
durations) of up to 2 or more hours is
commonly reported.4,7,8,15,16

Comparisons with other countries show
similar patterns of decreased sleep
durations with increasing age among
adolescents. For example, in Northern
Taiwan,5 Germany,14 and India,17 average
sleep duration dropped to below 8
hours for high school–aged students.
The most precipitous drop was reported
in 2005 for more than 1400 South
Korean adolescents, for whom the av-
erage duration of sleep was 4.9 hours.6

In general, studies have demonstrated
similar weekend sleep durations across
countries, but weekday sleep durations
tend to vary greatly.5,9 In contrast, Aus-
tralian adolescents seem to do com-
paratively well, with students 17 years
and older reporting average sleep
durations between 8.5 and 9.1 hours.18

The difference between weeknight and
weekend sleep durations also was not
large, with weekend durations reported
at 9.3 hours. Interestingly, although data
on school start times in the Australian

study were not presented, the average
reported wake times on school days
was 7:00 AM or later, suggesting that the
schools these students attended did not
start before 8:00 AM.

A number of studies have indicated that
sleep health disparities exist and that
adults,19 children, and adolescents20–22

from families with low income or of
racial or ethnic minorities may be at
even greater risk of poor-quality and
insufficient sleep. For example, in a re-
cent study of middle school students,
appropriate timing and consistency of
both weeknight and weekend sleep
schedules were inversely correlated
with low socioeconomic status and
specific household/neighborhood varia-
bles (eg, overcrowding, noise levels,
safety concerns).23 This relationship may
have important health implications. For
example, a recent study suggested that
less sleep was a predictor of obesity risk
in African-American adolescents but not
in white adolescents.24 “Missed” sleep
was also reported to be an important
factor in asthma morbidity, especially in
Latino children.25 However, higher socio-
economic status is not necessarily pro-
tective because studies have also shown
that youth from households with higher
socioeconomic status have shorter sleep
durations.16,26

For older adolescents, additional environ-
mental factors, such as after-school em-
ployment,16 striving for good grades,5,6,12

socializing,27,28 participation in sports
and other extracurricular activities, and
lack of parental monitoring or rules
about bedtimes, can further interfere
with sleep durations.6,29,30 School start
times are reviewed later in the present
report.

In summary, short sleep durations, cou-
pled with evidence of daytime sleepiness
(eg, increased self-reported sleepiness
ratings,5,6,11,31 daytime napping,5,14,26

weekend oversleeping,6,10,14,32 need for
assistance in waking6), as well as in-
creased use of fatigue countermeasures
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(eg, excessive caffeine consumption4,5,15),
all indicate that adolescents are sleeping
fewer hours than they need. The clear and
consistent message is that middle and
high school students are not getting
enough sleep and that this issue is
a chronic problem worldwide. In addi-
tion, the health and behavioral outcomes
linked to restricted sleep, as further
detailed in the following sections, are
alarming. These outcomes include in-
creased risk of car crashes,4,33 de-
linquent behaviors,27 depression,8,10,34

and psychological stress.35

FACTORS CONTRIBUTING TO
INSUFFICIENT SLEEP IN
ADOLESCENTS

Influence of Biological Processes
on Adolescent Sleep

The association of early adolescent
development/pubertal onset and a more
evening-type circadian phase preference
(ie, preferred timing of sleep andwake as
well as daytime activities) has been
documented since the 1990s.36 The be-
havioral result of this biological process
is most clear in the timing of sleep,
particularly for weekends. For example,
Roenneberg et al37 measured the mid-
point of weekend sleep in European
schoolchildren and revealed a marked
linear delay of 2 (girls) to 3 (boys) hours
across the second decade, roughly 12 to
18 minutes later with each year of age.
The reversal of this delayed weekend
sleep pattern may be a “biological
marker for the end of adolescence.”

Recent data have indicated that another
process involved in regulating sleep
timing seems to be altered to favor late
nights across adolescent development.
This process, called sleep–wake ho-
meostasis, can be thought of as the
system that accounts for greater pres-
sure to sleep as one stays awake longer.
Data collected with 2 different para-
digms to estimate the rate of buildup of
sleep pressure in prepubertal versus
postpubertal adolescents indicate that

more mature adolescents accumulate
this sleep pressure at a slower rate.38,39

Maturational changes to these 2 bio-
regulatory processes begin in adoles-
cents as young as middle school and
present a major challenge for young
people to fall asleep in the early evening
and to wake refreshed/restored in the
early morning to attend school. The
most prominent factors in this regard
are evening and nighttime screen use
and social networking, both of which
have increased markedly in the 21st
century.40 Going to bed later and wak-
ing later on weekends than on week-
days reflects the biology of circadian
rhythm and is also a response to in-
sufficient weekday sleep. Later sleep
timing and catch-up sleep on the
weekends further delay the signal for
the biological night (ie, melatonin
production) and dissipate residual
sleep pressure.41 In summary, the
combination of biologically driven
processes with modern lifestyles and
social obligations minimize the oppor-
tunities for adolescents to obtain
adequate sleep.

Electronic Media and Sleep

Today’s adolescents and young adults
have grown up in an electronic age.
According to the National Sleep Foun-
dation’s 2006 Sleep in America Poll,
almost all adolescents had at least 1
media electronic device in their bed-
room.4 Among the devices reported
were televisions (57%), music players
(90%), video game consoles (43%),
computers (28%), and phones (64%). A
more rigorous study of subjects
recruited from a pediatric office in
a Philadelphia suburb showed that of
the 100 adolescents ranging in age
from 12 to 18 years, two-thirds had
a television in their bedroom, almost
one-third had a computer, almost 80%
had a digital music player, and 90%
had a cellular phone in their bedroom.42

The teenagers engaged simultaneously

in an average of 4 electronic activities
after 9:00 PM.

It is not surprising that several studies
in adolescents have demonstrated that
electronic exposure in the evening
potentially disrupts sleep. The use of
multiple electronic devices at the same
time has been associated with less
sleep at night and a greater degree of
sleepiness during the daytime.4,15,31,42,43

Having a television in the bedroom
(or even out of the bedroom) has
been associated with later bedtimes
on weekdays, longer sleep latencies,
shorter total sleep times, later
wakeup times on the weekends, and
more daytime sleepiness in adoles-
cents.44–46 In the Children in the
Community Study in 1976,47 adoles-
cents who were watching 3 or more
hours of television not only experi-
enced difficulty falling asleep and
frequent awakenings but also had
a risk of having difficulties with their
sleep later in adolescence and young
adulthood. The use of computers be-
fore bedtime has also been shown to
have the same effect, and this finding
has been demonstrated in a wide range
of countries and cultures.45,46,48–51

Engaging in a greater number and
range of sleep-interfering activities
before going to bed has also been
associated with less nocturnal sleep
and more daytime sleepiness in ado-
lescents.45 Several mechanisms have
been postulated about how media
disrupts sleep.40 One is that the use of
media directly displaces sleep; an
adolescent or young adult may simply
stay up later enjoying whatever media
he or she is using. In addition, elec-
tronic media allow for greater in-
teraction between friends. Early data
suggested that peer-to-peer in-
teraction did not have a major in-
fluence on school-night bedtime but
rather had a more significant in-
fluence on a teenager’s sleep on
weekends.52 These findings may no

PEDIATRICS Volume 134, Number 3, September 2014 e923

FROM THE AMERICAN ACADEMY OF PEDIATRICS

 by guest on October 19, 2017http://pediatrics.aappublications.org/Downloaded from 

http://pediatrics.aappublications.org/


longer hold now that there are en-
hanced ways for adolescents to com-
municate electronically. Calamaro et al42

found that after 9:00 PM, 34% of adoles-
cents in the study sample were text
messaging, 44% were talking on the
phone, 55% were online, and 24% were
playing computer games. In another
study of Belgian teenagers, 62% of the
subjects used their phones after the
lights were turned off, and phone use at
this time was associated with increased
daytime tiredness the next day.53

Another possible mechanism for the
detrimental effect of electronics use on
sleep is that the light produced by
electronic devices may disrupt circa-
dian rhythms by suppressing melato-
nin, resulting in the inability to fall
asleep at a reasonable time.40 Recent
studies have demonstrated that expo-
sure to relatively low-intensity light can
alter circadian rhythms54,55 and sup-
press nocturnal melatonin secretion.56

Finally, media use may cause increased
sleep-disrupting mental, emotional, and
physiologic arousal.40 One study found
that subjective sleepiness was lower,
sleep latency was longer, and rapid eye
movement (REM) sleep was shorter in
subjects after playing video shooting
games, independent of the brightness
of the screen used.56 Another study that
compared playing an interactive com-
puter game with watching a movie on
television in the evening51 found a de-
cline in verbal memory performance,
prolonged sleep latency, and an in-
crease in light sleep in the computer
game cohort.

School Start Times

As has been described elsewhere in
the present report, a multitude of
changes occur over the course of
adolescence that can affect the quality
and quantity of sleep in adolescents
and young adults. One of the most
salient and arguably most malleable is
that of school start times, a systemic

countermeasure. There are clearly
a number of practical implications
and/or challenges that schools might
face when considering altering school
start times, such as changes in athletic
schedules, effects on after-school ac-
tivities, and transportation issues.57

Despite these hurdles, a small yet in-
creasing number of school districts
over the last 15 years have responded
to research reports regarding the
prevalence of inadequate sleep among
middle and high school students by
delaying school start times. Research
on the effects of delaying the start
times of middle and high schools for
adolescents’ sleep and daytime func-
tioning is discussed in this section,
and a more detailed discussion is
available in the American Academy of
Pediatrics policy statement on school
start times.58

In one of the first studies to assess the
effect of school start times on ado-
lescents,59 a 65-minute earlier school
start time in the transition from grade
9 to grade 10 resulted in fewer than
one-half of 10th graders obtaining an
average of 7 hours or more of sleep
on school nights and physiologic lev-
els of daytime sleepiness ordinarily
seen in patients with narcolepsy. A
large prospective longitudinal study of
delays in school start times in both an
urban and a suburban school district
found improvements in attendance
rates and an increase in the percent-
age of high school students continu-
ously enrolled in the district or the
same school, although grades did not
show a statistically significant im-
provement.60 Similar to what has been
reported in subsequent studies,55

bedtimes did not change with the
delay in start times, but morning
wake times were significantly later,
resulting in the students obtaining
nearly 1 hour more of sleep on school
nights. Other studies have also
reported increases in sleep duration

and decreased daytime sleepiness
associated with delayed school start
times,61 as well as increased satis-
faction with sleep and motivation and
significant declines in self-reported
depressed mood, health center visits
for fatigue-related complaints, and
first-period tardiness.62

Research on the effects of early versus
delayed school start times for young
adolescents has resulted in strikingly
similar findings. Students at later-
starting middle schools report later
rise times, more total sleep on school
nights, less daytime sleepiness, less
tardiness, fewer attention/concentration
difficulties, and better academic perfor-
mance compared with middle school
students at earlier-starting schools.63,64 In
addition, middle school students with
a delayed start time of 1 hour for just 1
week performed better than the earlier-
starting comparison group on tests re-
quiring attention.65 Undoubtedly, delaying
the start of middle school allows early
adolescents, similar to their older high
school–aged peers, to obtain sufficient
sleep and to perform better in school.

Danner and Phillips33 demonstrated
that delaying school start times in 1
community in Kentucky decreased the
average crash rate for teenaged
drivers by 16.5%, while the state as
a whole increased by 7.8% in the
same time period. In another recent
study conducted in 2 adjacent, de-
mographically similar cities, there
were significantly increased teenaged
(16- to 18-year-olds) crash rates over
a 2-year period in the city with earlier
high school start times.66

Taken together, it is clear that when
middle and high schools (schools
designed for adolescents) institute the
countermeasure of delaying the start
time of school, students obtain more
sleep and there are associated
improvements in behaviors pertinent
to academic success (attendance and
school performance) and safety.
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Caffeine

Use of caffeine has been understudied
in adolescents and children; however,
current research has raised important
questions regarding the complex in-
terrelationship between caffeine use
and sleep patterns during this de-
velopmental period.67–70

Similar to studies of adult caffeine use,
higher caffeine intake as early as 12
years of age is associated with shorter
sleep duration, increased sleep onset
latency, increased wake time after sleep
onset, and increased daytime sleepi-
ness.68,69,71 High school students who
report a moderate to high intake of
caffeine versus very low intake were
nearly 2 times more likely to have diffi-
culty sleeping and to report morning
sleepiness.71 High and regular caffeine
users seem to develop a cycle in which
disrupted sleep attributable to caffeine
use leads to sleepiness, which then
leads them to increase their caffeine
consumption.72 Moreover, caffeine re-
duces the percentage of time spent in
slow-wave or “deep” sleep in a dose-
related manner and alters the temporal
organization of REM/non-REM sleep.70,72,73

This outcome is particularly important
because of the critical role that both
slow-wave sleep and REM sleep play in
learning and memory consolidation.

Researchers are beginning to examine
adolescents’ expectancies regarding caf-
feine use. Reported expectancies for
caffeine users were for energy and
mood enhancement and to counteract
the effects of sleep disturbances. Other
studies have found that adolescents re-
port using energy drinks for the energy
boost or “buzz” and that these bev-
erages make them “feel more ener-
getic.”74 In comparing different types of
users, “mixed” caffeine product users
(ie, soda, coffee, energy drinks) reported
higher levels of withdrawal and/or
dependence, energy and mood en-
hancement, appetite suppression, and
performance enhancement expectancies

than either the high-soda or low-caffeine
use groups. A higher percentage of
mixed users compared with high-soda
users reported that the reasons for
their caffeine use were related to get-
ting through the day, experimentation,
and recreation.68

Regardless of the reasons adolescents
use caffeinated substances, there are
clear consequences. Adolescents ex-
perience tolerance and withdrawal
symptoms; however, in general, caf-
feine dependence in adolescents is
poorly understood.75,76 Female high
school students were more likely to
report withdrawal/dependence caf-
feine expectancies as well as appetite
suppression expectancies compared
with their male peers.68 Although
adolescents may consume excessive
caffeine in an attempt to mitigate
daytime sleepiness, this action not
only further compromises the quality
and quantity of sleep, but high caf-
feine users may also be at risk for
other substance use and/or abuse
as well as other risk-taking behav-
iors.68,75,77–79 Consumption of caffeine
is linked to nicotine use in adoles-
cents,80 which in turn may further
disrupt sleep81 and perpetuate the
cycle of sleep fragmentation/daytime
sleepiness coupled with stimulant
use. Not surprisingly, increased caf-
feine use frequently coexists with
other behaviors that negatively affect
sleep, such as adolescents’ late-night,
multifaceted technology use. For exam-
ple, a recent study42 found that high
school–aged adolescents who reported
the highest levels of multitasking with
media-related electronic products also
consumed the most caffeine.

The correlation between caffeine con-
sumption and daytime sleepiness is, in
turn, inversely correlated with academic
achievement. For example, 1 study of
over 7000 adolescents reported that
a significant proportion of the variance
that occurs in academic achievement

was found to be attributable to caffeine
use.82 The authors further postulated
that daytime sleepiness might be an
important mediator of the negative im-
pact of not only caffeine but also alco-
hol use and cigarette smoking on
academic success. Caffeine use may
also serve as an affect modulator, par-
ticularly when it comes to adolescents
with excessive daytime sleepiness or
insufficient sleep. For example, studies
have suggested that adolescents may
use caffeine as a means of regulating
mood and/or helping to alleviate de-
pression.75,83

Undoubtedly, there is growing evi-
dence that caffeine use is increasing
among adolescents, with negative
implications for sleep and other
behaviors. Significant questions, how-
ever, remain regarding the direction of
this complex relationship. Are adoles-
cents turning to caffeine because of
insufficient and inconsistent sleep
patterns, or does increased caffeine use
exacerbate sleep problems for de-
veloping adolescents? These findings
document the need for more extensive
health education about caffeine use
during adolescence. Furthermore, with
the dramatic and potentially dangerous
rise in the consumption of energy drinks
in combination with alcohol (particularly
on college campuses), researchers and
physicians need to carefully investigate
the implications for adolescents across
the developmental spectrum.84

Other Factors Affecting Sleep in
Adolescents

A number of other factors have been
related to reduced sleep durations
across the adolescent age range, such
as chronic medical illnesses, mental
health issues (ie, anxiety/stress), and
prescribed psychotropic medications.10,15

Chronic respiratory illnesses, such as
asthma, and pain conditions, such as
migraines, may contribute to truncated
and disrupted sleep. Although obesity
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does not necessarily lead to poor sleep
per se, it is an increasingly important
risk factor for obstructive sleep apnea
in adolescents, which in turn results in
poor-quality sleep and daytime con-
sequences. Moreover, although the evi-
dence is still largely anecdotal, the use
of stimulants (particularly those typi-
cally prescribed for the treatment of
attention-deficit/hyperactivity disorder)
as a “countermeasure” to sleepiness
and/or as academic “performance
enhancers” seems to be an increasingly
common phenomenon across college
campuses.85,86 Future investigations
need to assess the extent and context of
“diversion” of legitimately prescribed
stimulant medications as well as the
use and abuse of increasingly diverse
alternative sources of caffeine (eg, caf-
feinated alcoholic beverages, candy,
foodstuffs). Finally, it should also be
noted that both over-the-counter (ie, di-
phenhydramine) and prescription (ie,
zolpidem) medications taken by adoles-
cents to induce sleep may result in re-
sidual daytime sleepiness and that
commonly used medications (eg, decon-
gestants) and prescription drugs (eg,
activating antidepressants [eg, fluoxe-
tine], stimulant medication for attention-
deficit/hyperactivity disorder) may also
result in disrupted sleep and consequent
daytime sleepiness in adolescents.

CONSEQUENCES OF INSUFFICIENT
SLEEP

It is important to recognize that the
causes and consequences of chronic
sleep loss in adolescents are often
closely intertwined in complex ways,
further exacerbating the situation. For
example, alcohol consumption can lead
to insufficient and poor-quality sleep and
subsequent daytime sleepiness.10,32,87 In
turn, chronic sleep loss has been linked
to an increased risk of alcohol and
drug use.14,28,34 Similarly, compensatory
oversleep behavior on weekends pro-
vides some temporary relief from
sleepiness generated by insufficient

sleep on weekdays, but it also leads to
disrupted sleep–wake cycles, exacer-
bation of the normal adolescent circa-
dian phase delay, and perpetuation of
compromised weekday alertness. More-
over, consequences such as poor judg-
ment, lack of motivation, and inattention
and affective dysregulation resulting
from sleep loss, as well as the effect of
insufficient sleep on decision-making
skills,88 further compound the potential
negative effects in adolescents. In par-
ticular, higher level cognitive “executive
functions,” for which adolescence is
a critical period of evolution, are selec-
tively affected by sleep loss.89

Sleep Loss and Depression, Mood
Disturbances, and Suicidal
Ideation

It has long been recognized that mood
disorders (especially major depressive
disorder) in clinical samples of adults
exhibit a bidirectional relationship with
sleep disturbances, and the presence of
sleep problems has been shown to both
increase the relative risk of developing
depression90 and to be a predictor of
relapse.91,92 Similar findings have
emerged in the child and adolescent
population, particularly with regard to
an association between insomnia (diffi-
culty initiating and/or maintaining sleep)
and clinically diagnosed depression.93

Recent studies have shown that ad-
dressing insomnia will greatly im-
prove treatment of depression. Although
studies examining sleep architecture in
depressed adolescents94 have not con-
sistently replicated differences in poly-
somnographic findings in depressed
adults (ie, increased REM sleep, de-
creased REM onset latency), there may
be other sleep electroencephalographic
markers, such as sleep spindle activity
and cyclic alternating patterns,95 that
have more relevance for the adolescent
population.

Sleep debt in college students has
been shown to be associated with

a higher risk of reporting depressive
symptoms.96 Similarly, in high school
students, shorter school-night total
sleep time has been associated with
both daytime sleepiness and depres-
sive symptoms,97 whereas increased
risk-taking behaviors were associated
with irregular sleep patterns and self-
reported sleep problems rather than
sleep loss. These outcomes are simi-
lar to the findings of a large longi-
tudinal adolescent health study in
which symptoms of possible insomnia
(ie, trouble sleeping, morning tired-
ness) predicted risk behaviors (eg,
drinking and driving, smoking, delin-
quency) after controlling for depres-
sion symptoms.97,98

There is evidence that other sleep-
related parameters may also have
a significant effect on mood; for ex-
ample, adolescent self-reported sleep
variables (including trouble sleeping,
tiredness, nightmares, and being a
long sleeper) have been found to be
significantly associated with psycho-
logical symptoms, including anxiety/
depression, and withdrawal.99 Circa-
dian factors may also play a role in
mood regulation; increased self-
reported “eveningness,” a marker of
circadian phase delay, has also been
associated with depression and lower
behavior activation/positive affect.100

A number of recent studies have fo-
cused on the possible relationship
between sleep and suicidal ideation.101,102

Sleeping less than 8 hours at night
seems to be associated with an al-
most threefold increased risk of sui-
cide attempts after controlling for a
number of confounding variables.101

Not only do adolescents with insufficient
sleep have an increased risk of sui-
cidal ideation, but the risk may be
similarly increased in adolescents
whose parents also have insufficient
sleep, raising some interesting ques-
tions about multigenerational envi-
ronmental and/or genetic factors.103 A
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similar relationship has been found in
middle and high school students;
adolescents with parental-set bed-
times of midnight or later are signifi-
cantly more likely to suffer from
depression and to have suicidal idea-
tion compared with adolescents with
parental-set bedtimes of 10:00 PM or
earlier. Earlier parental-set bedtimes,
therefore, could potentially be pro-
tective against adolescent depression
and suicidal ideation. Finally, both
decreased (≤5 hours) or increased
(≥10 hours) total sleep times may put
adolescents at a significantly higher
risk of suicidality compared with a to-
tal sleep time of 8 hours.104 However,
increased risk of the most severe
forms of suicidality (attempt requiring
treatment) seems to be associated
with significantly shorter sleep dura-
tion (total sleep time ≤4 hours).

In summary, sleep has an important
influence on mood and the develop-
ment of depressive symptoms in ado-
lescents. Although insufficient sleep
and daytime sleepiness seem to have
the most robust relationship with
mood dysregulation, poor-quality sleep
and irregular sleep patterns are also
associated with depressed mood. Im-
portantly, from a clinical standpoint,
improvements in sleep may lead to
improvements in mental health func-
tioning (and vice versa). The associa-
tion between sleep loss and increased
suicidality in adolescents is particu-
larly troubling and is clearly important
for pediatricians to recognize.

Insufficient Sleep and Obesity Risk

A considerable body of evidence now
links short sleep duration in both
adults and children with an increased
risk of obesity, an association that
obviously has long-range health im-
plications. With regard to mechanisms,
experimental studies of sleep restric-
tion in healthy adult volunteers have
shown that there are alterations in

metabolic profiles (eg, insulin, ghrelin,
leptin, cortisol) associated with sleep
loss, which result in insulin resistance,
increased sympathetic nervous system
activity, and increased hunger and
decreased satiety.105 As a result, sleep-
restricted subjects consume more calo-
ries, exercise less, and consume a higher
percentage of calories from fat.106–109

In 1 earlier study, it was estimated that
for each hour sleep lost, the odds of
being obese increased in adolescents by
80%.110 Furthermore, there is evidence of
a “dose–response” inverse relationship
between sleep and weight,111 with odds
ratios of overweight increasing with de-
creasing sleep duration (<5 hours, 5–6
hours, 6–7 hours, and 7–8 hours com-
pared with students sleeping >8 hours).
The increased risk of obesity associ-
ated with insufficient sleep seems to
be equivalent to or higher than the
risk associated with other factors
strongly correlated with weight, such
as parental obesity and television
viewing.112

Early sleep patterns may influence BMI
in adolescents and young adults as
well. Longitudinal data suggest that
children who sleep less, have later
bedtimes, or get up earlier sub-
sequently have higher BMIs and are
more likely to be overweight, even
after controlling for baseline BMI.113

This association may be established
early in life; for example, an increased
BMI and high prevalence of obesity in
young adults was found in individuals
whose mothers had reported sleeping
problems (“irregular” or “troubled”
sleeping) at ages 2 to 4 years (al-
though sleep duration was not speci-
fied) compared with those who had
not had sleeping problems.114

Although the underlying potential
mechanisms for the relationship be-
tween sleep and weight in adolescents
have yet to be elucidated, metabolic
alterations associated with sleep loss
similar to those observed in adults are

likely to play an important role. In
particular, perturbations in the levels of
neurohormones known to be associ-
ated with hunger and satiety (eg, adi-
ponectin, ghrelin) as well as increased
insulin resistance (as measured by
the homeostatic model assessment
[HOMA]) have been demonstrated in
adolescents sleeping <5 hours per
day.115 These “short sleepers” were
also found to have a higher percentage
of carbohydrate intake according to
a dietary questionnaire.116 Similarly,
older adolescents sleeping less than 8
hours have been shown to consume
a higher proportion of calories from
fats, and shorter sleep duration is also
associated with increased odds of con-
suming a higher percentage of daily
caloric intake from snacks.117 Impor-
tantly, these metabolic perturbations
also increase the risk of development
of type 2 diabetes in these obese
adolescents.118,119 Finally, it should be
noted that the relationship between
short sleep duration and obesity may
be further complicated by the pres-
ence of obstructive sleep apnea. Not
only is obesity emerging as an in-
creasingly important risk factor for
sleep-disordered breathing in children,120

but obstructive sleep apnea may fur-
ther exacerbate the inflammatory and
metabolic consequences of both obe-
sity and chronic sleep loss.7,121–123

Some evidence also suggests there
may be gender differences in the
strength of the association between
obesity and sleep duration, with ado-
lescent boys seeming to be at higher
risk compared with girls in both
cross-sectional and longitudinal stud-
ies using large data sets.124 However,
not all studies have identified gender
differences; in 1 study of junior high
school students, short sleep duration
was significantly associated with over-
weight in girls only.125

Finally, it should be noted that not
all studies have found an inverse
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relationship between sleep duration
and obesity in adolescents.126 It has
been postulated that some of these
discrepancies may be attributable
to measurement issues; in a nation-
ally representative sample of ado-
lescents that included 2 different
measures of sleep duration (24-hour
time diaries and self-reported “usual”
sleep hours), self-reported sleep du-
ration and time-diary sleep were only
weakly correlated with each other,
and only self-reported sleep hours
were inversely associated with over-
weight.127

In summary, despite a number of
methodologic limitations, the body of
evidence from studies assessing the
relationship between short sleep and
increased overweight/obesity risk in
adolescents is both compelling and
potentially far-reaching in its public
health implications. More research is
urgently needed to identify specific
metabolic, inflammatory, and hor-
monal mechanisms as well as the
interactions among sleepiness and
activity levels, mood, cognition, and
behavioral responses in this complex
equation. Moving forward, both
community-based obesity prevention
programs, such as “Let’s Move”
(http://www.letsmove.gov), and clin-
ical treatment programs for over-
weight and obese teenagers should
include consideration of sleep as an
important variable in the relative
success or failure of these inter-
ventions.

Drowsy Driving in Adolescents

It is now well recognized that daytime
sleepiness and fatigue are associated
with an increased rate of motor vehicle
crashes.128–131 The fact that sleepiness
could be a major factor in individuals
without known sleep disorders was
not universally accepted until the
landmark paper132 by Pack et al in
1995. This group reviewed crash

reports from the state of North Car-
olina between 1990 and 1992 in which
the driver was judged to have fallen
asleep behind the wheel. In the 85% of
crashes in which intoxication was not
thought to be a contributing factor,
the majority (55%) occurred in indi-
viduals 25 years or younger. Crashes
in this younger age range generally
occur at night, unlike crashes with
older adults, which typically occur
during the mid-afternoon,133,134 and
tend to occur predominantly when the
drowsy driver is alone.135–137 In addi-
tion, young male drivers are more
likely to be involved in sleep-related
crashes than are young female driv-
ers.132,134,136

Sleepiness while driving is a common
complaint among adolescents136 and
college students.137 In a study of high
school students with driver’s licenses,
one-fifth reported poor-quality sleep,
almost two-thirds complained of day-
time sleepiness, 40% reported having
sleepiness while driving, and 11%
reported having had an automobile
crash in which sleepiness was the
main cause. Being sleepy behind the
wheel and poor-quality sleep at night
also seem to increase the risk of
having an automobile crash in college
students.

Countermeasures may potentially help
prevent traffic accidents in this age
range. Avoidance of driving when sleep
deprived and not drinking alcohol
before getting behind the wheel are
obvious solutions. Other counter-
measures that have some empiric
support in adults and may be effective
in adolescents include planned nap-
ping.138,139

CONCLUSIONS

Adolescent sleep loss poses a serious
risk to the physical and emotional
health, academic success, and safety
of our nation’s youth. The prevalence
and effects of insufficient sleep may

be further magnified in high-risk
adolescents. Pediatricians have the
opportunity to make significant in-
roads into addressing the health
risk that sleep loss presents
through screening and health edu-
cation efforts. Many of the factors
that have been shown to contribute
significantly to the current “epi-
demic” of insufficient sleep in teen-
agers, such as electronic media use,
caffeine consumption, and early
school start times, are potentially
modifiable and, as such, are impor-
tant intervention points in anticipa-
tory guidance in the clinical setting.
On the local and national levels,
pediatricians need to advocate for
educational, administrative, and health
policies that promote healthy sleep
and reduce the risk factors for sleep
loss in adolescents.
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Birth Outcomes and Maternal Residential Proximity to Natural Gas 
Development in Rural Colorado
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Background: Birth defects are a leading cause of neonatal mortality. Natural gas development 
(NGD) emits several potential teratogens, and U.S. production of natural gas is expanding.

oBjectives: We examined associations between maternal residential proximity to NGD and 
birth outcomes in a retrospective cohort study of 124,842 births between 1996 and 2009 in 
rural Colorado.

Methods: We calculated inverse distance weighted natural gas well counts within a 10-mile radius 
of maternal residence to estimate maternal exposure to NGD. Logistic regression, adjusted for 
maternal and infant covariates, was used to estimate associations with exposure tertiles for congeni-
tal heart defects (CHDs), neural tube defects (NTDs), oral clefts, preterm birth, and term low birth 
weight. The association with term birth weight was investigated using multiple linear regression.

results: Prevalence of CHDs increased with exposure tertile, with an odds ratio (OR) of 1.3 for 
the highest tertile (95% CI: 1.2, 1.5); NTD prevalence was associated with the highest tertile of 
exposure (OR = 2.0; 95% CI: 1.0, 3.9, based on 59 cases), compared with the absence of any gas 
wells within a 10-mile radius. Exposure was negatively associated with preterm birth and positively 
associated with fetal growth, although the magnitude of association was small. No association was 
found between exposure and oral clefts.

conclusions: In this large cohort, we observed an association between density and proximity of 
natural gas wells within a 10-mile radius of maternal residence and prevalence of CHDs and pos-
sibly NTDs. Greater specificity in exposure estimates is needed to further explore these associations.

citation: McKenzie LM, Guo R, Witter RZ, Savitz DA, Newman LS, Adgate JL. 2014. Birth 
outcomes and maternal residential proximity to natural gas development in rural Colorado. Environ 
Health Perspect 122:412–417; http://dx.doi.org/10.1289/ehp.1306722

Introduction
Approximately 3.3% of U.S. live-born 
 children have a major birth defect (Centers 
for Disease Control and Prevention 2013; 
Parker et al. 2010); these defects account 
for 20% of infant deaths as well as 2.3% of 
premature death and disability (McKenna 
et al. 2005). Oral clefts, neural tube defects 
(NTDs), and congenital heart defects 
(CHD) are the most common classes of birth 
defects (Parker et al. 2010). These defects 
are thought to originate in the first trimester 
as a result of polygenic inherited disease or 
gene– environment interactions (Brent 2004). 
Suspected nongenetic risk factors for these 
birth defects include folate deficiency (Wald 
and Sneddon 1991), maternal smoking 
(Honein et al. 2006), alcohol abuse and sol-
vent use (Romitti et al. 2007), and exposure 
to benzene (Lupo et al. 2010b; Wennborg 
et al. 2005), toluene (Bowen et al. 2009), 
polycyclic aromatic hydrocarbons (PAHs) 
(Ren et al. 2011), and petroleum-based 
solvents, including aromatic hydrocarbons 
(Chevrier et al. 1996). Associations between 
air pollution [volatile organic compounds 
(VOCs), particulate matter (PM), and nitro-
gen dioxide (NO2)] and low birth weight and 
preterm birth have been reported (Ballester 
et al. 2010; Brauer et al. 2008; Dadvand 
et al. 2013; Ghosh et al. 2012; Llop et al. 
2010). Many of these air pollutants are 

emitted during development and production 
of natural gas (referred to herein as NGD), 
and concerns have been raised that they may 
increase risk of adverse birth outcomes and 
other health effects (Colborn et al. 2011; 
McKenzie et al. 2012). Increased prevalence 
of low birth weight and small for gestational 
age and reduced APGAR scores were reported 
in infants born to mothers living near NGD 
in Pennylvania (Hill 2013).

Technological advances in directional 
drilling and hydraulic fracturing have resulted 
in a global boom of drilling and produc-
tion of natural gas reserves [U.S. Energy 
Information Administration (EIA) 2011a, 
2011b; Vidas and Hugman 2008]. NGD 
is an industrial process resulting in poten-
tial worker and community exposure to 
multiple environmental stressors (Esswein 
et al. 2013; King 2012; Witter et al. 2013). 
Diesel-powered heavy equipment is used for 
worksite development as well as transporting 
large volumes of water, sand, and chemicals 
to sites and for waste removal (Witter et al. 
2013). It is increasingly common for NGD 
to encroach on populated areas, potentially 
exposing more people to air and water emis-
sions as well as to noise and community-level 
changes that may arise from industrializa-
tion [Colorado Oil and Gas Conservation 
Commission (COGCC) 2009]. Studies in 
Colorado, Texas, Wyoming, and Oklahoma 

have demonstrated that NGD results in 
 emission of VOCs, NO2, sulfur dioxide 
(SO2), PM, and PAHs from either the well 
itself or from associated drilling processes 
or related infrastructure (i.e., drilling muds, 
hydraulic fracturing fluids, tanks containing 
waste water and liquid hydrocarbons, diesel 
engines, compressor stations, dehydrators, 
and pipelines) (CDPHE 2007; Frazier 2009; 
Kemball-Cook et al. 2010; Olaguer 2012; 
Walther 2011; Zielinska et al. 2011). Some 
of these pollutants, such as toluene, xylenes, 
and benzene, are suspected teratogens (Lupo 
et al. 2010b; Shepard 1995) or mutagens 
(Agency for Toxic Substances and Disease 
Registry 2007) and are known to cross the 
placenta (Bukowski 2001), raising the possi-
bility of fetal exposure to these and other pol-
lutants resulting from NGD. Currently, there 
are few studies on the effects of air  pollution 
or NGD on birth outcomes.

In this analysis, we explored the association 
between maternal exposure to NGD and birth 
outcomes, using a data set with  individual-level 
birth data and geocoded natural gas well loca-
tions. We conducted a retrospective cohort 
study to investigate the association between 
density and proximity of natural gas wells 
within a 10-mile radius of maternal residences 
in rural Colorado and three classes of birth 
defects, preterm birth, and fetal growth.

Methods
Study population. We used information avail-
able in the publically accessible Colorado Oil 
and Gas Information System (COGIS) to 
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build a geocoded data set with latitude, lon-
gitude, and year of development (1996–2009) 
for all gas wells in rural Colorado (COGIS 
2011). Live birth data were obtained from 
the Colorado Vital Birth Statistics (CDPHE, 
Denver, CO). Geocoded maternal addresses at 
time of birth were linked to the well locations. 
Distance of each maternal residence from all 
existing (not abandoned) natural gas wells 
within a 10-mile radius was then computed 
using spherically adjusted straight line dis-
tances. We conducted our analysis on the final 
de-identified database containing maternal 
and birth outcome data described below and 
distance to all wells within the 10-mile radius. 
The Colorado Multiple Institutional Review 
Board reviewed and approved our study 
 protocol. Informed consent was not required.

We restricted analysis to births occur-
ring from 1996 through 2009 to focus our 
analysis on growth of unconventional NGD, 
characterized by use of hydraulic fractur-
ing and/or directional drilling (King 2012), 
which expanded rapidly in Colorado begin-
ning around 2000 (COGIS 2011). We also 
restricted our analysis to rural areas and towns 
with populations of < 50,000 (excluding the 
Denver metropolitan area, El Paso County, 
and the cities of Fort Collins, Boulder, 
Pueblo, Grand Junction, and Greeley) in 57 
counties to reduce potential for exposure to 
other pollution sources, such as traffic, con-
gestion, and industry. The final study area 
included locations with and without NGD. 
We conducted a retrospective study on the 
resulting cohort of 124,842 live births to 
explore associations between birth outcomes 
and exposure to NGD operations. We 
restricted eligibility to singleton births and 
excluded the small proportion (< 5%) of non-
white births because there were too few to 
analyze separately.

Birth outcomes. Identified birth outcomes 
were a) oral cleft, including cleft lip with 
and without cleft palate as well as cleft palate 
[International Classification of Diseases, Ninth 
Revision, Clinical Modification (ICD-9-CM) 
code 749.xx] (National Center for Health 
Statistics 2011); b) NTD, including anen-
cephalus, spina bifida without anecephaly, and 
encephalocele (ICD-9-CM 740.xx, 741.xx, 
and 742.0); c) CHD, including transposition 
of great vessels, tetralogy of Fallot, ventricular 
septal defect, endocardial cushion defect, pul-
monary valve atresia and stenosis, tricuspid 
valve atresia and stenosis, Ebstein’s anomaly, 
aortic valve stenosis, hypoplastic left heart 
syndrome, patent ductus arteriosis, coarcta-
tion of aorta, and pulmonary artery anoma-
lies (codes 745.xx, 746.xx, 747.xx, excluding 
746.9, 747.5); d) preterm birth (< 37 weeks 
completed gestation); e) term low birth weight 
(≥ 37 weeks completed gestation and birth 
weight < 2,500 g); and f) term birth weight 

as a continuous measure. Births with an oral 
cleft, NTD, or CHD were excluded from pre-
term birth and term low birth weight analysis. 
Preterm births were excluded from term birth 
weight analysis. Oral cleft, CHD, and NTD 
cases in the Colorado Responds to Children 
with Special Needs (CRCSN) birth registry, 
obtained from hospital records, the Newborn 
Genetics Screening Program, the Newborn 
Hearing Screening Program, laboratories, phy-
sicians, and genetic, developmental, and other 
specialty clinics (CRCSN 2011) were matched 
with Colorado live birth certificates. Cases are 
reflective of reporting as of 12 July 2012, were 
not necessarily confirmed by medical record 
review, and are subject to change as CRCSN 
ascertains diagnosis up to 3 years of child’s 
age and/or supplements information by medi-
cal record review. We analyzed birth defects 
in three heterogeneous groups to increase 
statistical power. Data set information was 
not sufficient to distinguish between multiple 
and isolated birth anomalies or to identify 
chromo somal birth anomalies. In an explor-
atory analysis, we considered seven clinical 
diagnostic groupings of CHDs: a) conotrun-
cal defects (tetralogy of Fallot and transposi-
tion of great vessels); b) endocardial cushion 
and mitrovalve defects (EMD; endocardial 
cushion defect and hypoplastic left heart syn-
drome); c) pulmonary artery and valve defects 
(PAV; pulmonary valve atresia and stenosis 
and pulmonary artery anomalies); d) tricus-
pid valve defects (TVD; tricuspid valve atresia 
and stenosis and Ebstein’s anomaly); e) aortic 
artery and valve defects (aortic valve stenosis 
and coarctation of aorta); f) ventricular septal 
defects (VSD); and g) patent ductus arteriosis 
in births > 2,500 g (Gilboa et al. 2005).

Exposure assessment. Distribution of 
the wells within a 10-mile radius of mater-
nal residence shows 50% and 90% of wells 
to be within 2.3 and 7.7 miles of maternal 
residence, respectively. We used an inverse 
distance weighted (IDW) approach, com-
monly used to estimate individual air pollut-
ant exposures from multiple fixed locations 
(Brauer et al. 1998; Ghosh et al. 2012), to 
estimate maternal exposure. Our IDW well 
count accounts for the number of wells within 
the 10-mile radius of the maternal residence, 
as well as distance of each well from the mater-
nal residence, giving greater weight to wells 
closest to the maternal residence. For example, 
an IDW well count of 125 wells/mile could be 
computed from 125 wells each located 1 mile 
from the maternal residence or 25 wells each 
located 0.2 miles from the maternal residence. 
We calculated the IDW well count of all exist-
ing natural gas wells in the birth year within a 
10-mile radius of each maternal residence as a 
continuous exposure metric:

 IDW well count = Σn
i=1

1—di, [1]

where IDW well count is the IDW count 
of existing wells within a 10-mile radius of 
maternal residence in the birth year; di is 
the distance of the ith individual well from 
maternal residence; and n is the number 
of existing wells within a 10-mile radius of 
maternal residence in the birth year.

The IDW well count was calculated for 
each maternal residence with ≥ 1 gas wells 
within 10 miles. The final distribution then 
was divided into tertiles (low, medium, and 
high) for subsequent logistic and linear regres-
sion analysis. Each tertile was compared 
with the referent group (no natural gas wells 
within 10 miles, IDW well count = 0).

Statistical analysis. We used logistic 
regressions to study associations between each 
dichotomous outcome and IDW exposure 
group. We also considered term birth weight 
as a continuous outcome using multiple linear 
regression. First, we estimated the crude odds 
ratio (OR) associated with IDW exposure 
tertile for each binary outcome, followed by 
a Cochran–Armitage test to evaluate linear 
trends in binominal proportions with increas-
ing IDW exposure (none, low, medium, and 
high). We further investigated associations by 
adjusting for potential confounders, as well as 
infant and maternal covariates selected based 
on both a priori knowledge and empirical con-
sideration of their association with exposure 
and an outcome. Specifically, covariates in 
our analysis of all outcomes except outcomes 
with very few events (i.e., NTDs, conotrun-
cal defects, EMDs, and TVDs) included 
maternal age, education (< 12, 12, 13–15, 
≥ 16 years), tobacco use (smoker, nonsmoker), 
ethnicity (Hispanic, non-Hispanic white), and 
alcohol use (yes, no), as well as parity at time 
of pregnancy (0, 1, 2, > 2) and infant sex. 
Gestational age was also included in the analy-
sis of term birth weight. Elevation of maternal 
residence also was considered in the analy-
sis because most wells are < 7,000 feet, and 
elevation has been associated with both pre-
term birth and low birth weight (Niermeyer 
et al. 2009). For 272 births where elevation 
of maternal residence was missing, elevation 
was imputed using mean elevation for mater-
nal ZIP code. For outcomes with very few 
events, only elevation was included in the 
multiple logistic modeling to avoid unstable 
estimates. The ORs and their 95% CIs were 
used to approximate relative risks for each out-
come associated with IDW count exposure 
tertile (low, medium, and high) compared 
with no wells within 10 miles, which is rea-
sonable because of the rarity of the outcomes. 
We considered the statistical significance of 
the association, as well as the trend, in evaluat-
ing results, at an alpha of 0.05. We evaluated 
the confounding potential of the 1998 intro-
duction of folic acid fortification on the birth 
defect outcomes and found only a decrease in 
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NTD prevalence after 1998 (see Supplemental 
Material, Table S1).

In a sensitivity analyses, we explored reduc-
ing exposure to 2- and 5-mile buffers around 
the maternal residence, as well as restricting the 
cohort to births occurring between 2000 and 
2009 to exclude births before the expansion 
of NGD. We report estimated associations 
with 95% CIs. All statistical analyses were con-
ducted using SAS® software version 9.3 (SAS 
Institute Inc., Cary, NC).

Results
Births were approximately evenly divided 
between exposed and unexposed groups 
(0 wells in a 10-mile radius versus ≥ 1 well in 
a 10-mile radius) (Table 1). Estimated expo-
sure, represented by IDW well counts, tended 
to be higher for births to mothers with resi-
dence addresses at lower elevations (< 6,000 
feet), and among nonsmoking and Hispanic 
mothers (Table 1).

Both crude and adjusted estimates indi-
cate a monotonic increase in the prevalence 
of CHDs with increasing exposure to NGD, 
as represented by IDW well counts (Table 2). 
Births to mothers in the most exposed ter-
tile (> 125 wells/mile) had a 30% greater 
prevalence of CHDs (95% CI: 1.2, 1.5) 
than births to mothers with no wells within a 
10-mile radius of their residence.

Prevalence of NTDs was positively asso-
ciated with only the third exposure tertile, 
based on crude and estimated adjusted ORs 
for elevation (Table 2). Births in the highest 
tertile (> 125 wells/mile) were 2.0 (95% CI: 
1.0, 3.9) times more likely to have a NTD 
than those with no wells within a 10-mile 
radius, based on 59 available cases. We 
observed no statistically significant associa-
tions between oral clefts and NGD, based on 
trend analysis across categorical IDW well 
count exposure (Table 2).

Both crude and adjusted estimates 
for preterm birth suggest a slight (< 10%) 
decreased risk of preterm birth with increas-
ing exposure to NGD (Table 3). Crude 
term low birth weight measures suggested 
decreased risk of term low birth weight with 
increasing exposure to NGD. A weak non-
linear trend remained after adjusting for 
elevation and other covariates. This associa-
tion is consistent with the multiple linear 
regression results for continuous term birth 
weight, in which mean birth weights were 
5–24 g greater in the higher IDW well count 
 exposure tertiles than the referent group.

We observed a monotonic increase in the 
prevalence of NTDs with increasing expo-
sure to NGD in our sensitivity analyses using 
2- and 5-mile exposure radii as well as some 
attenuation in decreased risk for preterm birth 
and term low birth weight (see Supplemental 
Material, Tables S2–7). Restricting births 

to 2000 through 2009, the period of most 
intense NGD in Colorado, attenuated the 
positive association between NTDs in the 
highest tertile and did not alter observed 
relationships for other birth outcomes (see 
Supplemental Material, Tables S2–S7).

Exploratory analysis of CHDs by clini-
cal diagnostic groups indicates increased 
prevalence of PAV defects by 60% (95% 
CI: 1.1, 2.2), VSDs by 50% (95% CI: 1.1, 
2.1), and TVDs by 400% (95% CI: 1.3, 
13) in the most exposed tertile compared 
with those with no wells within a 10-mile 
radius (Table 4).

Discussion
We found positive associations between 
density and proximity of natural gas wells 
within a 10-mile radius of maternal residence 
and birth prevalence of CHDs and possibly 
NTDs. Prevalence of CHDs increased mono-
tonically from the lowest to highest exposure 
tertile, although even in the highest tertile 
the magnitude of the association was modest. 
Prevalence of NTDs was elevated only in the 
highest tertile of exposure. We also observed 
small negative associations between density 
and proximity of natural gas wells within 
a 10-mile radius of maternal residence and 

Table 1. Study population characteristics for unexposed and exposed subjects from rural Colorado 
1996–2009.

Maternal or infant characteristic Total

Referent group  
(0 wells within 

10 miles)
Low  

(first tertile)a
Medium  

(second tertile)a
High  

(third tertile)a

Total n (%) 124,842 66,626 (53) 19,214 (15) 19,209 (15) 19,793 (16)
Median 27 27 26 27 27
25th percentile 22 22 21 22 23
75th percentile 32 32 30 31 31

Maternal ethnicity (%)b
Non-Hispanic white 73 74 72 76 69

Sex (%)
Male 51 51 51 51 51

Maternal smoking (%)c
Smokers 11 11 14 13 8

Maternal alcohol (%)c
No 99 98 99 99 99

Parity (%)
0 33 33 31 32 32
1 23 23 24 24 25
2 19 19 20 19 20
> 2 25 25 26 25 24

Residential elevation (feet)
Median 5,000–5,999 6,000–6,999 < 5,000 5,000–5,999 < 5,000
25th percentile < 5,000 5,000–5,999 < 5,000 < 5,000 < 5,000
75th percentile 7,000–7,999 7,000–7,999 5,000–5,999 6,000–6,999 5,000–5,999

Maternal education (%)
< 12 years 21 20 26 19 22
12 years 30 30 33 29 28
13–15 years 23 22 25 25 24
≥ 16 years 26 28 18 26 27

aFirst tertile, 1–3.62 wells/mile; second tertile, 3.63–125 wells/mile; third tertile, 126–1,400 wells/mile. bIncludes both Non-
Hispanic and Hispanic white. cDuring pregnancy.

Table 2. Association between inverse distance weighted well count within 10-mile radius of maternal 
residence and CHDs, NTDs, and oral clefts.

Inverse distance 
weighted well counta

0 wells within 
10 miles

Low 
(first tertile)

Medium 
(second tertile)

High 
(third tertile)

Cochran–Armitage trend 
test p-valueb

Live births (n) 66,626 19,214 19.209 19,793
CHDs

Cases (n) 887 281 300 355
Crude OR 1 1.1 1.2 1.3 < 0.0001
Adjusted OR (95% CI)c 1.1 (0.93, 1.3) 1.2 (1.0, 1.3) 1.3 (1.2, 1.5)

NTDs
Cases (n) 27 6 7 19
Crude OR 1 0.77 0.90 2.4 0.01
Adjusted OR (95% CI)d 0.65 (0.25, 1.7) 0.80 (0.34, 1.9) 2.0 (1.0, 3.9)

Oral clefts
Cases (n) 139 31 41 40
Crude OR 1 0.77 1 0.97 0.9
Adjusted OR (95% CI)c 0.65 (0.43, 0.98) 0.89 (0.61, 1.3) 0.82 (0.55, 1.2)

aFirst tertile, 1–3.62 wells/mile; second tertile, 3.63–125 wells/mile; third tertile, 126–1,400 wells/mile. bPerformed as two-
tailed test on unadjusted logistic regression. cAdjusted for maternal age, ethnicity, smoking, alcohol use, education, and 
elevation of residence, as well as infant parity and sex. dAdjusted only for residence elevation because of low numbers. 
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preterm birth and term low birth weight, and 
a small positive association with mean birth 
weight. We found no indication of an associa-
tion between density and proximity of natural 
gas wells within a 10-mile radius of maternal 
residence and oral cleft prevalence.

Nongenetic risk factors for CHDs and 
NTDs possibly attributable to NGD include 
maternal exposure to benzene (Lupo et al. 
2010b; Wennborg et al. 2005), PAHs (Ren 
et al. 2011), solvents (Brender et al. 2002; 
Chevrier et al. 1996; Desrosiers et al. 2012; 
McMartin et al. 1998), and air pollutants 
(NO2, SO2, PM) (Vrijheid et al. 2011). NGD 
emits multiple air pollutants, including ben-
zene and toluene, during the “well comple-
tion” phase (when gas and water flow back 
to the surface after hydraulic fracturing) as 

well as from related infrastructure (CDPHE 
2009a, 2009b; Garfield County Public Health 
Department 2009; Gilman et al. 2013; 
McKenzie et al. 2012; Pétron et al. 2012). 
Ambient benzene levels in areas with active 
NGD in Northeast Colorado ranged from 
0.03 to 6 parts per billion by volume (ppbv) 
(CDPHE 2012; Gilman et al. 2013; Pétron 
et al. 2012). Furthermore, 24-hr average ambi-
ent air benzene levels near active well develop-
ment sites in western Colorado ranged from 
0.03 to 22 ppbv (McKenzie et al. 2012).

Two previous case–control studies have 
reported associations between maternal expo-
sure to benzene and birth prevalence of NTDs 
and/or CHDs (Lupo et al. 2010b; Wennborg 
et al. 2005). The study by Lupo et al. (2010b) 
of 4,531 births in Texas found that mothers 

living in census tracts with the highest ambi-
ent benzene levels (0.9–2.33 ppbv) were 2.3 
times more likely to have offspring with spina 
bifida than mothers living in census tracts with 
the lowest ambient benzene levels (95% CI: 
1.22, 4.33). An occupational study of Swedish 
laboratory employees found a significant asso-
ciation between exposure to occupational lev-
els of benzene in the critical window between 
conception, organogenesis, and neural crest 
formation and neural crest malformations 
(Wennborg et al. 2005). Children born to 
298 mothers exposed to benzene had 5.3 
times greater prevalence of neural crest mal-
formations than children born to mothers 
not exposed to benzene (95% CI: 1.4, 21.1). 
Other studies of maternal exposures to organic 
solvents, some of which contain benzene, 
have reported associations between maternal 
occupational exposure to organic solvents 
and major birth defects (Brender et al. 2002; 
Desrosiers et al. 2012; McMartin et al. 1998). 
Although exposure to benzene is a plausible 
explanation for the observed associations, fur-
ther research is needed to examine whether 
these associations are replicated and whether 
benzene  specifically explains these associations.

Air pollutants emitted from diesel engines 
used extensively in NGD also may be associ-
ated with CHDs and/or NTDs. Trucks with 
diesel engines are used to transport supplies, 
water, and waste to and from gas wells, with 
40 to 280 truck trips per day per well pad 
during development (Witter et al. 2013). 
Generators equipped with diesel engines are 
used in both drilling wells and hydraulic frac-
turing. Air pollutants in diesel exhaust include 
NO2, SO2, PM, and PAHs. A meta-analysis 
of four studies suggested associations of mater-
nal NO2 and SO2 exposures with coarctation 
of the aorta and tetralogy of Fallot, and of 
maternal PM10 exposure with arterial septal 
defects (Vrijheid et al. 2011). Two case– 
control studies in China reported positive 
associations between PAH concentrations in 
maternal blood and the placenta and NTDs 
(Li et al. 2011; Naufal et al. 2010). Several 
CHDs were associated with traffic related car-
bon monoxide and ozone pollution in a case 
control study of births from 1987 to 1993 in 
Southern California (Ritz et al. 2002).

The small negative associations with term 
low birth weight and preterm birth in our 
study population were unexpected given that 
other studies have reported postive associa-
tions between these outcomes and urban air 
pollution (Ballester et al. 2010; Brauer et al. 
2008; Dadvand et al. 2013; Ghosh et al. 
2012; Llop et al. 2010) and proximity to 
natural gas wells (Hill 2013). It is possible 
that rural air quality near natural gas wells in 
Colorado is not as compromised as urban air 
quality in these studies, and exposure repre-
sented as IDW well count may not adequately 

Table 3. Association between inverse distance weighted well count within 10-mile radius of maternal 
residence and preterm birth and term low birth weight.

Inverse distance 
weighted well counta

0 wells within 
10 miles

Low 
(first tertile)

Medium 
(second tertile)

High 
(third tertile)

Cochran–Armitage 
trend test 
p-valueb

Preterm birth
Live births (n) 65,506 18,884 18,854 19,384
Cases (n) 4,849 1,358 1,289 1,274
Crude OR 1 0.97 0.92 0.88 < 0.0001
Adjusted OR (95% CI)c 0.96 (0.89, 1.0) 0.93 (0.87, 1.0) 0.91 (0.85, 0.98)

Term low birth weight
Full-term live births (n) 60,653 17,525 17,565 18,104
Cases (n) 2,287 525 471 432
Crude OR 1 0.79 0.70 0.62 < 0.0001
Adjusted OR (95% CI)c 1.0 (0.9, 1.1) 0.86 (0.77, 0.95) 0.9 (0.8, 1)

Mean difference in birth 
weight (g)d

0 5 (–2.2, 13) 24 (17, 31) 22 (15, 29)

aFirst tertile, 1–3.62 wells/mile; second tertile, 3.63–125 wells/mile; third tertile, 126–1,400 wells/mile. bPerformed as 
two-tailed test on unadjusted logistic regression. cAdjusted for maternal age, ethnicity, smoking, alcohol use, education, 
and elevation of residence, as well as infant parity and sex. dAdjusted for maternal age, ethnicity, smoking, alcohol use, 
education, and elevation of residence, as well as infant parity, sex, and gestational age. 

Table 4. Association between inverse distance weighted well count within 10-mile radius of maternal 
residence and CHD diagnostic groups.

Inverse distance weighted well counta
0 wells within 

10 miles
Low 

(first tertile)
Medium 

(second tertile)
High 

(third tertile)
Conotruncal defects

Cases (n) 40 14 13 15
Adjusted OR (95% CI)b 1 1.1 (0.57, 2.2) 1.1 (0.55, 2.0) 1.2 (0.6, 2.2)

Ventricular septal defects
Cases (n) 210 68 59 84
Adjusted OR (95% CI)c 1 1.3 (0.96, 1.8) 1.1 (0.81, 1.5) 1.5 (1.1, 2.1)

Endocardial cushion and mitrovalve defects
Cases (n) 39 14 12 12
Adjusted OR (95% CI)b 0.81 (0.42, 1.6) 0.80 (0.41, 1.5) 0.67 (0.33, 1.32)

Pulmonary artery and valve defects
Cases (n) 137 52 62 66
Adjusted OR (95% CI)c 1 1.3 (0.89, 1.8) 1.5 (1.1, 2,1) 1.6 (1.1, 2,2)

Tricuspid valve defects
Cases (n) 9 5 8 8
Adjusted OR (95% CI)b 1 2.6 (0.75, 9.1) 3.9 (1.3, 11) 4.2 (1.3, 13)

Aortic artery and valve defects
Cases (n) 75 22 21 24
Adjusted OR (95% CI)c 1 1.1 (0.68, 1.9) 1.0 (0.62, 1.8) 1.2 (0.73, 2.1)

Patent ductus arteriosis
Cases (n) 59 18 17 15
Adjusted OR (95% CI)c 1 1.0 (0.56, 1.8) 0.96 (0.55, 1.7) 0.83 (0.44, 1.5)

aFirst tertile, 1–3.62 wells/mile; second tertile, 3.63–125 wells/mile; third tertile, 126–1,400 wells/mile. bAdjusted only for 
residence elevation of because of low numbers. cAdjusted for maternal age, ethnicity, smoking, alcohol use, education, 
and elevation of residence, as well as infant parity and sex.
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represent air quality. In addition, the power 
of our large cohort increases the likelihood 
of false positive results for small associations 
close to the null. Although associations were 
consistent across measures of birth weight 
(i.e., reduced risk of term low birth weight 
and increase in mean birth weight), they 
attenuated toward the null in sensitivity analy-
sis for 2- and 5-mile radii (see Supplemental 
Material, Tables S6–S7). If causal, stronger 
associations would be expected with more 
stringent exposure definions. Our incomplete 
ability to adjust for socioeconomic status, 
health, nutrition, prenatal care, and preg-
nancy complications likely accounts for these 
 unexpected findings.

This study has several limitations inher-
ent in the nature of the available data. Not 
all birth defects were confirmed by medical 
record review. Also, birth defects are most 
likely undercounted, because stillbirths, ter-
minated pregnancies, and later-life diagnoses 
(after 3 years of age) are not included. Birth 
weight and gestational age were obtained from 
birth certificates, which are generally accurate 
for birth weight and useful but less accurate 
for gestational age (DiGiuseppe et al. 2002). 
Data on covariates were obtained from birth 
certificates and were limited to basic demo-
graphic, education, and behavioral informa-
tion available in the vital records. Distribution 
of covariates among exposure tertiles and the 
unexposed group was similar; nevertheless, our 
incomplete ability to adjust for socioeconomic 
status, health, nutrition, prenatal care, and 
pregnancy complications may have resulted in 
residual confounding. In addition, low event 
outcomes (e.g., NTDs) were adjusted only 
for elevation. The data set did not contain 
information on maternal folate consumption 
and genetic anomalies, both independent 
predictors of our outcomes, which may have 
confounded these results. We did observe a 
large decrease in the prevalence of NTDs after 
the introduction of folic acid in 1998, and 
small increases in the prevalence of CHDs 
and oral clefts, although none of the estimates 
are statistically significant (see Supplemental 
Material, Table S1). Further study is needed 
to determine whether unaccounted folate con-
founding is attenuating our results toward the 
null. There is no evidence indicating genetic 
anomalies would differ by IDW well count 
around maternal residence.

Because of the rarity of specific birth 
defects in the study population, birth defects 
were aggregated into three general groups. 
This limited our study in that associations 
with specific birth defects may have been 
obscured. An exploratory analysis of CHDs by 
clinical diagnostic groups indicates increased 
prevalence of specific diagnostic groups 
(i.e., PAV, VSD, and TVD) compared with 
 aggregated CHDs (Table 4).

Another limitation of this study is the 
lack of temporal and spatial specificity of 
the exposure assessment. Because we did not 
have maternal residential history, we assumed 
that maternal address at time of delivery was 
the same as maternal address during the first 
trimester of pregnancy—the critical time 
period for formation of birth defects. Studies 
in Georgia and Texas estimate that 22–30% 
of mothers move residence during their 
pregnancy, and most mothers move within 
their locality (Lupo et al. 2010a; Miller et al. 
2010), potentially introducing some expo-
sure misclassification for the early pregnancy 
period of interest. However, these studies 
found little difference in mobility between 
cases and controls (Lupo et al. 2010a; Miller 
et al. 2010), and maternal mobility did not 
significantly influence the assessment of ben-
zene exposure (Lupo et al. 2010a). We were 
able to determine only whether a well existed 
within the calendar year of birth (e.g., 2003) 
and did not have sufficient data to determine 
if a well existed within the first trimester of 
the pregnancy. Therefore, some nondifferen-
tial exposure misclassification is likely and the 
overall effect of this is unknown.

Similarly, we had consistent information 
only on existence of a well in the birth year. 
Lack of information on natural gas well activity 
levels, such as whether or not wells were pro-
ducing or undergoing development, may have 
resulted in exposure misclassification. Actual 
exposure to natural gas–related pollutants 
likely varies by intensity of development activi-
ties. Lack of temporal and spatial specificity 
of the exposure assessment would most likely 
have tended to weaken associations (Ritz et al. 
2007; Ritz and Wilhelm 2008). To address 
spatial and temporal variability, additional air 
pollution measurements and modeling will 
be needed to improve exposure estimates at 
specific locations. Last, information on the 
mother’s activities away from her residence, 
such as work and recreation, as well as proxim-
ity of these activities to NGD was not avail-
able and may have led to further exposure 
 misclassification and residual confounding.

Conclusion
This study suggests a positive association 
between greater density and proximity of 
natural gas wells within a 10-mile radius of 
maternal residence and greater prevalence 
of CHDs and possibly NTDs, but not oral 
clefts, preterm birth, or reduced fetal growth. 
Further studies incorporating information 
on specific activities and production levels 
near homes over the course of pregnancy 
would improve exposure assessments and 
provide more refined effect estimates. Recent 
data indicate that exposure to NGD activi-
ties is increasingly common. The COGCC 
estimates that 26% of the > 47,000 oil and 

gas wells in Colorado are located within 
150–1,000 feet of a home or other type of 
building intended for human occupancy 
(COGCC 2012). Taken together, our results 
and current trends in NGD underscore the 
importance of conducting more comprehen-
sive and rigorous research on the potential 
health effects of NGD.
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Introduction
Unconventional methods of natural gas 
extraction, including directional drilling 
and hydraulic fracturing (also known as 
“fracking”), have made it possible to reach 
natural gas reserves in shale deposits thousands 
of feet underground (Myers 2012). Increased 
drilling activity in a number of locations in 
the United States has led to growing concern 
that natural gas extraction activities could 
contaminate water supplies and ambient air, 
resulting in unforeseen adverse public health 
effects (Goldstein et al. 2012). At the same 
time, there is little peer-reviewed evidence 
regarding the public health risks of natural 
gas drilling activities (Kovats et al. 2014; 
McDermott-Levy and Kaktins 2012; Mitka 
2012), including a lack of systematic surveys 
of human health effects.

The process of natural gas extraction. 
Natural gas extraction of shale gas reserves 
may involve multiple activities occurring over 
a period of months. These include drilling 
and casing of deep wells that contain both 

vertical and horizontal components as well 
as placement of underground explosives and 
transport and injection of millions of gallons 
of water containing sand and a number of 
chemical additives into the wells at high pres-
sures to extract gas from the shale deposits 
(hydraulic fracturing) (Jackson RE et al. 2013). 
Chemicals used in the hydraulic fracturing 
process can include inorganic acids, polymers, 
petroleum distillates, anti-scaling compounds, 
microbicides, and surfactants (Vidic et al. 
2013). Although some of these fluids are 
recovered during the fracking process as 
“flowback” or “produced” water, a significant 
amount (as much as 90%) (Vidic et al. 2013) 
may remain underground. The recovered 
flowback water—which may contain chemi-
cals added to the fracking fluid as well as natu-
rally occurring chemicals such as salts, arsenic, 
and barium and naturally occurring radio-
active material originating in the geologi cal 
formations—may be stored in holding ponds 
or transported offsite for disposal and/or 
 wastewater treatment elsewhere.

Potential water exposures. Although 
much of the hydraulic fracturing process 
takes place deep underground, there are a 
number of potential mechanisms for chemi-
cals used in the fracturing process as well 
as naturally occurring minerals, petroleum 
compounds (including volatile organic 
compounds; VOCs), and other substances 
of flowback water (Chapman et al. 2012) 
to enter drinking-water supplies. These 
include spills during transport of chemicals 
and flowback water, leaks of a well casing 
(Kovats et al. 2014), leaks through under-
ground fissures in rock formations, runoff 
from drilling sites, and disposal of fracking 
flowback water (Rozell and Reaven 2012). 
Studies have reported increased levels of 
methane in drinking water wells located 
< 1 km from natural gas drilling, suggesting 
contamination of water wells from hydraulic 
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Proximity to Natural Gas Wells and Reported Health Status: Results of a 
Household Survey in Washington County, Pennsylvania
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Background: Little is known about the environmental and public health impact of 
unconventional natural gas extraction activities, including hydraulic fracturing, that occur near 
residential areas.

oBjectives: Our aim was to assess the relationship between household proximity to natural gas 
wells and reported health symptoms.

Methods: We conducted a hypothesis-generating health symptom survey of 492 persons in 180 
randomly selected households with ground-fed wells in an area of active natural gas drilling. Gas 
well proximity for each household was compared with the prevalence and frequency of reported 
dermal, respiratory, gastrointestinal, cardiovascular, and neurological symptoms.

results: The number of reported health symptoms per person was higher among residents living 
< 1 km (mean ± SD, 3.27 ± 3.72) compared with > 2 km from the nearest gas well (mean ± SD, 
1.60 ± 2.14; p = 0.0002). In a model that adjusted for age, sex, household education, smoking, 
awareness of environmental risk, work type, and animals in house, reported skin conditions 
were more common in households < 1 km compared with > 2 km from the nearest gas well 
(odds ratio = 4.1; 95% CI: 1.4, 12.3; p = 0.01). Upper respiratory symptoms were also more 
frequently reported in persons living in households < 1 km from gas wells (39%) compared with 
households 1–2 km or > 2 km from the nearest well (31 and 18%, respectively) (p = 0.004). No 
equivalent correlation was found between well proximity and other reported groups of respiratory, 
neurological, cardiovascular, or gastrointestinal conditions.
conclusion: Although these results should be viewed as hypothesis generating, and the population 
studied was limited to households with a ground-fed water supply, proximity of natural gas wells 
may be associated with the prevalence of health symptoms including dermal and respiratory condi-
tions in residents living near natural gas extraction activities. Further study of these associations, 
including the role of specific air and water exposures, is warranted.

citation: Rabinowitz PM, Slizovskiy IB, Lamers V, Trufan SJ, Holford TR, Dziura JD, 
Peduzzi PN, Kane MJ, Reif JS, Weiss TR, Stowe MH. 2015. Proximity to natural gas wells and 
reported health status: results of a household survey in Washington County, Pennsylvania. Environ 
Health Perspect 123:21–26; http://dx.doi.org/10.1289/ehp.1307732
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fracturing activities (Jackson RB et al. 2013; 
Osborn et al. 2011), although natural 
movement of methane and brine from shale 
deposits into aquifers has also been suggested 
(Warner et al. 2012). If contaminants from 
hydraulic fracturing activities were able to 
enter drinking water supplies or surface water 
bodies, humans could be exposed to such 
contaminants through drinking, cooking, 
showering, and swimming.

Potential air exposures. The drilling and 
completion of natural gas wells, as well as the 
storage of waste fluids in containment ponds, 
may release chemicals into the atmosphere 
through evaporation and off-gassing. In 
Pennsylvania, flowback fluids are not usually 
disposed of in deep injection wells; therefore 
surface ponds containing flowback fluids are 
relatively common and could be sources of air 
contamination through evaporation. Flaring 
of gas wells, operation of diesel equipment and 
vehicles, and other point sources for air quality 
contamination around drilling activities 
may also pose a risk of respiratory exposures 
to nitrogen oxides, VOCs, and particulate 
matter. Release of ozone precursors into the 
environment by natural gas production 
activities may lead to increases in local ozone 
levels (Olaguer 2012). Well completion and 
gas transport may cause leakage of methane 
and other greenhouse gases into the environ-
ment (Allen 2014). Studies in Colorado have 
reported elevated air levels of VOCs including 
trimethylbenzenes, xylenes, and aliphatic 
hydrocarbons related to well drilling activities 
(McKenzie et al. 2012).

Human health impact. Concerns about 
the impact of natural gas extraction on the 
health of nearby communities have included 
exposures to contaminants in water and air 
described above as well as noise and social 
disruption (Witter et al. 2013). A published 
case series cited the occurrence of respira-
tory, skin, neurological, and gastrointestinal 
symptoms in humans living near gas wells 
(Bamberger and Oswald 2012). A conve-
nience sample survey of 108 individuals in 55 
households across 14 counties in Pennsylvania 
who were concerned about health effects from 
natural gas facilities found that a number of 
self-reported symptoms were more common in 
individuals living near gas facilities, including 
throat and nasal irritation, eye burning, sinus 
problems, headaches, skin problems, loss of 
smell, cough, nosebleeds, and painful joints 
(Steinzor et al. 2013). Similarly, a convenience 
sample survey of 53 community members 
living near Marcellus Shale development 
found that respondents attributed a number 
of health impacts and stressors to the develop-
ment. Stress was the symptom reported most 
frequently (Ferrar et al. 2013).

Here we report on the analysis of a cross-
sectional, random-sample survey of the health 

of residents who had ground-fed water wells in 
the vicinity of natural gas extraction wells to 
determine whether proximity to gas wells was 
associated with reported respiratory, dermal, 
neurological, or gastrointestinal symptoms.

Methods
Selection of study area. The Marcellus 
formation, a principal source of shale-based 
natural gas in the United States, is a Middle 
Devonian–age black, low-density, organi-
cally rich shale that has been predominantly 
horizontally drilled for gas extraction in the 
southwestern portion of Pennsylvania since 
2003 [Pennsylvania Spatial Data Access 
(PASDA) 2013]. In this study we focused 
on Washington County in southwestern 
Pennsylvania, an area of active natural gas 
drilling (Carter et al. 2011). At the time of the 
administration of the household survey during 
summer 2012, there were, according to the 
Pennsylvania Department of Environmental 
Protection, 624 active natural gas wells 
in Washington County. Of these natural 
gas wells, 95% were horizontally drilled 
(Pennsylvania Department of Environmental 
Protection 2012). The county has a highly 
rural classification with nearly 40% of the 

land devoted to agriculture (U.S. Department 
of Agriculture 2007). Washington County 
has a population of approximately 200,000 
persons with 94% self-identified as white, 90% 
having at least a high school diploma, and a 
2012 median household income of $53,545 
(Center for Rural Pennsylvania 2014). We 
selected a contiguous set of 38 rural townships 
within the center of Washington County as 
our study site in order to avoid urban areas 
bordering Pittsburgh, which would be unlikely 
to have ground-fed water wells, and areas 
near the Pennsylvania border, which might 
be  influenced by gas wells in other states 
(Figure 1).

Survey instrument. We designed a 
community environmental health assess-
ment of reported health symptoms and 
health status based on questions drawn from 
publicly available surveys. Symptom ques-
tions, covering a range of organ systems that 
had been mentioned in published reports 
(Bamberger and Oswald 2012; Steinzor 
et al. 2013), asked respondents whether they 
or any household members had experienced 
each condition during the past year (see 
Supplemental Material, “Questionnaire”). 
The health assessment also asked a number 

Figure 1. Distribution of drilled active Marcellus Shale natural gas wells (n = 624) and randomly generated 
sampling sites (n = 760) for eligible municipalities of Washington County, Pennsylvania. 
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of general yes/no questions about concerns 
of environmental hazards in the community, 
such as whether respondents were satisfied 
with air quality, water quality, soil quality, 
environmental noise and odors, and traffic, 
but did not specifically mention natural gas 
wells or hydraulic fracturing or other natural 
gas extraction activities. The survey was 
pretested with focus groups in the study area 
in collaboration with a community based 
group and revised to ensure comprehensibility 
of questions.

Selection and recruitment of households. 
Using ArcGIS Desktop 10.0 software (ESRI, 
Inc., Redlands, CA), we randomly selected 20 
geographic points from each of 38 contiguous 
townships in the study county (Figure 1). 
We identified an eligible home nearest to 
each randomly generated sampling point, 
and visited each home to determine which 
households were occupied and had ground-
fed water wells. We selected households with 
ground-fed water wells to assess possible 
health effects related to water contamination. 
From the original 760 points identified (i.e., 
20 points in each of the 38 townships), we 
excluded 12 duplicate points and 64 points 
found not to correspond to a house structure 
(see Supplemental Material, Figure S1). After 
site visits by the study team who spoke to 
residents or neighbors, we excluded house 
locations determined not to have a ground-
fed well or spring. Additional points were 
excluded if the structure was not occupied 
(n = 5) or inaccessible from the road (n = 4). 
During visits to eligible households, a study 
member invited a responding adult at least 
18 years of age to participate in the survey, 
described as a survey of community environ-
mental health that considered a number of 
environmental health factors. Three house-
holds were excluded when the respondent 
was unable to answer the questionnaire due to 
language or health problems. Eligible house-
holds were offered a small cash stipend for 
participation. 

The Yale University School of Medicine 
Human Research Protection Program deter-
mined the study to be exempt from Human 
Subjects review. Respondents provided oral 
consent but were not asked to sign consent 
forms; their names were not recorded.

Of the 255 eligible households, respon-
dents refused to complete the survey in 47 
households, and we were not able to contact 
residents in another 26 households. Reasons 
for refusal included “not interested” (n = 8), 
“no time/too busy” (n = 3), “afraid” (n = 1), 
and 35 gave no reason. The rate of refusal 
varied by distance category, with 12 of 74 
(16%) of households < 1 km from a gas 
well, 10 of 67 (15%) of households 1–2 km 
from wells, and 25 of 86 (25%) of eligible 
households > 2 km from a gas well refusing 

to participate, but the differences were not 
statistically significant. At the consenting 180 
households (71% of eligible households), 
an adult respondent completed the survey 
covering the health status of the 492 indi-
viduals living in these households.

Administration of survey at residence. 
Trained study personnel administered the 
survey in English. The responding adult at the 
participating household reported on the health 
status of all persons in the household over the 
past year. A study team member recorded the 
global positioning system (GPS) coordinates 
of the household using a Garmin GPSMAP® 
62S Series handheld GPS device (Garmin 
International, Inc., Olathe, KS). Survey 
personnel were not aware of the mapping 
results for gas well proximity to the households 
being surveyed.

Household proximity to nearest active gas 
well and age of wells. A map of 624 active 
natural gas wells in the study area, and their 
age and type, was created by utilizing gas well 
permit data publicly available at the PASDA 
(2013). Ninety five percent of the gas wells 
had “spud dates” (first date of drilling) 
between 2008 and 2012, with more than half 
of spud dates occurring in 2010 and 2011. 
We used ArcGIS to calculate the distance 
between each household location (as defined 
by the GPS reading taken during the site visit) 
and each natural gas well in the study area. 
We then classified households according to 
their distance from the nearest gas well with 
distance categories of < 1 km, 1–2 km, or 
> 2 km. We used 1 km as the initial cut point 
for distance to a nearest gas well because of 
the reported association of higher methane 
levels in drinking-water wells located < 1 km 
from natural gas wells (Osborn et al. 2011), 
and 2 km as the second cut point because it 
was close to the mean of the distances between 
households and nearest gas wells. The mean 
and median distance between a household and 
the nearest natural gas well were 2.0 km and 
1.4 km, respectively. We classified the age of 
each gas well as the time interval between spud 
date and the date that the household survey 
was conducted during summer, 2012.

Statistical analysis. Demographic vari-
ables were analyzed for differences among 
individuals between distance categories using 
chi-square, analysis of variance, or generalized 
linear mixed-model statistics as appropriate. 
Reported occupation was classified as 
either blue collar, office sales and service, 
 management/professional, or not working, 
using classifications of the U.S. Bureau of 
Labor Statistics (2014). 

The prevalence of each outcome and 
the number of symptoms reported for each 
household member included in the study 
were calculated according to the distance 
of each household (< 1, 1–2, or > 2 km) 

from the nearest gas well. To test the asso-
ciation between household distance from a 
well and the overall number of symptoms as 
well as the presence or absence of each of six 
groups of health conditions (dermal, upper 
respiratory, lower respiratory, gastro intestinal, 
neurological, and cardiovascular), we used 
SAS 9.3 in a generalized linear mixed model 
(GLMM) analysis (SAS Institute Inc., Cary, 
NC). The analysis used maximum likeli-
hood estimation with adaptive quadrature 
methods (Schabenberger 2007) including a 
random effect for household to account for the 
clustering of individuals within a household. 
The model was adjusted for age of individual 
(continuous), sex (binary), average adult house-
hold education (continuous), smoker present 
in household (yes/no), awareness of environ-
mental hazard nearby (yes/no), employment 
type (four categories), and whether animals 
were present in the home or backyard (yes/no). 
Given the exploratory nature of this study, no 
adjustments were made for multiple compari-
sons and significance was established at the 
two-sided 0.05 level. Statistical analyses were 
conducted using SAS 9.3. 

Results
Demographics. Individuals living in house-
holds < 1 km from gas wells were older 
(mean, 46.9 ± 21.9) compared with indi-
viduals in households > 2 km from a gas well 
(mean, 40.0 ± 23.5 years, p = 0.03) (Table 1). 
There was a higher proportion of children 
in the households > 2 km from a gas well 
compared with those < 1 km from a gas well 
(27% vs. 14%, p = 0.008). Families had lived 
in their homes an average of 22.8 ± 17.2 years 
at the time of the interview. Thirty-four 
percent of individuals had blue-collar jobs 
and 38% of the subjects were nonworkers 
(e.g., unemployed, students). Sixty-six 
percent reported using their ground-fed 
water (well or natural spring) for drinking 
water, and 84% reported using it for other 
activities such as bathing. The age of the 
nearest gas well was significantly greater for 
households < 1 km from a gas well (mean, 
2.3 ± 1.6) compared with those 1–2 km or 
> 2 km from a well (1.5 ± 1.3 and 1.1 ± 0.9, 
respectively, p < 0.05). Reported smoking 
was less common in households near gas 
wells, whereas reported respondent aware-
ness regarding environmental health risks was 
higher, although these differences were not 
statistically significant.

Reported health symptoms. The average 
number of reported symptoms per person 
in residents of households < 1 km from a 
gas well (3.27 ± 3.72) was greater compared 
with those living > 2 km from gas wells 
(1.60 ± 2.14, p = 0.0002).

Individuals living in households < 1 km 
from natural gas wells were more likely to 
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report having any of the queried skin condi-
tions over the past year (13%) than residents 
of households > 2 km from a well (3%; 
χ2 = 13.8, p = 0.001) (Table 2). Reported 
upper respiratory symptoms were also more 
frequent among households < 1 km (39%) 
compared with households > 2 km from gas 
wells (18%; χ2 = 17.9, p = 0.0001).

In a hierarchical model that adjusted for 
age, sex, household education level, smokers 
in household, job type, animals in house-
hold, and awareness of environmental risk 
(Table 3), household proximity to natural 
gas wells remained associated with number 
of symptoms reported per person < 1 km 
(p = 0.002) and 1–2 km (p = 0.05) compared 
with > 2 km from gas wells, respectively. In 
similar models, living in a household < 1 km 
from the nearest gas well remained associated 
with increased reporting of skin conditions 
[odds ratio (OR) = 4.13; 95% confidence 
interval (CI): 1.38, 12.3] and upper respi-
ratory symptoms (OR = 3.10; 95% CI: 
1.45, 6.65) compared with households 
> 2 km from the nearest gas well.

For  the  other  grouped symptom 
complexes examined, there was not a signifi-
cant relationship in our adjusted model 
between the prevalence of symptom reports 
and proximity to nearest gas well. In the 
multivariate model, however, environmental 
risk awareness was significantly associated with 
report of all groups of symptoms.

Age of the nearest gas well was found to be 
negatively correlated with distance (r = –0.325; 
p < 0.0001): Gas wells < 1 km from house-
holds tended to be older than the nearest 
wells in other distance categories. When age 
of wells was added to the multivariate model, 
proximity to gas wells remained significantly 
associated with respiratory symptoms, but the 
association between proximity and dermal 
symptoms lost statistical significance.

Discussion
This spatially random health survey of house-
holds with ground-fed water supply in a 
region with a large number of active natural 
gas wells is to our knowledge the largest 
study to date of the association of reported 
symptoms and natural gas drilling activities.
We found an increased frequency of reported 
symptoms over the past year in households in 
closer proximity to active gas wells compared 
with households farther from gas wells. This 
association was also seen for certain categories 
of symptoms, including skin conditions and 
upper respiratory symptoms. This association 
persisted even after adjusting for age, sex, 
smokers in household, presence of animals 
in the household, education level, work type, 
and awareness of environmental risks. Other 
groups of reported symptoms, including 
cardiac, neurological, or gastrointestinal 

symptoms, did not show a similar association 
with gas well proximity. These results support 
the need for further investigation of whether 
natural gas extraction activities are associated 
with community health impacts.

These findings are consistent with earlier 
reports of respiratory and dermal condi-
tions in persons living near natural gas wells 
(Bamberger and Oswald 2012; Steinzor et al. 
2013). Strengths of the study included the 
larger sample size compared with previously 
published surveys, and the random method of 
selecting households using geographic infor-
mation system methodology, which reduces 
the possibility of selection bias (although only 
a subset of households, those with ground-fed 
water supply, were sampled).

A limitation of the study was the reliance 
on self-report of health symptoms. On one 
hand, symptoms in other household members 
may have been underreported by the house-
hold respondent; on the other hand, aware-
ness bias in individuals concerned about the 
presence of an environmental health hazard 
would be more likely to increase reporting of 
illness symptoms, leading to recall bias of the 
results. We did not collect data on whether 
individuals were receiving financial compen-
sation for gas well drilling on their property, 
which could have affected their willingness 

to report symptoms. It is possible that differ-
ential refusal to participate could have intro-
duced potential for selection bias; for example, 
individuals who were receiving compensation 
for gas drilling on their property might be 
less willing to participate in the survey. We 
found instead that the refusal rate, though 
< 25% overall, was higher among households 
farther from gas wells, suggesting that such 
households may have been less interested in 
participating because they had less awareness 
of hazards. The study questionnaire did not 
include questions about natural gas extraction 
activities, in order to reduce awareness bias. 
At the same time, it is likely that household 
residents were aware of gas drilling activities 
in the vicinity of households; and the fact that 
reported environmental awareness by respon-
dents was associated with the prevalence of all 
groups of reported health symptoms suggests 
a correlation between heightened awareness 
of health risks and reported health conditions. 
Nevertheless, the observed association between 
gas well proximity and reported dermal and 
upper respiratory symptoms persisted in 
the multivariate model even after adjusting 
for environmental awareness. Future studies 
should attempt to medically confirm particular 
diagnoses and further assess and control for the 
effect of awareness on reported health status.

Table 1. Demographics and household characteristics by proximity to the nearest natural gas well.

Characteristic < 1 km 1–2 km > 2 km All
Individuals
n 150 150 192 492
Sex 

Male 80 (53) 78 (52) 92 (48) 250 (51)
Female 70 (47) 72 (48) 100 (52) 242 (49)

Children 21 (14)* 27 (18) 52 (27) 100 (20)
Education (years) 13.4 ± 2.0 13.5 ± 1.9 13.3 ± 2.0 13.4 ± 1.9
Age (years) 46.9 ± 21.9** 45.5 ± 22.7 40.0 ± 23.5 43.8 ± 23.0
Occupationa

M/P 29 (19) 34 (23) 33 (17) 96 (19)
O/S 17 (11) 11 (7) 14 (7) 42 (9)
BC 60 (40) 51 (34) 56 (29) 167 (34)
NW 44 (29) 54 (36) 89 (46) 187 (38)

Households
n 62 57 61 180
Smokingb 7 (11) 12 (21) 14 (23) 33 (18)
Years in household (n) 23.7 ± 16.6 23.5 ± 16.4 21.2 ± 18.6 22.8 ± 17.2
Body mass index (kg/m2) 27.9 ± 5.1 27.5 ± 5.4 27.9 ± 6.1 27.8 ± 5.5
Use ground-fed water

Drinking 39 (63) 41 (72) 38 (62) 118 (66)
Other 54 (87) 51 (89) 46 (75) 151 (84)

Water has unnatural appearance 13 (21) 7 (12) 6 (10) 26 (14)
Taste/odor prevents water use 14 (23) 10 (18) 19 (31) 43 (24)
Dissatisfied with odor in environment 7 (11) 1 (2) 1 (2) 9 (5)
Environmental risk awarenessc 16 (25) 16 (28) 9 (15) 41 (23)
Years since spud date of closest well (years) 2.3 ± 1.6# 1.5 ± 1.3 1.1 ± 0.9 1.6 ± 1.4

Values are n (%) or mean ± SD.
aParticipant occupation was categorized into six main industries according to the U.S. Bureau of Labor Statistics (2014), 
and presented here in four main groups: M/P, management or professional; O/S, office, sales, or service; BC, blue collar 
(fishing, farming, and forestry; construction, extraction, maintenance, production, transportation, and material moving); 
NW, nonworker (student, disabled, retired, or unemployed). bHousehold smoking was determined when respondents 
were asked if they or at least one member of their household smoked cigarettes in the house at the time of the survey. 
cHousehold respondents were asked if they were aware of any environmental health risks near their residence (yes/no), 
to approximate potential sources of expectation or awareness bias. *p = 0.008 compared with > 2 km households. 
**p = 0.03 compared with > 2 km households. #p < 0.05 compared with 1–2 km and > 2 km households.
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A further study limitation was the fact 
that our analysis includes multiple compari-
sons between groups of households, and the 
consequent possibility that random error 
could account for some of our findings. 
We limited such comparisons by grouping 
individual symptoms into organ system 
clusters. However, we acknowledge that the 
multiple comparisons used in the methodo-
logy mean that any such particular findings 
should be viewed as  preliminary and 
hypothesis generating.

Our use of gas well proximity as a measure 
of exposure was an indirect measure of poten-
tial water or airborne exposures. More precise 
data could come from direct monitoring and 
modeling of air and water contaminants, and 
correlating such measured exposures with 
confirmed health effects should be a focus of 
future study. Biomonitoring of individuals 
living near natural gas wells could provide 
additional information about the role and 
extent of particular chemical exposures.

There are several potential explanations 
for the finding of increased skin conditions 
among inhabitants living near gas wells. One 
is that natural gas extraction wells could have 
caused contamination of well water through 
breaks in the gas well casing or other under-
ground communication between ground 
water supplies and fracking activities. The 
geographic area studied has experienced 
petroleum and coal exploration and extrac-
tion activities in the past century, and such 
activities may increase the risk of chemicals 
in fracking fluid or flowback water entering 
ground water and contaminating wells. If 
such contamination did occur, several types 
of chemicals in fracking fluid have irritant 
properties and could potentially cause skin 
rashes or burning sensation through exposure 
during showers or baths. There are published 
reports of associations between the preva-
lence of eczema and other skin conditions 
with exposure to drinking water polluted 
with chemicals including VOCs (Chaumont 
et al. 2012; Lampi et al. 2000; Yorifuji et al. 
2012) as well as changes in water hardness 
(Chaumont et al. 2012; McNally et al. 1998).

A second possible explanation for the skin 
symptoms could be exposure to air pollut-
ants including VOCs, particulates, and ozone 
from upwind sources, such as flaring of gas 
wells (McKenzie et al. 2012) and exhaust 
from vehicles and heavy machinery.

A third possibility to explain the clustering 
of skin and other symptoms would be that 
they could be related to stress or anxiety that 
was greater for households living near gas wells. 
In this study, awareness of environ mental risk 
was independently associated with overall 
reporting of symptoms as well as reporting 
of skin problems. However, in multivariate 
models, proximity to gas wells remained a 

significant predictor of symptoms even when 
adjusting for such awareness. These results 
argue for possible air or water contaminant 
exposures, in addition to stress, contributing 
to the observed patterns of increased health 
symptoms in households near gas wells. A 
fourth possibility would be the role of allergens 
or irritant chemicals not related to natural gas 

drilling activities, such as exposure to agricul-
tural chemicals or household animals. We did 
not see a correlation between skin conditions 
and either the presence of an animal in the 
household or agricultural occupation, making 
this association less likely. At the same time, 
it is possible that other confounding could be 
present but not accounted for in our models.

Table 2. Prevalence of selected health conditions reported by individuals by proximity to the nearest gas 
well (2011–2012).a

Symptoms
< 1 km 

(n = 150)
1–2 km 
(n = 150)

> 2 km 
(n = 192)

Total number of symptoms per individual 3.27 ± 3.72 2.56 ± 3.26 1.60 ± 2.14
Dermal [n (%)] 19 (13) 7 (5) 6 (3)

Rashes/skin problems 10 (7) 7 (5) 6 (3)
Dermatitis 6 (4) 5 (3) 2 (1)
Irritation 6 (4) 2 (1) 1 (1)
Burning 8 (5) 4 (3) 1 (1)
Itching 9 (6) 5 (3) 2 (1)
Hair loss 2 (1) 0 (0) 1 (1)

Upper respiratory [n (%)] 58 (39) 46 (31) 35 (18)
Allergies/sinus problems 35 (23) 27 (18) 27 (14)
Cough/sore throat 10 (7) 3 (2) 2 (1)
Itchy eyes 19 (13) 22 (15) 10 (5)
Nose bleeds 13 (9) 8 (5) 4 (2)
Stuffy nose 16 (11) 8 (5) 4 (2)

Lower respiratory [n (%)] 29 (19) 29 (19) 27 (14)
Asthma/COPD 16 (11) 21 (14) 15 (8)
Chronic bronchitis 8 (5) 2 (1) 2 (1)
Chest wheeze/whistling 6 (4) 9 (6) 7 (4)
Shortness of breath 8 (5) 7 (5) 8 (4)
Chest tightness 4 (3) 6 (4) 5 (3)

Cardiac [n (%)] 46 (31) 39 (26) 37 (19)
High blood pressure 38 (25) 33 (22) 29 (15)
Chest pain 8 (5) 5 (3) 6 (3)
Heart palpitations 10 (7) 7 (5) 4 (2)
Ankle swelling 11 (7) 5 (3) 5 (3)

Gastrointestinal [n (%)] 15 (10) 13 (9) 11 (6)
Ulcers/stomach problems 11 (7) 7 (5) 8 (4)
Liver problems 4 (3) 0 (0) 1 (0.5)
Nausea/vomiting 1 (1) 3 (2) 1 (0.5)
Abdominal pain 4 (3) 2 (1) 2 (1)
Diarrhea 5 (3) 2 (1) 2 (1)
Bleeding 4 (3) 4 (3) 0 (0)

Neurologic [n (%)] 48 (32) 37 (25) 39 (20)
Neurologic problems 1 (0.7) 5 (3) 0 (0)
Severe headache/migraine 24 (16) 14 (9) 18 (9)
Dizziness/balance problems 11 (7) 12 (8) 11 (6)
Depression 4 (3) 3 (2) 2 (1)
Difficulty concentrating/remembering 9 (6) 9 (6) 6 (3)
Difficulty sleeping/insomnia 18 (12) 19 (13) 10 (5)
Anxiety/nervousness 11 (7) 4 (3) 11 (6)
Seizures 2 (1) 2 (1) 1 (0.5)

COPD, chronic obstructive pulmonary disease.
aSix categories representing major health conditions of a priori interest chosen to ascertain symptom prevalence 
among individuals living in proximity to the nearest gas well in 2011–2012.

Table 3. Associations of nearest gas well proximity and symptoms.

Outcome

< 1 km 1–2 km 

> 2 kmOR (95% CI) p-Value OR (95% CI) p-Value
Dermal 4.13 (1.38, 12.3) 0.011 1.44 (0.42, 4.9) 0.563 Ref
Upper respiratory 3.10 (1.45, 6.65) 0.004 1.76 (0.81, 3.76) 0.148 Ref
Lower respiratory 1.45 (0.67, 3.14) 0.339 1.40 (0.65, 3.03) 0.387 Ref
Cardiac 1.67 (0.85, 3.26) 0.135 1.28 (0.65, 2.52) 0.473 Ref
Gastrointestinal 2.01 (0.49, 8.18) 0.328 1.79 (0.43, 7.41) 0.417 Ref
Neurological 1.53 (0.89, 2.63) 0.123 1.04 (0.59, 1.82) 0.885 Ref

Ref, reference. Results are from hierarchical logistic regression that adjusted for age, household education level, sex, 
smokers in household, job type, animals in household, and awareness of environmental risk.
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Our findings of increased reporting of 
upper respiratory symptoms among persons 
living < 1 km from a natural gas well suggests 
that airborne irritant exposures related to 
natural gas extraction activities could be playing 
a role. Such irritant exposures could result 
from a number of activities related to natural 
gas drilling, including flaring of gas wells and 
exhaust from diesel equipment. Because other 
studies have suggested that airborne exposures 
could be a significant consequence of natural 
gas drilling activity, further investigation of the 
impact of such activities on respiratory health 
of nearby communities should be investigated. 
Future studies should collect such data.

Since most of the gas wells in the study 
area had been drilled in the past 5–6 years, 
one would not yet expect to see associations 
with diseases with long latency, such as cancer. 
Furthermore, if some of the impact of natural 
gas extraction on ground water happens over a 
number of years, this initial survey could have 
failed to detect health consequences of delayed 
contamination. However, if the finding of skin 
and respiratory conditions near gas wells indi-
cates significant exposure to either fracking 
fluids and chemicals or airborne contaminants 
from natural gas wells, studies looking at such 
long-term health effects in chronically exposed 
populations would be indicated.

Conclusions
The results of this study suggest that natural 
gas drilling activities could be associated with 
increased reports of dermal and upper respira-
tory symptoms in nearby communities; these 
results support the need for further research 
into health effects of natural gas extraction 
activities. Such research could include longi-
tudinal assessment of the health of individuals 
living in proximity to natural gas drilling 
activities, medical confirmation of health 
conditions, and more precise assessment of 
contaminant exposures.
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Introduction
Autism spectrum disorder (ASD) is a 
 developmental disorder with increasing 
reported prevalence worldwide (French et al. 
2013). Although genetics plays a strong role 
in ASD, evidence suggests that environmental 
exposures, particularly in utero or during early 
life, also affect ASD risk (Grønborg et al. 
2013; Hallmayer et al. 2011; Quaak et al. 
2013). However, no specific environmental 
toxicant has been consistently associated with 
increased risk of ASD.

Air pollution contains various toxicants 
that have been found to be associated with 
neurotoxicity and adverse effects on the fetus 
in utero (Crump et al. 1998; Grandjean and 
Landrigan 2006; Rice and Barone 2000; 
Rodier 1995; Stillerman et al. 2008). Airborne 
particles are covered with various contami-
nants, and have been found to penetrate the 
subcellular environment and induce oxidative 
stress and mitochondrial damage in vitro (Li 
et al. 2003; MohanKumar et al. 2008). In 

rodents, these particles also have been found 
to stimulate inflammatory cytokine release 
systemically and in the brain, and alter the 
neonatal immune system (Hertz-Picciotto 
et al. 2005, 2008; MohanKumar et al. 
2008)—processes that have been implicated 
in ASD (Depino 2013; Napoli et al. 2013).

Several studies have explored associations 
of air pollution with ASD, using the U.S. 
Environmental Protection Agency (EPA) 
hazardous air pollutant models, distance to 
freeway, or local models for specific pollutants. 
These studies suggest increased odds of having a 
child with ASD with higher exposures to diesel 
particulate matter (PM) (Roberts et al. 2013; 
Windham et al. 2006), several metals (Roberts 
et al. 2013; Windham et al. 2006), criteria 
pollutants (Becerra et al. 2013; Volk et al. 
2013), and some organic materials as well as 
closer proximity to a freeway (Volk et al. 2011).

Our goal was to explore the association 
between ASD and exposure to PM during 
defined time periods before, during, and 

after pregnancy, within the Nurses’ Health 
Study II (NHS II), a large, well-defined 
cohort with detailed residential history. This 
nested case–control study includes partici-
pants from across the continental United 
States, and exposure was linked to monthly 
data on two size fractions of PM.

Methods
Participants. The study population included 
offspring of participants in NHS II, a 
prospective cohort of 116,430 U.S. female 
nurses 25–43 years of age when recruited 
in 1989, followed biennially (Solomon 
et al. 1997). NHS II participants originally 
were recruited from 14 states in all regions 
of the continental United States, but they 
now reside in all 50 states. The study was 
approved by the Partners Health Care 
Institutional Review Board and complied 
with all applicable U.S. regulations; return of 
completed questionnaires constituted consent 
to participate.

In 2005, NHS II participants were asked 
whether any of their children had been diag-
nosed with autism, Asperger’s syndrome, or 
“other autism spectrum,” and 839 women 
replied affirmatively. In 2007, we initiated a 
pilot follow-up study, shortly followed by a 
full-scale follow-up as described previously 
(Lyall et al. 2012). The follow-up question-
naire included questions about the preg-
nancy and birth, child’s sex, and diagnosis. 
NHS II protocol allows re-contacting only 
the nurses who responded to the most recent 
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Background: Autism spectrum disorder (ASD) is a developmental disorder with increasing 
prevalence worldwide, yet has unclear etiology.

oBjective: We explored the association between maternal exposure to particulate matter (PM) air 
pollution and odds of ASD in her child.

Methods: We conducted a nested case–control study of participants in the Nurses’ Health Study II 
(NHS II), a prospective cohort of 116,430 U.S. female nurses recruited in 1989, followed by 
biennial mailed questionnaires. Subjects were NHS II participants’ children born 1990–2002 with 
ASD (n = 245), and children without ASD (n = 1,522) randomly selected using frequency matching 
for birth years. Diagnosis of ASD was based on maternal report, which was validated against the 
Autism Diagnostic Interview-Revised in a subset. Monthly averages of PM with diameters ≤ 2.5 μm 
(PM2.5) and 2.5–10 μm (PM10–2.5) were predicted from a spatiotemporal model for the continental 
United States and linked to residential addresses.

results: PM2.5 exposure during pregnancy was associated with increased odds of ASD, with an 
adjusted odds ratio (OR) for ASD per interquartile range (IQR) higher PM2.5 (4.42 μg/m3) of 
1.57 (95% CI: 1.22, 2.03) among women with the same address before and after pregnancy (160 
cases, 986 controls). Associations with PM2.5 exposure 9 months before or after the pregnancy were 
weaker in independent models and null when all three time periods were included, whereas the 
association with the 9 months of pregnancy remained (OR = 1.63; 95% CI: 1.08, 2.47). The asso-
ciation between ASD and PM2.5 was stronger for exposure during the third trimester (OR = 1.42 
per IQR increase in PM2.5; 95% CI: 1.09, 1.86) than during the first two trimesters (ORs = 1.06 
and 1.00) when mutually adjusted. There was little association between PM10–2.5 and ASD.

conclusions: Higher maternal exposure to PM2.5 during pregnancy, particularly the third 
trimester, was associated with greater odds of a child having ASD.
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biennial questionnaire. Thus, this follow-up 
was attempted with the 756 mothers of ASD 
cases for whom this was the case. Mothers 
who reported having more than one child 
with ASD were directed to report about the 
youngest one. Controls were selected from 
among parous women not reporting a child 
with ASD in 2005. For each case mother, 
controls were randomly selected from among 
those women who gave birth to a child in 
a matching birth year, to yield a total of 
3,000 controls. Six hundred thirty-six (84%) 
mothers of cases and 2,747 (92%) mothers of 
controls responded; 164 women (including 
51 case mothers) declined to participate.

For the current study, only children 
whose estimated conception month was June 
1989 or later were included because nurses’ 
addresses before this month were unknown. 
Of the 265 children reported to have an ASD 
diagnosis who met this criterion we excluded 
4 for whom ASD was not confirmed by the 
mother on the follow-up questionnaire, and 
another 2 with genetic syndromes associated 
with ASD (n = 1 Down syndrome; n = 1 
Rett syndrome). The remaining 259 children 
were classified as ASD cases. There were 
1,640 control children who met the concep-
tion month criterion. We further excluded 
participants missing PM data because their 
addresses could not be geocoded (8 cases and 
30 controls), controls who were reported to 
have ASD on the 2009 questionnaire (n = 9), 
and children missing data on birth month 
(6 cases and 79 controls). The final study 
sample included 245 cases and 1,522 controls 
born 1990 through 2002. The average 
(± SD) year of diagnosis of the ASD cases 
was 1999 ± 3.3. None of these children were 
reported to have been adopted. Of 188 ASD 
cases with data on ASD in siblings, 7.4% 
were reported to have a sibling with ASD. 
Analyses excluding those 7.4% were similar to 
analyses including all children and are there-
fore not reported.

Case validation. ASD diagnosis was 
validated by telephone administration of 
the Autism Diagnostic Interview–Revised 
(ADI-R) (Lord et al. 1994) in a subsample 
of 50 cases randomly selected from mothers 
who indicated on our follow-up question-
naire willingness to be contacted (81% of all 
case mothers). In this sample, 43 children 
(86%) met full ADI-R criteria for autistic 
disorder [which is stricter than the broader 
“autism spectrum disorder” of the current 
DSM-V (Diagnostic and Statistical Manual 
of Mental Disorders, 5th Edition) criteria, or 
other autism spectrum disorders including 
PDD-NOS (pervasive developmental 
disorder not otherwise specified) or Asperger 
syndrome of DSM-IV criteria], defined by 
meeting cutoff scores in all three domains 
(social interaction, communication and 

language, restricted and repetitive behaviors) 
and having onset by 3 years of age. The 
remaining individuals met the onset crite-
rion and communication domain cutoff 
and missed the autistic disorder cutoff by 
one point in one domain (n = 5; 10%), or 
met cutoffs in one or two domains only 
(n = 2; 4%), thus indicating presence of 
ASD traits [for further details on scoring 
of ADI-R, see Lord et al. (1994)]. In 
addition, Social Responsiveness Scale (SRS) 
scores (Constantino et al. 2000), obtained 
for approximately 90% of eligible cases, 
also indicated accuracy of case ascertain-
ment. Although it is not a clinical diag-
nostic instrument, the SRS is a widely used 
measure of social functioning and autistic 
traits, and has been shown to have excellent 
validity as compared to ADI-R and ADOS 
(Autism Diagnostic Observation Schedule) 
(Constantino et al. 2003). Among our ASD 
cases, 93% met the SRS cutoff for ASD. 
In contrast, 93% of controls completing 
the same measure fell within the normative 
range. Therefore, both ADI-R and SRS scores 
support reliable ASD case ascertainment in 
our population. For all analyses only the 
maternal reports were used for determination 
of ASD status.

Exposure assessment. Residential loca-
tions of the nurses were determined from 
the mailing addresses used for the biennial 
NHS II questionnaire. Monthly ambient 
exposure predictions of airborne particu-
late matter with an aerodynamic diameter 
≤ 10 μm (PM10) and ≤ 2.5 μm (PM2.5) 
were generated from nationwide expan-
sions of previously validated spatiotemporal 
models (Yanosky et al. 2008, 2009, 2014). 
The models use monthly average PM10 
and/or PM2.5 data from the U.S. EPA’s Air 
Quality System (http://www.epa.gov/ttn/airs/
airsaqs/), a nationwide network of contin-
uous and filter-based monitors, as well as 
monitoring data from various other sources. 
The models also incorporated information 
on several geospatial predictors including 
distance to road, population density, point 
sources (e.g., power-generating utilities, waste 
combustors), elevation, and meteorology. 
All data were used in generalized additive 
statistical models (Yanosky et al. 2008) with 
smoothing terms of space and time to create 
separate PM prediction surfaces for each 
month. Because monitoring data on PM2.5 
are limited before 1999, PM2.5 in the period 
before 1999 was modeled using data on PM10 
and visibility data at airports (Yanosky et al. 
2009, 2014). PM10–2.5 predictions were 
calculated as the difference between monthly 
PM10 and PM2.5 predictions. These models 
provide estimates for any geo location in the 
conterminous United States by monthly 
intervals. The models also have been shown 

to have low bias and high precision: The 
normalized mean bias factor for PM2.5 is 
–1.6%, and the absolute value of the predic-
tion errors is 1.61. For PM2.5–10 these values 
are –3.2% and 4.18, respectively (Yanosky 
et al. 2014).

For each child, we estimated exposures 
to PM2.5 and PM10–2.5 before, during, 
and after pregnancy by averaging monthly 
concentrations for the mother’s residential 
address during the relevant months. The 
months of pregnancy were determined from 
the child’s birth month and gestational age at 
birth, as reported by the mother. Exposures 
to PM during each pregnancy trimester were 
 calculated similarly.

Covariates. The following covariates, all 
associated with autism in previous studies, 
were included in multivariable models: child’s 
birth year, birth month, and sex, maternal 
age at birth, paternal age at birth, and median 
census tract income in the birth year. Among 
these variables, only census tract income 
(1.5%) and paternal age (10.6%) had missing 
data. We used the missing indicator method 
for missing data. We conducted sensitivity 
analyses to evaluate the influence of adjusting 
for gestational factors (premature birth, birth 
weight, gestational diabetes, preeclampsia), 
smoking during pregnancy, state, marital 
status, median census house value, paternal 
education, and maternal grandparents’ 
education. All covariate data except for census 
 variables were from maternal self-report.

Statistical analyses. Logistic regression 
models were used to estimate odds ratios 
(OR) and 95% confidence intervals (CI) of 
ASD by PM exposures modeled both using 
PM quartiles and as continuous variables, 
in separate models. Exposures to different 
PM size fractions were examined in separate 
models, and also together in a single model.

For nurses who moved residence between 
two questionnaires straddling pregnancy, 
we did not know the exact date of moving. 
Therefore, we conducted separate analyses 
for exposures assigned assuming the nurse 
was at the earlier address during the whole 
intervening period (prepregnancy address) 
or at the later address during the whole 
period (postpregnancy address). In addition, 
to reduce misclassification of exposure, we 
conducted analyses that were limited to 
those mothers for whom the pre- and post-
pregnancy addresses were identical [160 cases 
(65%) and 986 controls (65%), referred to 
here as “nonmovers”].

To examine temporal specificity of 
any associations between PM and ASD, 
we considered the association with PM2.5 
exposure during the 9 months before 
pregnancy, the pregnancy period, and the 
9 months after birth. These examinations 
were restricted to nonmovers with complete 
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data for all exposure periods, and each time 
period was considered independently, and 
then also in a single model that included all 
three time periods simultaneously. Because 
of differences in ASD rates by sex and prior 
suggestions that air pollution effects may be 
specific to boys, we a priori decided to also 
examine associations stratified by sex of 
the child. For simplicity, we did this only 
among the children whose mothers did 
not move during pregnancy. We used SAS 
version 9.3 (SAS Institute Inc., Cary, NC) 
for data extraction, and R version 3.0.1 
(http://www.r-project.org/foundation/) for 
Linux-gnu for analyses. All analyses were 
conducted at the 0.05 alpha level.

Results
ASD cases were more likely to be male, to 
have been exposed to maternal preeclampsia 
or maternal smoking during gestation, and to 
be missing data on premature birth compared 
with controls (Table 1). The median (25th–
75th percentile) year of birth for cases and 
controls was the same: 1993 (1991–1996). 
As expected given time trends in air pollu-
tion, control children born in earlier years 
were more likely to be in higher PM2.5 
quartiles. Census income and parental age 
also decreased slightly, but generally steadily 
by exposure, whereas there was little clear 
pattern of difference by exposure for other 
variables (Table 2).

The average (± SD) levels of PM2.5 
and PM10–2.5 during pregnancy were 
14.6 ± 3.3 and 9.9 ± 4.9 μg/m3, respectively. 
Although PM10–2.5 did not show a clear 
and consistent association with ASD, 
PM2.5 was associated with ASD regardless 
of the address used for the PM estimation 
(Figure 1). Among nonmovers, for whom 
misclassification of exposure because of an 
address change is reduced, the OR was 2.06 
(95% CI: 1.17, 3.63) in the 4th quartile, 
compared with the 1st quartile. The results 
were also similar when analysis was limited 
to nonmovers and used continuous PM 
estimates, with an OR of 1.57 (95% CI: 
1.22, 2.03) per interquartile range (IQR) 
increase in PM2.5 (4.42 μg/m3), and little 
association with PM10–2.5 [OR = 1.07 per 
PM10–2.5 IQR (5.15 μg/m3); 95% CI: 
0.89, 1.28]. When PM2.5 and PM10–2.5 were 
in the same model together, the difference 
between the two was greater: OR = 1.61 per 
PM2.5 IQR (95% CI: 1.22, 2.12); OR = 0.96 
per PM10–2.5 IQR (95% CI: 0.79, 1.17). 
The  a s soc ia t ion  wi th  PM2.5 among 
nonmovers was slightly stronger for boys 
(OR = 1.73; 95% CI: 1.29, 2.31) than for 
girls (OR = 1.12; 95% CI: 0.59, 2.12), but 
there were only 23 nonmover girls with ASD 
(137 nonmover boys), and the  interaction 
p-value was 0.17.

Table 1. Study population characteristics by ASD status, Nurses’ Health Study II.

Characteristic
Cases  

(n = 245)
Controls 

(n = 1,522)
Male sex [n (%)] 209 (85) 793 (52)
Year of birth [median (IQR)] 1993 (5) 1993 (5)
Maternal age at birth (years) (mean ± SD) 34.0 ± 4.0 33.7 ± 3.7
Paternal age at birth (years) (mean ± SD) 36.8 ± 5.3 36.3 ± 4.9
Median census income ($1,000) [median (IQR)] 63 (26) 61 (27)
Median census house value ($1,000) [median (IQR)] 144 (108) 136 (98)
Birth weight (lbs) (mean ± SD) 7.1 ± 1.5 7.2 ± 1.3
Husband’s/partner’s education [n (%)]

High school 33 (13) 208 (14)
2-year college 45 (18) 218 (14)
4-year college 79 (32) 537 (35)
Graduate school 74 (30) 501 (33)
Missing 14 (6) 58 (4)

Marital status [n (%)]
Married 186 (76) 1,159 (76)
Never married 51 (21) 269 (18)
Other 8 (3) 94 (6)

Premature birth [n (%)]
Yes 44 (18) 227 (15)
No 142 (58) 1,137 (75)
Missing 59 (24) 158 (10)

Gestational diabetes [n (%)]
Yes 17 (7) 87 (6)
No 189 (77) 1,222 (80)
Missing 39 (16) 213 (14)

Preeclampsia [n (%)]
Yes 13 (5) 43 (3)
No 193 (79) 1,266 (83)
Missing 39 (16) 213 (14)

Smoking during pregnancy [n (%)]
Yes 22 (9) 50 (3)
No 160 (65) 1,099 (72)
Missing 63 (26) 373 (25)

IQR, Interquartile range.

Table 2. Control population characteristics by pregnancy PM2.5 quartile, Nurses’ Health Study II 
(n = 1,522 controls).

Characteristic

Quartile [μg/m3 (range)]

1st  
(5.24–12.3)

2nd  
(12.4–14.5)

3rd  
(14.6–16.7)

4th  
(16.7–30.8)

n 397 376 375 374
Male sex (n (%)] 208 (52) 203 (54) 192 (51) 190 (51)
Year of birth [median (IQR)] 1995 (5) 1994 (4) 1993 (4) 1992 (3)
Maternal age at birth (years) (mean ± SD) 34.3 ± 3.8 34.0 ± 3.8 33.5 ± 3.6 32.7 ± 3.6
Paternal age at birth (years) (mean ± SD) 37.4 ± 5.1 36.5 ± 4.9 36.1 ± 5.0 35.2 ± 4.5
Median census income ($1,000) [median (IQR)] 62 (31) 64 (28) 61 (26) 58 (24)
Median census house value ($1,000) [median (IQR)] 137 (107) 144 (104) 135 (96) 128 (82)
Birth weight (lbs) (mean ± SD) 7.2 ± 1.3 7.2 ± 1.2 7.1 ± 1.3 7.2 ± 1.3
Premature birth (n (%)]

Yes 56 (14) 57 (15) 52 (14) 62 (17)
No 298 (75) 282 (75) 275 (73) 282 (75)
Missing 43 (11) 36 (10) 48 (13) 30 (8)

Gestational diabetes (n (%)]
Yes 18 (5) 27 (7) 21 (6) 21 (6)
No 314 (79) 303 (81) 299 (80) 306 (82)
Missing 65 (16) 46 (12) 55 (15) 47 (13)

Preeclampsia (n (%)]
Yes 12 (3) 9 (2) 8 (2) 14 (4)
No 320 (81) 321 (85) 312 (83) 313 (84)
Missing 65 (16) 46 (12) 55 (15) 47 (13)

Smoking during pregnancy (n (%)]
Yes 17 (4) 17 (4) 21 (5) 17 (4)
No 323 (73) 313 (71) 308 (70) 315 (71)
Missing 102 (23) 112 (25) 112 (25) 110 (25)

IQR, interquartile range. 
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When estimating the association with 
PM2.5 exposure during the 9 months 
before pregnancy, the pregnancy period, 
and the 9 months after birth, all restricted 
to nonmovers with exposure estimates for 
all three exposure periods, the associations 
with exposures before or after the pregnancy 
were lower compared with the association 
with exposure during pregnancy (Table 3). 
The partial correlation of PM2.5 during 
pregnancy with PM2.5 during the 9 months 
before or after pregnancy was 0.85 and 0.83, 
respectively. When we included all three 
PM2.5 exposure periods together in a mutually 
adjusted model, ASD was significantly associ-
ated only with exposure during the pregnancy 
period (Table 3). This pattern did not change 
after further restriction to women who did not 
move during the whole period from 9 months 
before conception to 9 months after birth 
(data not shown).

When examining trimester-specific asso-
ciations in nonmovers, exposure to PM2.5 
was associated with ASD in all three trimes-
ters, but PM10–2.5 was not associated with 
ASD in any of the trimesters (Figure 2). The 
highest association with PM2.5 was seen in the 
third trimester (OR = 1.49 per PM2.5 IQR; 
95% CI: 1.20, 1.85) (Figure 2). In a model 
with all trimesters mutually adjusted, the only 
statistically significant association was seen 

with PM2.5 in the third trimester (OR = 1.42; 
95% CI: 1.09, 1.86), whereas exposure 
during the first and second did not show asso-
ciations (OR = 1.06; 95% CI: 0.83, 1.35, and 
OR = 1.00; 95% CI: 0.78, 1.30, respectively). 
When third-trimester PM2.5 and PM10–2.5 
were in the same model together, the differ-
ence between the two was greater: OR = 1.50 
per PM2.5 IQR (95% CI: 1.19, 1.89); 
OR = 0.89 per PM10–2.5 IQR (95% CI: 
0.81, 1.19).

ORs and CIs were comparable in separate 
analyses excluding premature births, or partic-
ipants missing data on census tract income, 
or paternal age (data not shown). Adjusting 
for PM10–2.5 also resulted in comparable esti-
mates for PM2.5 (data not shown). Results 
were also similar in models adjusted for (each 
in a separate model): gestational variables 
(premature birth, birth weight, gestational 
diabetes, preeclampsia), smoking during preg-
nancy, census tract house value, state, marital 
status of the nurse, or husband’s/partner’s 
education or maternal grandparents’ educa-
tion (data not shown). In addition, models 
limited to either mothers with white race/
ethnicity (95% of the nurses) or children who 
had a full-term pregnancy (i.e., excluding 
premature births and those with missing data 
on this variable) showed comparable estimates 
(data not shown).

Discussion
In our nested case–control study of nurses 
from across the continental United States, 
ambient PM2.5 concentrations during 
pregnancy were significantly associated 
with having a child diagnosed with ASD. 
Importantly, the association we found 
appeared specific to PM2.5 during pregnancy; 
PM2.5 exposure before or after pregnancy 
showed weaker associations with ASD, and 
PM10–2.5 during pregnancy showed little 
association with ASD. In a model mutually 
adjusted for all three exposure periods, only 
the pregnancy period was associated with 
ASD. The change in the ORs with mutual 
adjustment did not appear to be an artifact 
of collinearity because the precision of the 
mutually adjusted model was not substan-
tially lower than the single exposure model 
(e.g., CI widths for an IQR change in PM2.5 
during pregnancy of 2.3 vs. 1.7, respectively). 
The 95% CIs were not notably larger in this 
analysis, suggesting that collinearity was not a 
significant problem. Moreover, during preg-
nancy we found the association to be specifi-
cally with the third-trimester exposure in 
models that included exposure in all trimesters 
together. The specificity of the association to 
the prenatal period is in line with several other 
lines of evidence that suggest a prenatal origin 
of ASD, including data on differences in brain 
cytoarchitecture in brains of children with 
ASD (McFadden and Minshew 2013; Stoner 
et al. 2014) and associations between maternal 
exposure to teratogens during pregnancy and 
ASD (Rodier 1995). Our results also suggest 
an association predominantly in boys, but this 
finding should be interpreted with caution, 
given the small number of girls with ASD in 
our sample.

Figure 1. ORs (95% CIs) for ASD by quartile of PM exposure. ORs are adjusted for child sex, year of birth, 
month of birth, maternal age at birth, paternal age at birth, and census income. There were 245 cases 
and 1,522 controls in analyses using pre- and postpregnancy addresses. Prepregnancy address is the 
last known residential address before conception. Postpregnancy address is the first known residential 
address after birth. Nonmovers are those participants for whom prepregnancy and postpregnancy 
addresses were the same [cases = 160 (65%), controls = 986 (65%)]. p-Trend, p-values from models of 
exposures as continuous variables. The number of cases (including movers) by quartiles from low to high: 
45, 66, 66, 68; controls: 397, 376, 375, 374. PM2.5 quartile ranges (μg/m3): 5.24–12.3, 12.4–14.5, 14.6–16.7, 
16.7–30.8; PM10–2.5 quartile ranges (μg/m3): 1.9–6.7, 6.8–8.9, 9–11.9, 12–49.4.
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Table 3. ORs (95% CI) for ASD per IQR increase in PM2.5 levels in different time periods, nonmovers only.a

Exposure period

OR (95% CI) per 4.40 μg/m3 PM2.5

Unadjusted Adjustedb Mutually adjustedc

9 months before conception 1.20 (0.98, 1.47) 1.32 (1.04, 1.69) 0.83 (0.58, 1.19)
Whole pregnancy 1.37 (1.09, 1.71) 1.50 (1.16, 1.94) 1.63 (1.08, 2.47)
9 months after birth 1.19 (0.96, 1.49) 1.29 (1.00, 1.67) 0.96 (0.65, 1.40)
aRestricted to nonmovers who also have data on all exposure periods (158 cases, 977 controls). bAdjusted for child sex, 
year of birth, month of birth, maternal age at birth, paternal age at birth, census income. cMutually adjusted for other 
two exposure periods, as well as all other covariates listed above.

Figure 2. ORs for ASD with exposure to particulate 
matter during pregnancy trimesters. ORs are 
adjusted for child sex, year of birth, month of 
birth, maternal age at birth, paternal age at birth, 
and census income. The analyses are limited to 
nonmovers only (i.e., those for whom prepregnancy 
and postpregnancy addresses were the same). 
Cases, n = 160, controls n = 986.
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These results generally agree with previous 
studies. A report from the CHildhood Autism 
Risks from Genetics and the Environment 
(CHARGE) study among 304 ASD cases and 
259 controls, in several areas in California, 
used residential address history reported by 
parents to calculate distance to roads as a 
proxy for traffic-related air pollution exposure 
and found increased risk for ASD among 
women who lived in proximity to a freeway 
(Volk et al. 2011). Further analysis of the 
CHARGE study group in a subset of 279 
cases and 245 controls using data from the 
U.S. EPA Air Quality System suggested 
positive associations of ASD with traffic-
related air pollution during pregnancy, and 
specifically with PM2.5 (Volk et al. 2013). 
ASD was also associated with pregnancy 
exposure to PM10, and—in contrast to our 
results—the association with traffic-related air 
pollution exposure during the first year of life 
was higher than that found for the exposure 
during pregnancy. In the CHARGE study, 
associations were also seen with exposures in 
the year after birth that were about as strong 
as exposures during pregnancy. Our findings 
suggested a weaker association with postpreg-
nancy exposure that was essentially null in 
models that included exposure during all time 
periods. In the CHARGE study, however, 
the pregnancy and postpregnancy exposure 
periods were not included together in the 
same regression model.

Another study, from Los Angeles (LA) 
County, used birth certificate address and 
ASD cases identified from the Department of 
Developmental Services in California (Becerra 
et al. 2013). Using exposure data from the 
nearest monitoring stations and from a land 
use regression model (Su et al. 2009), they 
found a positive association between PM2.5 
exposure and autism (OR per 4.68 μg/m3 
PM2.5 = 1.15; 95% CI: 1.06, 1.24 in a model 
of exposure over the entire pregnancy and 
also adjusted for ozone levels). There was not 
a consistent association with PM10. The LA 
study included many more ASD cases than 
any of the other studies, so the effect estimate 
could represent a more stable estimate of 
the true effects of PM. Alternatively, differ-
ences in the composition of PM in the LA 
area could result in smaller effects. Other 
differences in study design could also have 
led to smaller effect sizes in the LA study. 
The case definition was a primary diagnosis 
of autistic disorder, the most severe among 
ASD diagnoses, and the association with 
PM could be preferentially with milder 
forms of ASD. Slightly more measurement 
error from using a nearest monitor exposure 
assignment approach or addresses from the 
birth certificate could have biased results 
toward the null. Smaller associations in that 
study could also have occurred if there was 

under-ascertainment of cases among children 
of more highly exposed mothers. Lower 
socioeconomic status has been associated with 
under-ascertainment in ASD registries such as 
that used in the LA study (Kalkbrenner et al. 
2012). Although estimates were not much 
different when the sample was stratified by 
education level, if residual socioeconomic 
differences were associated with PM2.5 expo-
sures (lower socioeconomic status with higher 
PM2.5) this could lead to bias toward the 
null because the controls included all birth 
certificates in the region. The importance of 
the environment in the development of ASD 
was recently implicated in a comparison of 
concordance rates between monozygotic and 
dizygotic twins that found that the shared 
environment accounted for 58% (95% CI: 
30, 80%) of the broader autism phenotype 
(Hallmayer et al. 2011). In line with these 
findings, a comparison of sibling ASD recur-
rence risk in a different population revealed a 
much higher rate of ASD recurrence in half-
siblings with the same mother (2.4; 95% CI: 
1.4, 4.1) compared with half-siblings with 
the same father (1.5; 95% CI: 0.7, 3.4) 
(Grønborg et al. 2013). This finding may be 
attributed either to maternal factors affecting 
the in utero environment or to common 
mitochondrial DNA.

Exposure to high levels of environmental 
toxicants during pregnancy might inter-
fere with normal in utero processes of brain 
develop ment, such as neurogenesis, cell 
prolifera tion, cell differentiation, and apoptosis 
(Rice and Barone 2000; Rodier 1995). PM2.5 
and especially ultrafine particles (< 0.1 μm 
in diameter) were shown to penetrate the 
sub cellular environment and to induce strong 
oxidative stress and mitochondrial damage 
in vitro (Li et al. 2003). These effects were asso-
ciated with the organic carbon and polycyclic 
aromatic hydrocarbon contents of the particles 
(Li et al. 2003). In vivo studies in rodents 
have also shown that PM2.5 activates the stress 
axis, involves microglial activation, and causes 
production of pro-inflammatory cytokines in 
the brain (MohanKumar et al. 2008). In one 
study, increased mitochondrial DNA damage, 
possibly caused by reactive oxygen species, was 
found to be more common in 67 children with 
ASD than in 46 typically developing children 
(Napoli et al. 2013).

PM2.5 may alter the development of the 
neonatal immune system. In a study of 1,397 
children in the Czech Republic, gestational 
exposures to PM2.5 and polycyclic aromatic 
hydrocarbons were associated with reduction 
in T cells and an increase in B lymphocytes 
in neonatal cord blood (Hertz-Picciotto et al. 
2005). Early activation of the immune system 
and neuroinflammation have been found to 
be associated with ASD in humans (Atladóttir 
et al. 2010; Careaga et al. 2013; Depino 

2013; Gadad et al. 2013; Libbey et al. 2005; 
Patterson 2011) and in animal models of 
autism (Gadad et al. 2013; Libbey et al. 2005; 
Patterson 2011), and this has been proposed as 
a possible mechanism by which environmental 
toxicants could increase the risk of ASD 
(Hertz-Picciotto et al. 2008). Furthermore, 
a recent transcriptomic compari son of post-
mortem brain tissues of individuals with ASD 
(n = 19) and controls (n = 17) taken from 
the Autism Tissue Project, the Harvard Brain 
Bank, and the MRC London Brain Bank for 
Neurodegenerative Disease, revealed involve-
ment of genes related to synaptic and neuronal 
signaling dysfunction, and also microglial and 
immune dysregulation (Voineagu et al. 2011). 
The implicated genes related to synaptic and 
neuronal signaling dysfunction, compared with 
those related to immune changes, had more 
overlap with genes identified in genome-wide 
association studies (Voineagu et al. 2011). 
This suggests that expression of immune-
related genes in ASD may be driven more by 
environ mental influences than underlying 
genetic differences.

These processes that could affect neuro-
development are general in nature, so the 
question still would remain why there is an 
association specifically with ASD. However, 
the ASD phenotype is quite heterogeneous, 
and ASD can share features with other neuro-
developmental disorders (e.g., intellectual 
disability). There is some suggestion that 
exposures to components of air pollution can 
also affect neurodevelopment more gener-
ally (Perera et al. 2009; Suglia et al. 2008). 
Determining the range of phenotypic profiles 
associated with maternal PM exposure 
during pregnancy would be of interest in 
future studies. Another interesting direction 
for future research would be to determine 
whether the association between PM and 
ASD is different among children who have 
one or more siblings with ASD.

A limitation of our study is that we did 
not have the exact dates on which mothers 
changed addresses. Thirty-five percent of the 
nurses (both cases and controls) changed their 
residential address between the last question-
naire before pregnancy and the first ques-
tionnaire after delivery. However, we found 
statistically significant associations with preg-
nancy PM when the exposure for movers was 
based either on pre- or postpregnancy address. 
When we reduced exposure misclassification 
by analyzing the smaller sample of nonmovers, 
the association between ASD and PM2.5 was 
stronger. We also did not have information 
on how much time the nurses actually spent 
at their residential addresses, nor did we have 
information about their work addresses. Error 
from this source, however, would not affect 
the estimates of PM at the residential address 
and so would not create an association with 
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residential PM levels where an association 
with PM exposure did not exist. Information 
was also unavailable on indoor air pollution 
exposures and sources. In addition, ASD 
diagnoses in the study were based on parental 
reporting. As medically trained professionals, 
however, nurse mothers’ reporting of ASD is 
likely to be reliable, a supposition supported 
by our validation study using the ADI-R.

Strengths of our study include the wide 
geographic distribution of the nurses and the 
nesting within a well-defined cohort, which 
reduces the likelihood of selection bias. In 
addition, the specificity of our findings for the 
pregnancy period places important limitations 
on possible residual confounding. Specifically, 
any factor that is not differentially related to 
PM during pregnancy versus before or after 
pregnancy is very unlikely to confound our 
results. Thus, for example, although population 
density, a choice to take folate supplements 
during pregnancy, or a host of other potential 
confounders (Gray et al. 2013; Kalkbrenner 
et al. 2012) may be related to PM2.5 exposure, 
they would be expected to be equally related 
to PM2.5 exposure before or after pregnancy as 
during it. But no association with them were 
seen in mutually adjusted models. In this way, 
PM2.5 exposure before and after pregnancy 
(because no association is seen with them in 
mutually adjusted models) acts as a negative 
control (Flanders et al. 2011; Lipsitch et al. 
2010) and rules out confounding by many—
even unmeasured—potential confounders. We 
cannot, however, rule out another pollutant 
that co-varies with PM2.5. Nor can we deter-
mine whether there is a particular component 
of PM2.5 that is responsible for the associa-
tions we found. PM2.5, however, is a complex 
mixture that may be correlated with other air 
pollution constituents. In the present study we 
did not have high temporal and spatial resolu-
tion data on other air pollution constituents or 
on specific PM2.5 components to determine 
whether a specific component is associated 
with autism.

Conclusions
Our findings support the possibility of an 
effect of maternal exposure to air pollution 
during pregnancy, and especially during the 
third trimester, on the development of ASD 
in her child. The results suggest that air pollu-
tion is a modifiable risk factor for autism, and 
reduced exposure during pregnancy could lead 
to lower incidence of ASD and reduce the 
substantial, increasing economic burden of 
ASD on families and on society (Croen et al. 
2006; Leslie and Martin 2007; Mandell et al. 
2006; Raz et al. 2013; Shimabukuro et al. 
2008). Understanding the biological mecha-
nism that may underlie the association by 
which PM exposure and ASD could provide 
important insight to ASD pathogenesis.
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Introduction
Exposure to radon-222—an inert, odorless, 
and carcinogenic gas—is the second leading 
cause of lung cancer worldwide (Darby 
et al. 2005; Pawel and Puskin 2004). The 
U.S. Environmental Protection Agency 
(EPA) estimates that indoor radon exposure 
causes or contributes to about 21,000 
lung cancer deaths in the United States 
annually (Pawel and Puskin 2004). In 
1986, the U.S. EPA set an action level of 
148 Bq/m3 (4 pCi/L; there are 37 Bq/m3 
per pCi/L) based on the current state of 
radon testing and mitigation technologies 
[National Research Council (NRC) 1999a; 
U.S. EPA 1992].

Uranium-238 occurs naturally in soil 
and bedrock and decays to radium-226, 
which decays to radon. Both uranium-238 
and radium-226 persist in the environ-
ment (half-lives of 4.5 billion years and 
1,600 years, respectively). Radon-222 has 
a half-life of 3.8 days, and its radioactive 
decay products are responsible for its carci-
nogenicity. Pressure differentials between 

soil gas and indoor air cause the migration 
of radon through cracks and other openings 
into buildings, the primary source of indoor 
radon. Radium and radon are soluble in 
water, with concentrations increasing as 
salinity increases (Warner et al. 2012).

Several counties in eastern Pennsylvania 
overlie the Reading Prong, a physiographic 
section known to have high bedrock uranium 
concentrations (Gundersen 1991) and 
elevated indoor radon levels. The entire state 
has had some of the highest indoor radon 
levels in the United States. The Pennsylvania 
Department of Environmental Protection 
(PADEP) established a Radon Division 
that administers a program of radon moni-
toring and remediation (http://www.portal.
state.pa.us/portal/server.pt/community/
radon_division/21923).

U.S .  Geo log ica l  Survey  (USGS) 
analysis of 548,547 indoor and short-term 
radon test results compiled by the PADEP 
during 1990–2007 reported that 39% 
of radon tests exceeded the U.S. EPA 
action level and that concentrations varied 

dramatically by geologic unit, a rock layer 
of a given lithology and geologic period 
(e.g., Annville Formation, high-calcium 
limestone from the Ordovician period) 
(Gross 2013). Geologists have identified 
195 geologic units in Pennsylvania. Other 
factors that have been associated with 
higher indoor radon levels include the use 
of radon-rich well water [Folger et al. 1994; 
United Nations Scientific Committee on the 
Effects of Atomic Radiation (UNSCEAR) 
2009], colder months, less precipitation, 
more expensive housing, rural area, and 
higher individual socio economic status 
(SES) (Cohen and Gromicko 1988; Folger 
et al. 1994; UNSCEAR 2009). Radon is 
present in natural gas used for cooking and 
heating; calculations performed in the 1970s 
suggested that it would not be expected to 
result in an increase in indoor radon levels 
(Johnson et al. 1973). Radon can also enter 
buildings from ambient air; however, outdoor 
radon concentrations are generally low, 
around 10 Bq/m3, but can range from 1 to 
100 Bq/m3 (UNSCEAR 2009).

The  deve lopment  o f  unconven-
tional natural gas in the Marcellus shale in 
Pennsylvania has the potential to exacer-
bate several pathways for entry of radon 
into bui ldings.  The USGS reported 
91,020 Bq/m3 (n = 14) as the median 
radium concentration in produced water 
from Marcellus wells (Rowan et al. 2011), a 
value nearly 500 times the federal drinking 
water limit (185 Bq/m3) and one that far 
exceeds the industrial discharge limit of 
2,220 Bq/m3. Underground, radon collects 
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Background: Radon is the second-leading cause of lung cancer worldwide. Most indoor exposure 
occurs by diffusion of soil gas. Radon is also found in well water, natural gas, and ambient air. 
Pennsylvania has high indoor radon concentrations; buildings are often tested during real estate 
transactions, with results reported to the Department of Environmental Protection (PADEP).

oBjectives: We evaluated predictors of indoor radon concentrations.

Methods: Using first-floor and basement indoor radon results reported to the PADEP between 
1987 and 2013, we evaluated associations of radon concentrations (natural log transformed) with 
geology, water source, building characteristics, season, weather, community socio economic status, 
community type, and unconventional natural gas development measures based on drilled and 
producing wells.

results: Primary analysis included 866,735 first measurements by building, with the large 
majority from homes. The geologic rock layer on which the building sat was strongly associated 
with radon concentration (e.g., Axemann Formation, median = 365 Bq/m3, IQR = 167–679 vs. 
Stockton Formation, median = 93 Bq/m3, IQR = 52–178). In adjusted analysis, buildings using 
well water had 21% higher concentrations (β = 0.191, 95% CI: 0.184, 0.198). Buildings in 
cities (vs. townships) had lower concentrations (β = –0.323, 95% CI: –0.333, –0.314). When we 
included multiple tests per building, concentrations declined with repeated measurements over 
time. Between 2005 and 2013, 7,469 unconventional wells were drilled in Pennsylvania. Basement 
radon concentrations fluctuated between 1987 and 2003, but began an upward trend from 2004 to 
2012 in all county categories (p < 0.001), with higher levels in counties having ≥ 100 drilled wells 
versus counties with none, and with highest levels in the Reading Prong. 
conclusions: Geologic unit, well water, community, weather, and unconventional natural 
gas development were associated with indoor radon concentrations. Future studies should 
include direct environmental measurement of radon, as well as building features unavailable for 
this analysis. 

citation: Casey JA, Ogburn EL, Rasmussen SG, Irving JK, Pollak J, Locke PA, Schwartz BS. 
2015. Predictors of indoor radon concentrations in Pennsylvania, 1989–2013. Environ Health 
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in porous geological formations and thus in 
natural gas production wells (Gogolak 1980). 
Shales also tend to contain both higher 
concentrations of uranium (3.7–40 ppm) than 
other geologic formations and higher concen-
trations of radon in their natural gas (Gogolak 
1980). The USGS reported preliminary data 
from 11 wellheads in Pennsylvania with 
corrected concentrations of radon (devices 
were calibrated for air measurement, but used 
in natural gas with correction factor = gas 
measurement × 1.47) ranging from 37 to 
2,923 Bq/m3 (median = 1,369) (Rowan and 
Kraemer 2012), suggesting that shale gas may 
have higher radon levels than other natural 
gas sources.

To our knowledge, no prior studies have 
evaluated predictors of radon concentrations 
in Pennsylvania. Our main objective was to 
identify the independent contribution to 
indoor radon concentrations of geologic unit, 
water source, building characteristics, season, 
weather, community SES, community type, 
and Marcellus shale development.

Methods
Study design. We obtained radon data on 
1,983,705 indoor radon tests conducted in 
806,469 buildings between 1987 and 2013 
from all 67 counties in Pennsylvania; these 
tests were submitted by certified testers, 
laboratories, or homeowners to the PADEP 
Bureau of Radiation Protection, Radon 
Division. Buildings are most often tested 
during real estate transactions (World Health 
Organization 2009), and the PADEP requires 
reporting of all test results to their GreenPort 
website (http://www.depgreenport.state.
pa.us/). We used the subset of radon measure-
ments taken between 1 January 1989 and 
31 December 2013 in our analysis because 
few samples were available from earlier years 
(n = 4,294) (Figure 1). The Institutional 
Review Board at the Johns Hopkins 
Bloomberg School of Public Health reviewed 
the study protocol and did not consider it to 
be human subjects research.

Outcome: indoor radon concentration. 
Data included the address of the tested 
building, building type (12 types; Table 1), 
test location (i.e., basement, first floor, second 
floor), test type (i.e., activated charcoal, alpha-
track detectors, charcoal liquid scintillation, 
continuous radon monitors, electret ion 
chamber), test dates, and radon concentra-
tion (Bq/m3). Results were available for both 
short-term (2–7 days) and long-term (up 
to 1 year) testing periods. We used ArcGIS 
(version 10.0; Esri) and 10 street maps [e.g., 
TeleAtlas (TomTom), TIGER files (https://
www.census.gov/geo/maps-data/data/tiger.
html), and StreetMap Premium (Esri) from 
2000–2012] to obtain latitude and longitude 
of buildings. 

We excluded tests from buildings that 
could not be geocoded to an address, that 
were out of state, that were not taken on the 
first floor or basement, or that appeared in 
the database more than once (n = 394,008 
buildings). Many buildings (n = 307,245) 
had multiple radon measurements (range, 
2–56) taken on the same floor and day. For 
example, in buildings with two measurements 
per floor (n = 291,098), the correlation of 
floor-specific measurements was very high 
(ρ = 0.91). Because we had no information 
on building remediation, our primary analysis 
included only measurements taken during the 
first test day at each building (n = 866,735, 
including 224,666 averaged concentrations 
from the same floor and day). In a sensitivity 
analysis, we included up to four tests over 
time from each building.

Data sources. We obtained data on 
the public water service areas compiled by 
the PADEP from the Pennsylvania State 
University’s Spatial Data Access website 

(Pennsylvania Spatial Data Access; http://
www.pasda.psu.edu). Any home outside 
the public water supplier’s service area 
was assumed to use well water. Statewide 
bedrock geology and physio graphic sections 
were downloaded as shapefiles from the 
Pennsylvania Department of Conservation and 
Natural Resources (PADCNR; http://www.
dcnr.state.pa.us). On average, each geologic 
unit covers 749 noncontiguous square kilome-
ters. One important geologic unit is the felsic 
gneiss, which is found throughout the state. 
The Reading Prong section primarily contains 
felsic gneiss; however, the section is present 
in only three counties, identified as Reading 
Prong counties in Figure 2.

We downloaded monthly average 
tempera ture and rainfall in 10 regions from 
the Pennsylvania State Climatologist (http://
climate.psu.edu). Based on 2000 U.S. Census 
boundary files, buildings were assigned to 
a minor civil division: cities, moderate- to 
high-density boroughs, and suburban and 

1,983,705 radon tests
from 1987–2013 

Model 5
1,044

values from
first floor 

1,251,763 basement and first floor
radon values after averaging tests 

taken on the same floor
on the same day 

Excluded:
• 4,294 radon tests from 1987–1988
• 95,327 radon tests that
 appeared > 1 in the database
• 172,360 radon tests that
 were not taken on the first
 floor or in the basement
• 126,321 radon tests that could 
 not be geocoded to an address 
 or were from out of state

Excluded:
• 25,567 radon tests
 after the 4th test
  date per building
• 210,432 radon tests
 taken on the first floor

Excluded:
• 478,635 radon values 
 taken before 2005
• 315 radon tests 
 taken in buildings
 located < 800 m from
 a spudded well 

Excluded:
• 346,014 basement 
 radon values
• 31,201 first floor 
 winter, spring, and
 fall radon values
• 9,517 first floor values 
 from buildings located
 > 20 km (n = 9,514) or
 < 800 m (n = 3) from
 a spudded well
• 9 radon values that
 were outliers

Excluded: 
• 385,028 non-first radon values 

1,585,403 basement and first floor
radon tests from 1989–2013 

Model 1A
866,735 first
values from

basement and
first floor

Model 1B
1,015,764 

values from
basement

Excluded:
• 160,937 values from first floor 

Excluded:
• 359,499 values from prior to 2005
• 258,608 winter, spring, and
 fall radon values
• 69,568 radon values from
 buildings located > 20 km 
 (n = 69,438) or < 800 m 
 (n = 130) from a spudded well 

Excluded:
• 401,520 values from prior to 2006 

Model 5
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705,798
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Figure 1. Flow diagram of radon tests included in six primary models.
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Table 1. Radon concentrations (Bq/m3) by test and building characteristics, stratified by test location.

Variable Category

Basement* First floor*

n (%) Median (IQR)  Range  n (%) Median (IQR)  Range 
All results Total 705,798 (100) 118.4 (59.2–262.7) 0–69,057 160,937 (100) 55.5 (29.6–111.0) 0–111,481
U.S. EPA action level < 148 Bq/m3 408,184 (57.8) 66.6 (40.7–99.9) 0–147.9 131,245 (81.6) 44.4 (25.9–74) 0–147.9

≥ 148 Bq/m3 297,614 (42.2) 310.8 (207.2–580.9) 148–69,057 29,692 (18.5) 262.7 (188.7–447.7) 148–111,481
Well water use No 591,565 (83.8) 111.0 (58.1–236.8) 0–69,057 138,804 (86.3) 51.8 (27.8–103.6) 0–111,481

Yes 114,233 (16.2) 185.0 (81.4–458.8) 0–55,463 22,133 (13.8) 74.0 (37.0–164.7) 0–14,822
Building type 2-Story 298,672 (42.3) 114.7 (61.1–114.7) 0–55,463 73,340 (45.6) 53.65 (29.6–103.6) 0–111,481

3-Story 69,008 (9.8) 166.5 (77.6–166.5) 2.2–33,973 8,837 (5.5) 70.3 (33.3–162.8) 0.7–7,478
Apartment 1,999 (0.3) 82.0 (44.4–173.9) 3.7–5,254 1,042 (0.7) 33.3 (18.5–68.5) 0.7–1,395
Bi-level 12,599 (1.8) 131.3 (62.9–294.2) 1.1–25,937 2,628 (1.6) 77.7 (37.0–166.5) 1.9–9,476
Cape Cod 15,801 (2.2) 127.7 (70.3–257.2) 0–29,637 3,837 (2.4) 59.2 (29.6–103.6) 0–29,711
Commercial 1,773 (0.3) 77.7 (42.6–157.3) 3.7–4,449 871 (0.5) 40.7 (22.2–83.9) 0.7–6,915
Contemporary 4,156 (0.6) 136.0 (66.6–296) 3.7–25,530 1,968 (1.2) 51.8 (25.9–108.8) 3.7–2,760
Public/school 370 (0.1) 94.7 (47.2–203.5) 13.6–5,176 202 (0.1) 51.8 (27.1–96.2) 3.7–636
Ranch 63,946 (9.1) 151.7 (79.6–323.2) 0.9–69,057 14,764 (9.2) 66.6 (37.0–136.9) 0–10,286
Split level 17,788 (2.5) 107.3 (59.2–218.3) 1.5–41,607 5,822 (3.6) 59.2 (33.3–107.3) 0–8,251
Townhouse 42,691 (6.1) 68.5 (40.7–125.8) 0.2–32,751 16,920 (10.5) 37.0 (22.2–66.6) 0–22,459
Trailer 183 (0.03) 88.8 (51.8–192.4) 18.5–2,531 139 (0.1) 33.3 (18.5–33.3) 3.7–662
Unknown 176,812 (25.1) 122.1 (55.5–297.9) 0–35,668 30,567 (19.0) 62.9 (29.6–153.0) 0–16,119

Test type Activated charcoal 237,932 (33.7) 129.5 (55.5–325.6) 0–69,057 54,957 (34.2) 59.2 (25.9–142.5) 0–50,294
Alpha track 7,074 (1.0) 161.1 (81.4–333.0) 0.7–14,796 1,844 (1.2) 99.9 (42.7–221.4) 0.4–3,441
Charcoal liquid scintillation 44,936 (6.4) 162.8 (70.3–392.2) 0–32,751 4,934 (3.1) 77.7 (33.3–186.9) 3.7–16,119
Continuous 209,994 (29.8) 114.7 (59.2–236.8) 0.2–41,544 14,647 (9.1) 48.1 (25.9–92.5) 0.1–111,481
Electret ion chamber 205,862 (29.2) 111.0 (62.9–214.6) 0–62,974 84,555 (52.5) 53.65 (29.6–99.9) 0–29,711

Test duration 1–7 days 693,864 (98.3) 118.4 (59.2–262.7) 0–69,057 157,912 (98.2) 55.5 (29.6–111.0) 0–111,481
≥ 8 days 11,934 (1.7) 148.0 (74.0–310.8) 0–69,057 3,025 (1.8) 81.4 (37.0–181.3) 0–3,593

Season Winter 169,921 (24.1) 114.7 (59.2–247.9) 0–55,463 37,886 (23.5) 48.1 (25.9–96.2) 0–50,294
Spring 198,485 (28.1) 114.7 (59.2–229.4) 0–62,974 46,432 (28.9) 51.8 (27.8–98.1) 0–22,496
Summer 174,007 (24.7) 133.2 (66.6–299.7) 0–41543.6 40,320 (25.1) 66.6 (33.3–136.9) 0–111,481
Autumn 163,385 (23.2) 118.4 (59.2–292.3) 0–69,057 36,886 (22.6) 59.2 (29.2–129.5) 0–29,711

Average temperature in month 
of test (°C)

< 0 84,259 (11.9) 3.3 (1.6–8.0) 0.004–930 17,294 (10.8) 1.6 (0.8–3.7) 0–276
0 to < 10 232,372 (32.9) 3.3 (1.6–7.7) 0–1,866 53,651 (33.3) 1.6 (0.8–3.4) 0–3,013
10 to < 18.3 189,693 (26.9) 3.4 (1.7–7.3) 0–1,499 43,018 (26.7) 1.5 (0.8–3.0) 0–607
≥ 18.3 199,474 (28.3) 3.0 (1.6–6.2) 0–1,702 46,974 (29.2) 1.4 (0.7–2.6) 0–608

Average rainfall in month of 
test (cm)

< 7.1 236,239 125.8 (62.9–281.9) 0–69,056 53,693 59.2 (29.6–121.0) 0–50,294
7.2–10.8 232,866 116.6 (59.2–251.6) 0–62,974 55,928 55.5 (29.6–107.3) 0–111,481
≥ 10.9 236,693 116.6 (59.2–255.3) 0–41,607 51,316 53.7 (27.8–107.3) 0–22,496

Community socioeconomic 
deprivation quartilea

1 (< –4.9) 169,327 (24.5) 118.4 (59.2–262.7) 0–35,897 46,100 (29.4) 59.2 (29.6–118.4) 0–50,294
2 (–4.9 to –3.3) 172,068 (24.9) 133.2 (66.6–306.0) 0–55,463 37,389 (23.8) 62.9 (33.3–129.5) 0–29,711
3 (–3.2 to –1.1) 177,619 (25.7) 129.5 (66.6–284.9) 0–69,057 36,734 (23.4) 59.2 (29.6–114.7) 0–18,537
4 (≥ –1.0) 173,407 (25.0) 103.6 (53.7–222.0) 0–35,668 36,742 (23.4) 44.4 (24.1–92.5) 0–111,481

Minor civil division Township 488,168 (69.2) 130.7 (64.8–299.7) 0–55,463 116,311 (72.3) 59.2 (29.6–122.1) 0–50,294
Borough 133,990 (19.0) 112.9 (59.2–233.1) 0–69,057 25,643 (15.9) 51.8 (25.9–103.6) 0–22,496
City 83,638 (11.9) 79.6 (44.4–148.0) 0–31,361 18,983 (11.8) 40.7 (22.2–70.7) 0–111,481

County categoryb

No Marcellus activity Other counties 379,223 (53.7) 120.3 (59.2–273.8) 0–62,974 112,252 (69.8) 55.5 (29.6–111.0) 0–50,294
Low Marcellus activity < 100 drilled wells by 2013 174,216 (24.7) 114.7 (62.9–233.1) 0–30,621 22,734 (14.1) 55.5 (27.4–118.4) 0–22,496
High Marcellus activity ≥ 100 drilled wells by 2013 57,814 (8.2) 129.5 (70.3–260.9) 0–30,858 5,753 (3.6) 62.9 (33.3–129.5) 2.6–111,481
Reading Prong Berks, Lehigh, and Northampton 62,635 (8.9) 192.4 (85.1–425.5) 0–69,057 9,632 (6.0) 96.2 (44.4–210.9) 0–14,822
Philadelphia Philadelphia 31,910 (4.5) 62.9 (37.0–105.5) 0–31,361 10,566 (6.6) 37.0 (22.2–62.9) 0–2,331
Drilled well within 20 km of 

building
No 637,317 (90.3) 118.4 (59.2–266.4) 0–69,057 156,731 (97.4) 55.5 (29.6–111.0) 0–50,294
Yes 68,481 (9.7) 124.0 (70.3–244.2) 0–38,658 4,206 (2.6) 59.2 (33.3–120.3) 3.7–111,481

Drilled-well exposure quartilec

1 < 0.19 well/km2 17,086 (25.0) 120.3 (70.3–225.7) 3.7–23,465 1,086 (25.8) 70.3 (37.0–133.2) 3.7–2,742
2 0.19 to 0.61 well/km2 17,099 (25.0) 125.8 (70.3–255.3) 18.5–29,637 1,073 (25.5) 59.2 (29.6–114.7) 18.5–8,251
3 0.62 to 1.4 well/km2 17,126 (25.0) 125.8 (70.3–247.9) 18.5–30,858 1,046 (24.9) 55.5 (29.6–107.3) 14.8–3,559
4 > 1.4 well/km2 17,170 (25.1) 125.8 (70.3–247.9) 18.5–19,769 1,001 (23.8) 59.2 (37.0–122.1) 18.5–111,481

Producing-well exposure quartiled

1 < 2.55 m3/day/km2 83,971 (24.3) 111.0 (55.5–247.9) 2.6–40,928 13,052 (31.2) 51.8 (26.3–99.9) 0–8,131
2 2.55 to 294.4 m3/day/km2 86,196 (24.9) 120.3 (61.1–266.4) 7.4–35,897 10,826 (25.9) 59.2 (30.9–118.4) 0–29,711
3 294.5 to 4312.6 m3/day/km2 86,989 (25.1) 125.8 (62.9–281.2) 11.1–62,974 10,034 (24.0) 59.2 (33.3–122.1) 3.7–12,119
4 > 4312.7 m3/day/km2 89,143 (25.7) 133.2 (70.3–288.6) 11.1–30,858 7,879 (18.9) 61.1 (33.3–124.0) 5.6–111,481

aNot available for buildings located in Philadelphia or Pittsburgh. Community socioeconomic deprivation was assigned at the township, borough, or census-tract level, based on six 
indicators derived from the 2000 U.S. Census: combined less than high school education, not in the labor force, in poverty, on public assistance, civilian unemployment, and does not 
own a car; a higher score represents a more deprived community. bNo Marcellus activity (other counties): Adams, Bedford, Bucks, Carbon, Chester, Cumberland, Dauphin, Delaware, 
Erie, Franklin, Fulton, Juniata, Lancaster, Lebanon, Mifflin, Montgomery, Montour, Northumberland, Perry, Pike, Schuylkill, Snyder, Union, and York; low Marcellus activity counties: 
Allegany, Beaver, Blair, Cambria, Cameron, Centre, Clarion, Columbia, Crawford, Elk, Forest, Huntingdon, Indiana, Jefferson, Lackawanna, Lawrence, Luzerne, McKean, Mercer, Potter, 
Somerset, Sullivan, Venango, Warren, and Wayne; high Marcellus activity counties: Armstrong, Bradford, Butler, Clinton, Clearfield, Fayette, Greene, Lycoming, Susquehanna, Tioga, 
Washington, Westmoreland, and Wyoming. cRestricted to 2005–2013 and buildings within 20 km of a drilled well at the time of the radon test. dRestricted to 2005–2013. *Categories of 
all variables shown had statistically significantly different ln-radon concentrations by ANOVA. 
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rural townships. Community socio economic 
deprivation, an indicator of community SES, 
was derived from six z-transformed U.S. 
Census 2000 variables (Schwartz et al. 2011). 
Marcellus shale development data covering 
1 January 2005 through 31 December 2013, 
came from PADEP and PADCNR, with the 
latitude and longitude of each well, the date 
of well drilling, natural gas produced, and 
number of producing days. 

Marcellus shale development metrics. 
The Marcellus Formation is 1,500–2,500 m 
underground and under lies a large section 
of Pennsylvania from the southwest curling 
northeast. Only unconventional wells (hori-
zontal wells, hydraulic fracturing) were 
included (Figures 2 and 3). 

The spud date was the day well drilling 
began, and the production start date was 
the day the well first produced natural gas. 
We estimated a start date of production for 
each well: 

Production start date at well i = (lp – kp)Ip, [1]

where lp is the last day of production in period 
p, kp is the number of days in production in 
period p, and Ip equals 1 when period p is 
the first period of production for well i, and 
0 otherwise. We estimated daily natural gas 
production for each well in its first production 
period as the volume of gas produced in its 
first period divided by the number of days of 
reported production. In subsequent periods we 
estimated daily gas production as the volume 
of gas reported in each period, divided by the 
number of days in that production period. 
When wells were missing one or more produc-
tion volumes by period, we imputed missing 
volumes for periods in which there were data 
before and after (n = 102 wells), assuming a 
linear decline over time. We imputed missing 
spud dates (n = 149 wells) using conditional 
mean imputation based on production start 
date, stimulation (hydraulic fracturing) date, 
year, and geographic region.

Two primary Marcellus development 
metrics were created based on all wells in the 
state, one on drilled wells and the other on 
wells in production. Wells drilled prior to the 
start of an indoor radon test were included 
in that building’s exposure assignment. 
Once a well was drilled, it was assumed to 
contribute until the end of the study period, 
31 December 2013. We calculated drilled-
well exposure assignment:

Building j metric =  
 Σn

i = 1Σ
l
k = 1(IA(k,m)/dij

2)/m, [2]

where n is the number of drilled wells, m is the 
duration of the indoor radon test in days, k is 
the day with 1 equal to 1 January 2005, and 
l is equal to 3,287 (to 31 December 2013), 

IA(k,m) is 1 when well i has been drilled before 
day k and the indoor radon test at building 
j is conducted from day k to day k + m, and 
0 otherwise, and d2

ij is the squared-distance 
between the coordinates of the wellhead 
of well i and building j. We calculated the 
producing-well exposure assignment:

Building j metric = 
 Σn

i = 1Σ
l
k = 1(IA(k,m)gp /dij

2)/m, [3]

where n is the number of producing wells, 
m is the duration of the indoor radon test in 
days, k is the day with 1 equal to 1 January 
2005 and l is equal to 3,287 (to 31 December 
2013), IA(k,m) is 1 when well i is producing 
on day k and the indoor radon test at 
building j is conducted from day k to day 
k + m, and 0 otherwise, gp is the estimated 
amount of natural gas produced (in thou-
sands of cubic meters) by well i on day k, 
and d2

ij is the squared distance between the 
coordinates of the wellhead of well i and 
building j.

Statistical analysis. The goal of the analysis 
was to evaluate associations of year, county 
category, geologic unit, community type, 

community SES, well water use, and metrics 
of unconventional natural gas develop ment 
with indoor radon concentrations. Building 
was the unit of analysis. The distribution of 
radon concentrations was skewed, so we used 
natural log-transformed radon concentra-
tion (ln-radon) as our outcome variable to 
improve compliance with assumptions of 
linear regression (i.e., homo scedasticity and 
normality of residuals). We used one-way 
analysis of variance (ANOVA) to assess unad-
justed differences in indoor radon concen-
trations by other covariates. To evaluate 
associations with indoor ln-radon concen-
tration, we used multi variable linear regres-
sion and generalized estimating equations to 
account for within-building correlation when 
models included more than one measurement 
per building. When beta coefficients are < 0.1, 
100 × β can be interpreted as approximating 
the percent change in radon concentration 
associated with a 1-unit change in the inde-
pendent variable. In models used to assess the 
spatial distribution of radon levels, we wanted 
to remove the contribution of building-related 
factors. Models used to assess associations of 
unconventional natural gas develop ment with 

Figure 2. County category groupings, the Reading Prong section, and location of spudded Marcellus wells 
(through 2013). 
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Figure 3. (A) Number of new unconventional wells drilled annually during 2005–2013 (gray) and cumulative 
number of wells. (B) Unconventional natural gas produced (billions of cubic meters) during 2005–2013. 
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radon levels did not contain county, minor 
civil division, or community SES because of 
concern about overadjustment. Covariates 
were included in models 1–4 because of 
a priori hypotheses that they could confound 
the relationship between our primary vari-
ables of interest and ln-radon concentration 
or based on the quasi-likelihood information 
criterion (Hardin and Hilbe 2013).

Model 1A included only measurements 
taken on the first test date at each building 
(n = 762,725 buildings and n = 866,735 
radon values), which included some averaged 
values when multiple tests were performed 
on the same floor on the same day. Model 1A 
was adjusted for test year (1989–2013), test 
location (basement or first floor), well water 
use (yes or no), 13 building types (including 
“unknown”), test type (listed above), test 
duration, season, weather (average tempera-
ture and rainfall for 10 regions during the 
month radon measurement began with linear, 
quadratic, and cubic terms to account for 
nonlinearity), minor civil division, county 
(n = 67), and 179 mutually exclusive geologic 
units [reference group = Stockton Formation 
(n = 62,026) plus 12 geologic units with < 20 
tests]. We used model 1B to evaluate changes 
over time in within-building basement radon 
levels by estimating model 1A, restricted to 
basement measurements, from up to four 
testing dates per building (n = 714,097 
buildings and n = 1,015,764 radon values). 
We also assessed changes in radon levels 
over time for buildings with high initial 
concentrations by restricting model 1B to 
buildings with initial radon concentrations 
≥ 740 Bq/m3 (n = 55,161 buildings and 
n = 99,293 radon values).

In model 2, we assessed differential 
changes in basement radon concentration 
by place and time by removing county from 
model 1A and restricting to basement radon 
values (n = 705,798 buildings and radon 
values). We ran five separate regressions 
by county category [Philadelphia, Reading 
Prong (which have no Marcellus activity), 
low Marcellus activity (< 100 wells drilled by 
2014), high Marcellus activity (≥ 100 wells 
drilled by 2014), and no Marcellus activity] 
(see Supplemental Material, Table S1). We 
then plotted the predicted values of the 
geometric mean radon concentration by 
county category and year; 95% confidence 
intervals (CIs) were estimated using the delta 
method (Cox 1998).

We produced two maps of  state-
wide basement radon concentrations for 
2006–2013. The first displayed median 
radon concentrations per geologic unit 
(with ≥ 10 measurements). In the second, 
we removed variability due to building-level 
factors (which could help target remediation 
efforts to certain locations). We did this with 

model 3 by regressing ln-radon on building-
level factors (i.e., year, building type, test type, 
test duration, season, average temperature and 
rainfall). In model 4, we fit a linear regression 
of the residuals from model 3 on only geologic 
unit, county, and well water use (n = 304,278 
buildings and radon values) and then used 
model 4 to output new predicted radon 
concentrations in a 500-m × 500-m grid state-
wide. Split samples suggested that model 4 
predicted well, and residual semivariogram 
plots did not exhibit spatial autocorrelation.

We used models 5 and 6 to evaluate two 
a priori hypotheses of the possible contribu-
tion of unconventional natural gas develop-
ment on indoor radon concentrations: 
a) Ambient air could contribute to indoor 
radon concentrations through the release of 
radon and radium in the drilling process, 
primarily in the summer when buildings 
are more likely to be open; and b) produced 
natural gas containing radon could enter 
building air through use of natural gas for 
cooking or unvented heating and, given a 
transit speed of about 16 km/hr in pipelines 
(Gogolak 1980), all buildings in the state 
could be affected.

In model 5, we evaluated the associa-
tions of the drilled well metric (Equation 2) 
with ln-radon concentration by restricting 
model 1A to the years 2005–2013 (primary 
years of Marcellus development); measure-
ments taken only during July, August, and 
September; and buildings located within 
20 km of a drilled well at the time of the 
radon test. Because summer months had 
little variability in temperature, we did not 
include temperature in model 5. We also fit 
model 5 separately for first floor (n = 1,044 
buildings and radon values) and basement 
(n = 18,123 buildings and radon values) 
because of hypotheses about pathways of 
radon entry. Model 5 excluded 3 first-floor 
and 130 basement radon concentrations from 
buildings located within 800 m of a well 
because we did not have enough data to fit a 
curve for distances < 800 m and 9 first-floor 
radon values that were outliers (studentized 
residuals > 3). As a counter factual analysis, we 
re-ran model 5 including buildings from 1989 
through 2005 that would be located within 
20 km of a Marcellus well by December 2013. 

To evaluate associations of the producing-
well metric (Equation 3) and ln-radon 
concentrations, in model 6, we restricted 
model 1A to the years 2005–2013 and 
excluded buildings located within 800 m of 
a producing well (n = 315). Because year and 
the production well metric were highly corre-
lated (ρ = 0.95), the regression models could 
not separate their independent influence; 
therefore, we presented model 6 production 
associations as unadjusted and adjusted for 
year, as well as year associations unadjusted 

for production. Regression analysis was 
performed using Stata 13 (StataCorp). We 
tested for linear trend by year by including 
year as a continuous variable. Alpha was set at 
95%, and statistical significance was p < 0.05. 
Exposure metric creation and radon predic-
tions were performed using R, version 3.0.0 
(R Core Team 2013) and the sp package. 

Results
Our primary analysis included 866,735 first 
indoor radon values from 762,725 buildings 
collected during 1989–2013. Every county 
reported results (see Supplemental Material, 
Table S2), with a median of 3,447 and ranging 
from 59 in Forest to 99,590 in Allegheny. 
Most (81.4%) of the values were from base-
ments (n = 705,798), with a median concen-
tration of 118.4 Bq/m3 [interquartile range 
(IQR) = 59.2–262.7]; 42.2% of these values 
in basements (n = 297,614) met or exceeded 
the U.S. EPA action level (Table 1). Radon 
concentrations varied within and between 
county categories across the study period, with 
Reading Prong counties having significantly 
higher and Philadelphia significantly lower 
radon concentrations.

In total, 7,469 unconventional natural gas 
wells were drilled in 39 Pennsylvania counties 
during 2005–2013 (Figure 3A). More than 
5,000 of those wells entered production, 
producing 191 billion m3 of natural gas 
during 2009–2013 (Figure 3B). We identified 
1,056 buildings with radon values from the 
first floor collected during the summer and 
located within 20 km of a drilled well at the 
time of the test. The median of the drilled well 
metric of these buildings was 0.6 wells/km2 
(IQR = 0.2–1.3). The median of the 
producing-well metric of buildings statewide 
was 294 m3/day/km2 (IQR = 3–4,464). There 
were increasing median radon concentrations 
across quartiles of the production well metric 
for both the first floor and basement (Table 1).

In unadjusted analysis, several variables 
were associated with indoor radon concen-
trations: well water, building type, duration 
of test, season, weather during the test, 
community SES, community type, and 
county; geologic unit associations were 
strong, with large variation by unit [e.g., 
Axemann Formation, median = 365 Bq/m3 
(IQR = 167–679), vs. Stockton Formation, 
median = 93 Bq/m3 (IQR = 52–178); 
Table 1]. Communities with lower SES had 
lower radon levels, but this variable was not 
included in subsequent models because of 
concerns regarding mediation (i.e., drilling 
improves individual SES and community SES, 
but richer individuals have more tightly sealed 
homes and higher radon concentrations).

In  ad jus ted  ana lys i s  (model  1A, 
n = 866,735 first basement and first-floor 
values), many variables were associated 
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with radon concentrations. Strong associa-
tions were observed for specific geologies, for 
example Axemann, Bellefonte, and Nittany 
Formations were associated with 220–250% 
higher radon concentrations, compared with 
the Stockton Formation (see Supplemental 
Material, Table S2). Alpha track (generally 
long-term) and charcoal liquid scintillation 
tests were associated with 23% and 27% 
higher radon levels, respectively, compared 
with activated charcoal tests. Buildings using 
well water (vs. municipal water) also had 21% 
higher concentrations (β = 0.191; 95% CI: 
0.184, 0.198). Buildings in cities versus 
townships were associated with lower radon 
levels (β = –0.323; 95% CI: –0.333, –0.314). 
There were non linear associations of rainfall 
and temperature; less rainfall and cooler 
temperatures were generally associated with 
higher radon concentrations. When up to 
four temporally ordered basement measure-
ments per building were evaluated (model 1B, 
n = 1,015,764), we observed a significant 
decrease in radon concentration across tests, 
with a 37.1% (95% CI: 36.7, 37.3) decline 
from test 1 to test 2, 51.5% (95% CI: 
51.1, 51.9) from test 1 to test 3, and 58.0% 
(95% CI: 57.4, 58.9) from test 1 to test 4 (see 
Supplemental Material, Table S3). Among 
buildings with an initial basement radon 
concentration ≥ 740 Bq/m3, we observed from 
the first test an 88.8% (95% CI: 88.6, 88.9) 
decline to the second test, and a 92.3% 
(95% CI: 92.1, 92.4) decline to the third test 
(see Supplemental Material, Table S4).

After controlling for confounding variables 
including geologic unit (model 2, basement 
values only), there was evidence of an upward 
trend from 2004 to 2012 (p < 0.001). 
Confidence intervals overlapped among the 
high, low, and no Marcellus activity counties, 
particularly between no activity and high 
activity counties before 2004, whereas there 
was little or no overlap after that time, with 
high activity counties having the highest esti-
mated radon concentrations, followed by no 
activity and low activity counties, respectively. 
However, fewer measurements were taken 
in earlier years, resulting in less precise esti-
mates with more variation from year to year 
(Figure 4). It should be noted that when both 
basement and first-floor values were included 
(model 1A; see Supplemental Material, 
Table S2) the upward trend began in 2006 
(p < 0.001). There were large differences across 
the state in median radon concentrations by 
geologic unit (Figure 5A). Geologic unit and 
well water use did not appear to make large 
contributions to indoor radon concentrations 
in regions with many drilled Marcellus wells 
(Figure 5B, models 3 and 4).

The drilled well metric was significantly 
associated with first-floor summer radon 
concentrations in buildings located within 

20 km of a drilled well; for each additional 
drilled well per square kilometer surrounding 
the building, first-floor radon levels were 
estimated to be 2.8% higher (drilled well 
β = 0.028; 95% CI: 0.001, 0.05) (model 5). 
We also found a positive, but attenu-
ated, association with basement measure-
ments (drilled well β = 0.010; 95% CI: 
0.003, 0.020). In a sensitivity analysis, there 
was no association between the counter-
factual drilled well metric for future wells and 
summer first-floor concentrations between 
1989 and 2005 (drilled well β = 0.001; 
95% CI: –0.022, 0.024).

The producing-well metric was not associ-
ated with indoor radon concentration when 
year was included in model 6 (production 
β = –0.001; 95% CI: –0.003, 0.002); when 
year was not associated, gas production was 
significantly associated with indoor radon 
concentration and radon concentrations 
were estimated to be 1.3% higher with each 
additional 100 m3 of natural gas produced 
per day per square kilometer (production 
β = 0.013; 95% CI: 0.005, 0.020). There was 
a positive association between year and radon 
concentrations between 2005 and 2013, 
when the production metric was removed 

Figure 4. Geometric mean and 95% confidence intervals for indoor basement radon concentrations in 
five county categories, 1989–2013. High Marcellus shale counties had at least 100 unconventional wells 
drilled by 2013, and low Marcellus shale counties had 1–100. Predicted values were generated from five 
separate linear regression models (one for each county category) including only measurements taken 
on the first test date at each building (n = 705,798 values), adjusted for test year (1989–2013), well water 
use, 13 building types, five test types, test duration, season, weather (average temperature and rainfall 
with linear, quadratic, and cubic terms), minor civil division, and 179 mutually exclusive geologic units 
(model 2). 
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from model 6 (year β = 0.012; 95% CI: 
0.011, 0.014).

Discussion
We identified several predictors of indoor 
radon concentrations in Pennsylvania, a state 
with historically high radon levels (Alter 
and Oswald 1987). Water source, building 
type, test type, test duration, season, weather, 
county, and geologic unit were associated 
with indoor radon concentration. When 
data were aggregated to county categories, 
on average, Reading Prong counties had the 
highest indoor radon concentrations (Table 1, 
Figure 4). Nearly 300,000 homes had a 
first basement test result that exceeded the 
U.S. EPA action level. We observed fluctu-
ating radon concentrations throughout the 
study period; low Marcellus activity counties 
consistently had lower radon concentrations 
than either high or no Marcellus activity, 
before and after drilling began. From 2005 
through 2013 the high activity counties had 
higher basement radon levels than either 
low or no Marcellus activity counties, with 
confidence intervals that did not overlap, and 
there was evidence of a significant upward 
trend (Figure 4). In a model using first-
floor and basement values and adjusting for 
each county (model 1A), radon concentra-
tions only began increasing in 2006 (see 
Supplemental Material, Table S2). When we 
included multiple basement measurements 
per building, radon levels declined with 
repeated measurements within a building, 
which is good news for public health and 
also suggests that state remediation programs 
are effective.

Buildings located in cities had nearly 
27% lower radon levels than those located 
in more rural townships (Table 2; see also 
Supplemental Material, Table S2). Previous 
work suggests that this difference is not due 
to weatherization of homes (Cohen and 
Gromicko 1988); it may occur because cities 
are sited in low-lying, alluvial sites, where 
radon levels are low (Briggs et al. 2008). 
However, the association persisted after 
adjustment for geologic unit and community 
SES. Buildings located in poorer communi-
ties also tended to have lower radon concen-
trations, consistent with past research (Cohen 
and Gromicko 1988).

We found that buildings using well 
water had 21% higher indoor radon concen-
trations than those using municipal water. 
The release of waterborne radon during 
showering or washing can contribute to 
concentrations in buildings. The NRC has 
estimated that 10,000 pCi/L (37,000 Bq/m3) 
of waterborne radon entering a building is 
needed to increase indoor air concentration 
by 1 pCi/L (37 Bq/m3) (NRC 1999b). Our 
20% increase represented approximately 

37 Bq/m3. An early study of Pennsylvania 
groundwater wells reported that only 10% 
exceeded 185,000 Bq/m3 (Swistock et al. 
1993), putting our estimate at odds with the 
rule of thumb.

We found a statistically significant asso-
ciation between proximity to unconventional 
natural gas wells drilled in the Marcellus 
shale and first-floor radon concentra-
tion in the summer, with a positive—but 
attenuated—association for basement levels, 
which suggests a pathway through outdoor 
ambient air but does not rule out the possi-
bility of radon moving from the basement 
to the first floor. Geographic location 
did not appear to account for the associa-
tion because we did not find an association 
in buildings prior to 2006 that would be 
located near Marcellus wells in the future. 
Prior studies suggest that levels of radon 
in ambient air are low; our finding merits 
further study because the Marcellus shale is 
known to contain elevated levels of uranium 
(U.S. EPA 2008), and flowback water and 
reserve pit soil can contain elevated levels of 
radium, which could create an environmental 

exposure pathway (Rich and Crosby 2013; 
Rowan et al. 2011; Warner et al. 2012). 
It is also possible that radon could enter 
buildings through the use of natural gas 
containing radon. However, concentra-
tions at the wellhead in Pennsylvania have a 
median of 1,369 Bq/m3 (Rowan and Kraemer 
2012), much lower than the 37,000 Bq/m3 
thought needed to increase radon concen-
trations by 12.2 Bq/m3 annually in homes 
that use gas appliances (Gogolak 1980). Our 
findings should be interpreted in the context 
of Pennsylvania’s recent Technologically 
Enhanced Naturally Occurring Radioactive 
Material (TENORM) study report from 
January 2015, which concluded that 

There is little potential for additional radon 
exposure to the public due to the use of natural 
gas extracted from geologic formations in 
Pennsylvania. (Perma-Fix Environmental 
Services Inc. 2015)

However, the study did detect radon in several 
components of the unconventional natural gas 
development process and waste stream, such 
as natural gas, drill cuttings, and wastewater.

Figure 5. (A) Unadjusted median basement radon concentrations (n = 304,278 tests) in Pennsylvania 
by geologic unit during 2006–2013. (B) Predicted contribution to basement radon concentration from 
geologic unit, county, and well water after accounting for variation due to year (2006–2013), building 
type, test type, test duration, season, average temperature, and average rainfall (based on models 3–4; 
n = 304,278 values).
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Our analysis had several limitations. 
We had no information on radon-resistant 
construction, construction year, types of 
remediation completed, type of heating and 
cooking systems, quantity of natural gas and 
water used in the building, degree of sealing 
of the building for energy efficiency, soil type 
near the building, wind speed and direc-
tion, or individual SES. These missing data 
make attributing increased radon levels to 
a particular source difficult. For instance, it 
is possible that the observed upward trend 
from 2004 to 2012 was simply the result 
of buildings being sealed more tightly 
during this time.

We did not know whether a radon profes-
sional or a homeowner performed each radon 
test. However, homes are usually tested during 
real estate transactions, and radon profes-
sionals generally perform these tests, ensuring 
impartial results. Tests are also performed 
when people are worried about their levels or 
want to retest after abatement. Worry about 
levels could introduce a form of selection bias 
sometimes observed in universal screening 
programs in which those with higher radon 
levels would be more likely to test first, which 
would account for the temporal trends up to 
2005. We addressed the abatement concern 
by only including first measurements. In 
addition, our analysis should be considered 
exploratory because we did not perform any 
environ mental radon measurements specifi-
cally directed at evaluating the Marcellus or 
well water hypotheses.

Conclusion
Radon continues to be a concern in 
Pennsylvania, and geology is an important 
contributor. Well water may contribute more 
to indoor radon than previously thought. 
There has also been a general rise in concen-
trations since 2006. The measurements of 
the Pennsylvania TENORM study should 
be periodically repeated given the projection 
of 60,000 wells in Pennsylvania by 2030 
(Johnson 2010). Future studies of building 
radon levels should include more informa-
tion about buildings, such as age, heating 
systems, remediation intervention, and 
radon-resistant construction. Radon exposure 
represents a major environmental health risk, 
and in addition to future studies to under-
stand the impact of drilling on radon levels, 
there is continuing need for a radon program 
in Pennsylvania to track and evaluate radon 
concentrations and to encourage testing 
and remediation.
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ABSTRACT 

Background: Unconventional natural gas development (UNGD) produces environmental 

contaminants and psychosocial stressors. Despite these concerns, few studies have evaluated the 

health effects of UNGD. 

Objectives: We investigated associations between UNGD activity and symptoms in a cross-

sectional study in Pennsylvania. 

Methods: We mailed a self-administered questionnaire to 23,700 adult patients of the Geisinger 

Clinic. Using standardized and validated questionnaire items, we identified respondents with 

chronic rhinosinusitis (CRS), migraine headache, and fatigue symptoms. We created a summary 

UNGD activity metric that incorporated well phase, location, total depth, daily gas production 

and inverse distance-squared to patient residences. We used logistic regression, weighted for 

sampling and response rates, to assess associations between quartiles of UNGD activity and 

outcomes, both alone and in combination. 

Results: The response rate was 33%. Of 7,785 study participants, 1,850 (24%) had current CRS 

symptoms, 1,765 (23%) had migraine headache, and 1,930 (25%) had higher levels of fatigue. 

Among individuals who met criteria for two or more outcomes, adjusted odds ratios for the 

highest quartile of UNGD activity compared to the lowest were [OR (95% CI)] 1.49 (0.78, 2.85) 

for CRS plus migraine, 1.88 (1.08, 3.25) for CRS plus fatigue, 1.95 (1.18, 3.21) for migraine plus 

fatigue, and 1.84 (1.08, 3.14) for all three outcomes together. Significant associations were also 

present in some models of single outcomes. 

Conclusions: This study provides evidence that UNGD is associated with nasal and sinus, 

migraine headache, and fatigue symptoms in a general population representative sample. 
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INTRODUCTION 

Unconventional natural gas development (UNGD), which includes the process of 

hydraulic fracturing, represents an expanding share of energy production worldwide. Shale gas 

extraction now comprises 40% of U.S. domestic natural gas production (Energy Information 

Administration 2015). In the past decade particularly rapid increases in UNGD have occurred in 

Pennsylvania, where more than 8,800 unconventional wells have been drilled. 

There are concerns that UNGD could affect the environment via chemical pollutants such 

as diesel exhaust, volatile organic compounds, combustion products, fugitive emissions, and 

fracking chemicals (Werner et al. 2015). UNGD has been linked to contamination of air (Macey 

et al. 2014; Paulik et al. 2015), soil (Maloney and Yoxtheimer 2012), groundwater (Jackson et al. 

2013; Drollette et al. 2015), and surface water (Kassotis et al. 2014). UNGD also creates 

contextual and psychosocial stressors including noise, truck traffic, influxes of non-local 

workers, and perceived negative impacts on quality of life and the built and social environments 

(Saberi et al. 2014; Powers et al. 2015; Adgate et al. 2014).  

There have been few studies of the health effects of UNGD, despite increasing concern 

(Mitka 2012; Kovats et al. 2014). Prior studies have been limited by factors including small 

sample size and imprecise exposure assessment (Adgate et al. 2014). Because expansion of 

UNGD has outpaced scientific understanding of its potential health impacts, studies of self-

reported outcomes have been advocated as a rapid means of generating hypotheses that could 

influence public policy. Furthermore, some illnesses with plausible links to UNGD, such as pain 

syndromes and fatigue, are defined solely by symptoms. Yet to date there have been only two 

epidemiologic studies, each with fewer than 500 participants, of symptoms in relation to UNGD 

(Steinzor et al. 2013; Rabinowitz et al. 2015). 
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 We used data from a large population-based cross-sectional survey of Pennsylvania 

adults to identify patients with nasal and sinus symptoms, migraine headache, and higher levels 

of fatigue. We selected these outcomes because of their high prevalence, large economic costs, 

and possible links to environmental risk factors through chemical toxicity, irritation, odors, or 

stress (Hastan et al. 2011; Bhattacharyya 2009; Shashy et al. 2004; Tan et al. 2013; Friedman and 

De ver Dye 2009; Sjostrand et al. 2010; Bell et al. 1998; Griffith and Zarrouf 2008; Ranjith 

2005; Ricci et al. 2007). The purpose of this study was to test the null hypothesis that UNGD is 

not associated with these three outcomes. To do so, we conducted a case-control analysis in 

which we compared individuals with one or more of these health outcomes to selected 

participants with no or minimal evidence of these diseases. 

 

METHODS 

Study overview 

 In early 2014, we performed a cross-sectional survey of primary care patients of the 

Geisinger Clinic. Information was gathered via a questionnaire designed to study general CRS 

epidemiology (for questionnaire see Supplemental Material, “Population Study of Nasal and 

Sinus Symptoms”). The questionnaire did not mention UNGD because that was not its primary 

purpose. We used residential addresses and information about Pennsylvania unconventional gas 

wells to create UNGD activity metrics for four time-varying well development phases. We 

evaluated the associations between UNGD activity and CRS, migraine headache, and fatigue 

symptoms. The study protocol was approved by the Institutional Review Board (IRB) of the 

Geisinger Health System with an IRB Authorization Agreement with the Johns Hopkins 

Bloomberg School of Public Health. Waivers of HIPAA authorization and written informed 
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consent were approved by the IRB; implied consent was considered to have been provided if the 

patient returned the mailed questionnaire. 

 

Study population 

  The Geisinger Clinic provides primary care services to over 400,000 patients, 

predominantly in central and northeastern Pennsylvania. Our source population consisted of 

200,769 adult (age ≥ 18 years) Geisinger primary care patients for whom we had electronic 

health record (EHR) data and information on race/ethnicity. From this source population we 

selected 23,700 survey recipients using a stratified sampling design which is described in the 

following section. We mailed the baseline questionnaire in April 2014. A total of 7,847 (33.1%) 

individuals returned the questionnaire after three mailings. Questionnaires were returned 

between April 13 and October 13, 2014. After excluding respondents who lived outside 

Pennsylvania (n = 62), the study sample consisted of 7,785 participants. 

 

Rationale and description of the stratified sampling method 

 We oversampled racial/ethnic minorities because a primary interest of the parent grant 

was to understand racial/ethnic differences in CRS epidemiology. Geisinger’s catchment area 

only has approximately 8% racial/ethnic minorities. Oversampling was necessary to ensure a 

sufficient number of racial/ethnic minorities in the parent study. 

Similarly, to ensure an adequate number of CRS patients in the parent CRS study, we 

oversampled individuals with higher likelihood of having CRS. To do so, we used electronic 

health record data to identify Geisinger primary care patients with higher, intermediate, and 

lower likelihood of CRS. These assessments were based on International Classification of 
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Disease (ICD)-9 codes and Current Procedural Terminology (CPT) codes from the medical 

record. Patients with a “higher” likelihood of CRS (n = 13,494) had at least two ICD-9 codes for 

CRS (ICD-9 codes 473.x or 471.x) associated with an outpatient, inpatient, or emergency 

department encounter; or at least one CPT code for sinus computerized tomography, sinus 

endoscopy, or sinus surgery. Patients with “intermediate” likelihood of CRS (n = 49,918) had at 

least one ICD-9 code for asthma (493.x) or allergic rhinitis (477.x); or a single ICD-9 code for 

CRS associated with an outpatient, inpatient, or emergency department encounter. The 137,357 

patients who did not meet criteria for the higher and intermediate likelihood groups were 

designated as having a “lower” likelihood of CRS. 

We divided our source population into six strata based on race/ethnicity and likelihood of 

CRS. We mailed the baseline CRS survey to a larger percentage of individuals in the strata of 

interest (see Supplemental Material, Table S1). 

 

Covariates 

 From the EHR we obtained these covariates: sex; current age (years); race/ethnicity 

(white non-Hispanic, other); smoking status (never, current, former); body mass index (BMI, 

kg/m2); residential address; and history of receiving Medical Assistance, a means-tested health 

insurance program that we used as a surrogate for family socioeconomic status (Casey et al. 

2013). We used information in the EHR to derive each individual's residential place type 

(township, borough, or census tract in cities) and Charlson comorbidity index. We computed the 

Charlson index, which incorporates the number and severity of comorbid illnesses, consistent 

with previously published criteria (Charlson et al. 1987). We dichotomized race/ethnicity 

because only 10% of participants were non-white, which is reflective of the general population in 
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these communities (Casey et al. 2016). Our questionnaire ascertained additional information on 

educational status, marital status, household income, hay fever, nasal polyps, age at onset of 

nasal/sinus symptoms (in 5-year categories), history of sinus surgery, and current use of sinusitis 

medications (antibiotics and oral, inhaled, and nasal corticosteroids). We used United States 

census data to derive community socioeconomic deprivation (CSD) in townships, boroughs, and 

cities using a modified version of the Townsend index (Townsend 1987) as previously reported 

(Liu et al. 2012). 

 

Outcome ascertainment 

 The cardinal symptoms of CRS are nasal congestion/obstruction, nasal discharge 

(anterior or posterior nasal drip), smell loss, and facial pain or pressure. Our questionnaire 

ascertained the frequency (“never,” “once in a while,” “some of the time,” “most of the time,” or 

“all the time”), in the past three months, of the aforementioned symptoms (questions 10-15 of the 

questionnaire, which is included in the Supplemental Material, “Population Study of Nasal and 

Sinus Symptoms”). Following European Position Paper on Rhinosinusitis and Nasal Polyps 

(EPOS) diagnostic criteria for CRS in epidemiologic studies (Fokkens et al. 2012), we 

determined participants to have current CRS if they experienced two or more cardinal symptoms 

(one of which must be nasal congestion/obstruction [question 10] or discharge [question 11 

and/or 12]) at least “most of the time” in the past three months. 

 We ascertained migraine headache via questions from the ID Migraine questionnaire 

(Lipton et al. 2003) covering the past twelve months. Those with headaches at least “some of the 

time” (question 80) were asked the frequency (“never,” “rarely,” “less than half the time,” “half 

the time or more”) of headache-associated disability, nausea, and photophobia (questions 81-83). 
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Using a validated scoring method (Lipton et al. 2003), we dichotomized the three responses. 

Responses of “never” or “rarely” were scored as no and responses of “less than half the time” or 

“half the time or more” were scored as yes. Participants who answered yes to at least two of 

three questions were considered to have migraines. 

We ascertained fatigue with eight questions from the PROMIS fatigue short form 8a 

(Patient-Reported Outcomes Measurement Information System 2015). These items assessed the 

frequency (“not at all,” “a little bit,” “somewhat,” “quite a bit,” “very much”) of fatigue and 

fatigue-related disability in the past week (questions 84-91). We used the instrument’s 

standardized scoring instructions to code responses from 1 (“not at all”) to 5 (“very much”) and 

summed the eight values to produce a score ranging from 8 to 40. We excluded individuals who 

answered fewer than four questions (n = 76). Individuals who answered between 4 and 7 

questions were assigned a pro-rated score using this formula: score = (raw sum x 8)/(number of 

items answered). Fractional scores were rounded up to the nearest integer. Our “higher levels of 

fatigue” outcome consisted of individuals in the highest quartile (score ≥ 28). 

Some respondents met criteria for more than one outcome. In the analysis, we evaluated 

associations of UNGD with single outcomes (i.e., CRS only; migraine only; or fatigue only) and 

multiple outcomes (i.e., participants with CRS and migraine; CRS and fatigue; migraine and 

fatigue; or all three outcomes). 

 

Reference group 

We performed an unmatched case-control analysis in which we compared individuals 

with one or more of the three primary outcomes (“cases”) to a subset of participants with no or 

minimal evidence of these outcomes (hereafter referred to as “controls” or the “reference 
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group”). The reference group comprised study participants who 1) did not meet diagnostic 

criteria for past or current CRS, 2) reported no migraine headache symptoms, and 3) reported 

lower levels of fatigue (i.e., first quartile of fatigue score). Individuals with past CRS, 

intermediate likelihood of migraine, and/or moderate levels of fatigue were excluded from the 

reference group. These exclusion criteria were intended to produce a reference group free of 

individuals with a moderate likelihood of having the outcome (in the case of migraine and 

fatigue) or whose disease had been aggressively managed and treated (in the case of past CRS). 

We created the reference group as follows. First, we excluded all study participants with 

one or more of the outcomes of interest. Next, individuals who met criteria for lifetime CRS (i.e., 

responses of “yes” to at least two cardinal symptoms on questions 1-6, one of which had to be 

nasal blockage [question 1] or discharge [question 2 and/or 3]) but not current CRS were deemed 

to have “past CRS” and were excluded from the reference group. We then excluded participants 

from the reference group if they endorsed any of the three ID Migraine criteria. In other words, 

members of the reference group either skipped the ID Migraine questions (e.g., because they 

reported a headache frequency of “never” or “once in a while” on question 80 and were 

instructed to skip the following three questions) or responded to questions 81-83 with no 

migraine symptom occurring more frequently than “never” or “rarely.” Finally, we excluded 

individuals from the reference group if their fatigue score was higher than the 25th percentile 

(i.e., those with fatigue score > 13) or they did not answer at least four of eight PROMIS fatigue 

items (questions 84-91). No other inclusion or exclusion criteria were applied to the reference 

group. 
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UNGD activity assessment 

 We used published descriptions, and our own data, to estimate the duration of each 

UNGD phase (Gaines 2013; New York State Department of Environmental Conservation 2015; 

Casey et al. 2016). Pad preparation, which involves the clearing of the well site, lasts 

approximately 30 days. Drilling of the well then takes 1 to 30 days, proportionate to the total 

(vertical plus horizontal) depth. After drilling, hydraulic fracturing occurs during a stimulation 

(fracking) phase that lasts an average of 7 days. Finally, the well produces natural gas during a 

production phase that lasts months to years.  

 To capture these complexities of well development, we compiled data on UNGD in 

Pennsylvania from January 1, 2005 through December 31, 2014, from the Pennsylvania 

Department of Environmental Protection, the Pennsylvania Department of Conservation and 

Natural Resources, and SkyTruth (http://skytruth.org). For each well we obtained geographic 

coordinates; start dates of drilling, stimulation, and production; total depth; and volume of 

natural gas produced during six- or twelve-month reporting windows. 

 Using methods described previously (Casey et al. 2016), we created UNGD activity 

metrics for each phase of well development. Briefly, metrics incorporated all unconventional gas 

wells in Pennsylvania and were defined as 

 Metric for participant i =    2

1 1

/
1

ij

T

=t

n

=j
j dtw

T 



 

where T was an averaging period in days (in our primary analysis, T = 90 because CRS 

diagnostic criteria require three months of symptoms); t was a temporal summation index whose 

negative sign represents past dates (e.g., summing from t = -1 to -90 indicates that the metric was 

averaged over 90 consecutive days immediately prior to the survey); n was the number of wells; 
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wj (t) was the weight assigned to the jth well on day t; and 
2
ijd was the squared distance between 

well j and the residential address of participant i. We set wj (t) = 0 for wells that were inactive in 

the given phase on day t. Active wells were assigned weights during the duration of the relevant 

phase as follows: for pad preparation and drilling metrics, wj (t) was 1; for the stimulation metric, 

wj (t) was the total depth (a surrogate for hydraulic fracturing chemical volumes and the number 

of truck trips required to transport stimulation materials); and for the production metric, wj (t) 

was the average daily volume of natural gas produced during the corresponding reporting period. 

 Because the four UNGD phase metrics were highly correlated when averaged over 90 

days (Spearman coefficient > 0.90 for each pairwise comparison), we z-transformed the metrics 

and summed the resulting z-scores. For analysis, we divided this continuous composite UNGD 

activity metric into quartiles for ease of interpretation and because of its skewed distribution. 

 

Statistical analysis 

 We used descriptive statistics to compare characteristics of participants with and without 

each outcome. To evaluate selection bias with respect to UNGD, we compared distributions of 

the UNGD activity metric in study participants and questionnaire non-responders. To assess the 

potential for non-conservative errors due to selection bias with respect to health status, we 

analyzed distributions of the Charlson comorbidity index in study participants and survey non-

responders, stratified by UNGD quartile. Categorical and continuous variables were compared 

using χ2 tests and t-tests, respectively. For hypothesis testing, p-values < 0.05 were considered 

statistically significant. 

 We used weighted logistic regression to evaluate associations between UNGD activity 

and symptoms while adjusting for confounding variables. All models compared individuals with 
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the outcome(s) of interest (“cases”) to the reference group described above (“controls”). The use 

of sampling weights allowed us to account for the differential patient selection and participation 

rates in our stratified design, while targeting unbiased measures of association and obtaining 

robust standard errors. We assigned each participant a sampling weight equal to the inverse 

probability of inclusion in the study (see Supplemental Material, Table S1). Because the weight 

in one stratum (150.8) was very substantially larger than the other weights, we truncated this 

weight by reducing it to the value of the second-highest weight (32.3). 

 We adjusted all models for these potential confounders that we identified a priori: sex, 

race/ethnicity (non-Hispanic white vs. other), age (linear and quadratic terms; to avoid 

collinearity we centered the age variable by subtracting its mean [i.e., Ac = Ai – Amean]), receipt of 

Medical Assistance (never vs. ever), and smoking status (never vs. former and current). We 

tested for additional confounding by adding linear and quadratic terms for BMI and CSD. We 

retained these covariates in the models if they changed associations between UNGD and the 

outcome by at least 10%. Analyses were performed in R version 3.0.2 (R Foundation for 

Statistical Computing, Vienna, Austria) and Stata 13.1 (StataCorp, College Station, Texas) using 

the svy commands. 

 We reasoned that UNGD might be associated with current CRS only for onset of 

symptoms after 2006, when UNGD commenced in Pennsylvania. To test the associated 

hypothesis we stratified the CRS group by date of symptom onset (before/after January 1, 2006) 

and re-ran models within each stratum. While associations of UNGD activity with our other 

outcomes could also differ by onset date, our questionnaire did not ascertain the onset date of 

migraine and fatigue symptoms. 

 We performed several sensitivity analyses. To explore the impact of sampling weight 
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choices, we re-ran models with full (i.e., not truncated) weights and again with no weights.  To 

determine whether associations differed by the length of the UNGD assessment period, we 

compared associations using 7-day, 90-day, and 365-day averaged UNGD metrics that 

corresponded to the questionnaire's recall windows for the three primary outcomes. To explore 

spatial differences among groups of participants, we mapped the residential locations of 

individuals with and without our primary outcomes, stratified by UNGD quartile and 

case/control status. To assess whether UNGD was associated with symptoms in individuals with 

past disease or moderate symptoms, we created additional CRS and fatigue models in which we 

re-classified some previously excluded individuals as “cases” (for details see Supplemental 

Material, “Models of Past Disease and Moderate Symptoms”). To assess whether unmeasured 

confounding, including spatial confounding, could be responsible for the observed associations, 

we created “negative control outcome” models (Lipsitch et al. 2010). These adjusted logistic 

regression models evaluated associations between UNGD and self-reported outcomes (bad 

breath, ear pain, and cold/flu symptoms) that we thought were unlikely to be related to UNGD. 

We expected to find no significant associations between UNGD and these outcomes; the 

presence of such associations could indicate bias due to unmeasured confounding. In these 

models, we defined cases as all study participants who reported the symptom at least “most of 

the time” in the past three months (questions 36, 43, and 48 for bad breath, ear pain, and cold/flu 

symptoms, respectively). The reference group for each model consisted of all individuals who 

reported the symptom “never” in the past three months. 
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RESULTS 

Characteristics of the study population 

 Questionnaire respondents were 7,785 individuals from 39 counties in central and 

northeastern Pennsylvania, in regions with and without UNGD (Figure 1). Compared to 

questionnaire recipients who did not respond, our study population was more likely to be female, 

white, and older (results not shown). The continuous UNGD activity metric did not differ 

significantly (p = 0.26) between study participants and questionnaire non-responders (Table 1). 

Study participants were less likely than non-responders to be in the highest UNGD quartile. 

While the Charlson comorbidity index was higher in responders (mean = 3.43) than in non-

responders (mean = 2.52, p < 0.001), the mean Charlson values were similar across all UNGD 

quartiles (Table 1). 

 We identified 738 participants with current CRS and no other primary outcome, 580 with 

migraine headache only, and 666 with higher levels of fatigue only (Table 2). These conditions 

were co-occurring in other individuals. There were 268 individuals with CRS and migraine, 347 

with CRS and higher levels of fatigue, 420 with migraine and higher levels of fatigue, and 497 

with all three outcomes. There were 1,380 participants with no current or past CRS, no migraine 

headache symptoms, and lower levels of fatigue; these comprised the reference group. Compared 

to the reference group, individuals with each single outcome were more likely to be younger and 

current smokers (Table 2). Those with migraine and fatigue were more likely to be female, while 

those reporting CRS and fatigue were more likely to be white non-Hispanic. 

 

Associations of UNGD with symptoms 

 The highest quartile of UNGD activity, compared to the lowest, was associated with 
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significantly increased odds of the following combinations of two or more outcomes: CRS and 

higher levels of fatigue [odds ratio (OR) = 1.88; 95% confidence interval (CI): 1.08, 3.25]; 

migraine headache and higher levels of fatigue (OR = 1.95; 95% CI: 1.18, 3.21); and all three 

outcomes (OR = 1.84; 95% CI: 1.08, 3.14) (Table 3). The second and third quartiles of UNGD 

were not significantly associated with any of the outcomes. In individuals with only one 

outcome, the odds ratios for the fourth quartile of UNGD were 1.11 (95% CI: 0.75, 1.65) for 

current CRS, 1.43 (95% CI: 0.94, 2.18) for migraine headache, and 1.47 (95% CI: 0.996, 2.18) 

for higher levels of fatigue (Table 3). In general, participants in the fourth quartile of UNGD 

lived farther north than those in other UNGD quartiles (Figure 2). 

 When we stratified CRS patients by onset date, the second (OR = 3.27; 95% CI: 1.21, 

8.82) and fourth (OR = 3.26; 95% CI: 1.14, 9.36) quartiles of UNGD were associated with 

significantly increased odds of CRS in those whose symptoms began after 2006 (see 

Supplemental Material, Table S2). There were no associations in participants with earlier 

symptom onset. 

 

Sensitivity analyses 

 In participants with multiple outcomes, most inferences were unchanged whether we used 

the full sampling weights, truncated weights, or no weights (compare Table 3 to Supplemental 

Material, Table S3). Odds ratios for the fourth quartile of UNGD were consistently higher, and 

had wider confidence intervals, in fully weighted models than in models with truncated weights. 

For example, the odds ratio for the association of the fourth quartile of UNGD with the co-

existence of migraine and fatigue was 2.89 (95% CI: 1.45, 5.76) in the fully weighted model. In 

individuals with single outcomes, the fourth quartile of UNGD was significantly associated with 
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migraine headache (OR = 1.80; 95% CI: 1.02, 3.17) and fatigue (OR = 1.89; 95% CI: 1.10, 3.26) 

in the models with full weights; significant associations were also present in unweighted models 

(see Supplemental Material, Table S3). 

 UNGD activity, when averaged over 7 or 365 days, was highly correlated with the 90-day 

time-averaged UNGD metric used in the primary analyses (Spearman coefficient = 0.98 for both 

comparisons). Most inferences and associations were similar when using a 7-day or 365-day 

averaging period (see Supplemental Material, Table S4). The second quartile of UNGD was 

associated with past CRS but there were no associations of UNGD with moderate levels of 

fatigue (see Supplemental Material, Table S5). UNGD was not associated with the negative 

control outcomes of ear pain, bad breath, or cold/flu symptoms (Table 4). 

Because only the highest level of UNGD was associated with our primary outcomes, we 

compared demographic and socioeconomic characteristics of individuals in the fourth quartile of 

UNGD to those of participants in other UNGD quartiles (see Supplemental Material, Table S6). 

Participants in the fourth quartile of UNGD differed on some covariates, several of which were 

included in the final models. We did not include place type in the final adjusted models because 

it could be a surrogate for mediators (e.g., individual- or place-level socioeconomic status) of 

associations between UNGD and symptoms. In a sensitivity analysis that explored the effect of 

place type, some associations were attenuated slightly when place type was added to the models, 

but inferences were similar (see Supplemental Material, Table S7). 

 

DISCUSSION 

 In our survey of primary care patients in central and northeast Pennsylvania, residential 

UNGD activity was associated with nasal and sinus symptoms, migraine headache, and higher 
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levels of fatigue, either alone or in combination. Our findings are suggestive of a threshold in the 

relationship between UNGD and symptoms, as associations were present only among 

participants in the fourth quartile of UNGD activity. We found stronger associations in 

individuals with two or more co-occurring outcomes. In addition, UNGD was associated with 

CRS in individuals whose nasal and sinus symptoms began after the start of UNGD in 

Pennsylvania, although these estimates had lower precision due to the small number of subjects 

with recent CRS onset. 

In surveys such as ours, in which selection is based on the outcome, regression models 

must include sampling weights (or employ another strategy to acknowledge the selection 

mechanism) to avoid bias. However, extreme sampling weights can significantly increase the 

model’s variance (Potter 1988). To balance bias reduction against variance inflation, several 

techniques have been developed to truncate large sampling weights. We employed one such 

technique in our primary analyses. We found associations between UNGD and symptoms in the 

primary models, and in fully weighted and unweighted models. 

 There is limited prior evidence linking environmental factors to CRS, migraine headache, 

and fatigue. Exposure to allergens, toxicants, and secondhand smoke may trigger nasal and sinus 

symptoms (Fokkens et al. 2012). However, a recent review found insufficient epidemiologic 

evidence from which to draw conclusions about occupational or environmental risk factors for 

CRS (Sundaresan et al. 2015). Though migraines have a strong hormonal and genetic 

component, migraines can also be triggered by noise, odors, and stress (Friedman and De ver 

Dye 2009; Sjostrand et al. 2010; Sauro and Becker 2009). Similarly, fatigue has multiple risk 

factors including sleep deprivation, psychosocial stressors, medical disorders, psychiatric factors, 

occupation, and exposure to low levels of environmental chemicals (Bell et al. 1998; Ranjith 
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2005; Ricci et al. 2007; Griffith and Zarrouf 2008). Our UNGD activity metrics were designed to 

capture all potential environmental pathways that could affect these symptoms. 

 We did not measure participants’ exposure to ambient air pollution. We also did not 

account for conventional oil and gas wells. During our study period the production of 

conventional gas wells in Pennsylvania was very low compared to that of unconventional wells. 

Furthermore, Pennsylvania’s conventional wells tend to be in the northwest and west, where 

Geisinger has no patients. The lack of significant geographic overlap with our study population 

makes confounding of UNGD associations by conventional oil and gas wells unlikely. 

 Participants in the fourth quartile of UNGD activity lived farther north than those in other 

quartiles (Figure 2). This spatial separation is due to the location of the Marcellus shale, which 

constrains UNGD to the northern portion of the Geisinger catchment area. Given the correlation 

between geography and UNGD, we cannot rule out the possibility that spatial confounding was 

responsible for the observed associations. However, we note that our models were adjusted for 

several covariates (such as race/ethnicity and socioeconomic status) that could be associated with 

both location and outcomes. In addition, the null results in our negative control outcome models 

did not suggest spatial confounding. 

 CRS, migraine headache, and fatigue are highly prevalent and produce significant 

societal costs. CRS affects 2-16% of U.S. adults and results in emergency department visits, 

antibiotic prescriptions, sinus surgeries, and direct healthcare costs (Hastan et al. 2011; 

Bhattacharyya 2009; Shashy et al. 2004; Tan et al. 2013). Migraines have a prevalence of 11-

14% and cause substantial temporary disability, emergency department visits, outpatient clinic 

visits, and analgesic use (Lipton et al. 2007; Burch et al. 2015). Fatigue prevalence, defined in 

various ways across studies, is estimated at 7-45%, and fatigue costs U.S. employers over $100 
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billion per year in lost productive work time (Ricci et al. 2007). From a public health and 

economic perspective it is vital to understand modifiable risk factors for these illnesses. 

Recent reviews have noted the lack of high-quality evidence regarding the health effects 

of UNGD (Adgate et al. 2014; Werner et al. 2015). Our study of 7,785 Pennsylvania residents is 

the largest survey of symptoms with respect to UNGD and has several strengths when compared 

to prior studies. We selected a population-based adult sample with no exclusion criteria. 

Reporting bias was minimized by the fact that UNGD was not identified as a study aim, and 

response rates did not differ by proximity to UNGD. Our time-varying UNGD activity metric 

incorporated well phase and intensity measures such as total depth and gas production. We used 

standardized and validated instruments to assess fatigue and migraine, respectively, and we used 

consensus epidemiologic guidelines to assess CRS. 

This study had several limitations. In general, cross-sectional surveys such as ours cannot 

assess temporal relations between exposures and outcomes, and we did not ascertain the onset 

dates of some symptoms. We note, however, that our UNGD activity metrics could theoretically 

be used to establish temporality, as they can be computed for any date prior to symptom onset. 

Our ascertainment of self-reported outcomes was susceptible to various types of information 

bias. For example, despite the fact that our questionnaire did not mention UNGD, individuals 

residing near UNGD may have over-reported symptoms. There was some evidence of selection 

bias, as survey participants had poorer health (measured by the Charlson comorbidity index) than 

non-responders. However, differences in health status were similar across levels of UNGD 

activity. Another limitation is that our estimates of well development phase durations, although 

based on published average values, may have been incorrect for individual wells. Further 

exposure misclassification could have occurred because our UNGD activity metric was based on 
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residential addresses. Participants’ exposure to UNGD activity could have been affected by 

unmeasured factors such as occupation, travel, and time spent outdoors. Additionally, our UNGD 

activity metric did not allow identification of specific exposures or exposure pathways. 

CONCLUSIONS 

UNGD was associated with CRS, migraine headache, and fatigue symptoms in a large 

population-based survey. Associations were stronger in patients with two or more outcomes. Our 

work has several advantages over previous studies, making it an important addition to the 

growing body of evidence that UNGD is associated with adverse health effects. Further research, 

including more sophisticated exposure and outcome measurements, is necessary to evaluate 

whether these associations are causal and to elucidate the mechanisms for these findings. 
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TABLES 

Table 1. Comparison of selected characteristics in survey responders and non-responders. 

Responders 
(n = 7,785) 

Non-responders 
(n = 15,525) 

p-value 

Continuous composite UNGD 
activity metric, mean (sd) -0.02 (1.80) 0.01 (2.78) 0.26a 

UNGD activity, n (%) 
     Quartile 1 
     Quartile 2 
     Quartile 3 
     Quartile 4 

2052 (26.4) 
1828 (23.5) 
2017 (25.9) 
1888 (24.3) 

3775 (24.3) 
3996 (25.7) 
3814 (24.6) 
3940 (25.4) 

< 0.001b 

Charlson index, mean (sd) 3.43 (2.76) 2.52 (2.65) < 0.001a 

Charlson index stratified by 
quartiles of UNGD activity, 
mean (sd) 
     Quartile 1 
     Quartile 2 
     Quartile 3 
     Quartile 4 

3.27 (2.61) 
3.37 (2.71) 
3.61 (2.83) 
3.47 (2.86) 
p < 0.001c 

2.46 (2.46) 
2.48 (2.57) 
2.68 (2.85) 
2.48 (2.70) 
p < 0.001c 

NA 

Abbreviations: UNGD, unconventional natural gas development; sd, standard deviation; NA, not 
applicable. 
Patients who lived outside Pennsylvania were excluded (n = 390). UNGD activity was averaged over 
90 days prior to the survey.
a p-value computed with t-test. 
b p-value computed with chi-square test. 
c Within responders and non-responders separately, p-values were computed with one-way analysis of 
variance (ANOVA) to compare mean Charlson index across quartiles of UNGD.
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Table 2: Characteristics of study population by self-reported outcome(s). 

Characteristic 

Overall study 
population 

Individuals with no primary 
outcome Individuals with one or more primary outcomes

Reference 
groupa 

Individuals who 
were neither 

cases nor 
controlsb 

Current CRS only Migraine 
headache only 

Higher levels of 
fatigue only 

Current CRS 
and migraine 

Current CRS 
and higher 
levels of 
fatigue 

Migraine and 
higher levels of 

fatigue 

Current CRS, 
migraine 

headache, and 
higher levels 

of fatigue

Total number, n 7785 1380 2889 738 580 666 268 347 420 497

Sex, n (%) 
 Male 
 Female 

2909 (37.4) 
4876 (62.6) 

656 (47.5) 
724 (52.5) 

1242 (43.0) 
1647 (57.0) 

335 (45.4) 
403 (54.6) 

113 (19.5) 
467 (80.5) 

233 (35.0) 
433 (65.0) 

50 (18.7) 
218 (81.3) 

126 (36.3) 
221 (63.7) 

63 (15.0) 
357 (85.0) 

91 (18.3) 
406 (81.7)

Race/ethnicity, n (%) 
     White non-Hispanic  
     Other 

7043 (90.5) 
742 (9.5) 

1183 (85.7) 
197 (14.3) 

2653 (91.8) 
236 (8.2) 

707 (95.8) 
31 (4.2) 

508 (87.6) 
72 (12.4) 

598 (89.8) 
68 (10.2) 

257 (95.9) 
11 (4.1) 

333 (96.0) 
14 (4.0) 

357 (85.0) 
63 (15.0) 

447 (89.9) 
50 (10.1)

Age in years, mean (sd) 55.3 (16.1) 58.8 (17.0) 57.6 (15.9) 57.1 (14.9) 46.1 (14.3) 57.3 (15.1) 48.5 (13.2) 56.1 (14.7) 46.5 (13.6) 47.8 (13.1)

Smoking status, n (%) 
 Never 
 Current 
 Former 

4268 (54.8) 
1130 (14.5) 
2387 (30.7) 

805 (58.3) 
134 (9.7) 
441 (32.0) 

1615 (55.9) 
353 (12.2) 
921 (31.9) 

404 (54.7) 
100 (13.6) 
234 (31.7) 

340 (58.6) 
96 (16.6) 
144 (24.8) 

334 (50.2) 
113 (17.0) 
219 (32.9) 

141 (52.6) 
57 (21.3) 
70 (26.1) 

178 (51.3) 
61 (17.6) 
108 (31.1) 

220 (52.4) 
86 (20.5) 
114 (27.1) 

231 (46.5) 
130 (26.2) 
136 (27.4)

History of receiving Medical 
Assistance, n (%) 

 Never 
 Ever 

6876 (88.3) 
909 (11.7) 

1286 (93.2) 
94 (6.8) 

2690 (93.1) 
199 (6.9) 

694 (94.0) 
44 (6.0) 

467 (80.5) 
113 (19.5) 

588 (88.3) 
78 (11.7) 

216 (80.6) 
52 (19.4) 

293 (84.4) 
54 (15.6) 

302 (71.9) 
118 (28.1) 

340 (68.4) 
157 (31.6)

Body mass index (kg/m2), 
mean (sd) 30.2 (7.0) 29.0 (6.3) 29.9 (6.5) 30.4 (7.0) 29.7 (7.3) 31.7 (7.9) 29.8 (7.3) 31.3 (7.4) 31.7 (7.7) 31.2 (8.1)

Place type, n (%) 
     Township 
     Borough 
     Census tract in city 

4949 (63.6) 
2135 (27.4) 
701 (9.0) 

907 (65.7) 
371 (26.9) 
102 (7.4) 

1900 (65.8) 
762 (26.4) 
227 (7.9) 

476 (64.5) 
188 (25.5) 
74 (10.0) 

332 (57.2) 
183 (31.6) 
65 (11.2) 

417 (62.6) 
192 (28.8) 
57 (8.6) 

170 (63.4) 
72 (26.9) 
26 (9.7) 

213 (61.4) 
101 (29.1) 

33 (9.5) 

242 (57.6) 
122 (29.0) 
56 (13.3) 

292 (58.8) 
144 (29.0) 
61 (12.3)

Community socioeconomic 
deprivation, mean (sd) 0.0 (3.6) -0.3 (3.6) -0.1 (3.6) -0.1 (3.5) 0.3 (3.7) 0.1 (3.6) 0.2 (3.5) 0.1 (3.7) 0.6 (3.7) 0.6 (3.8)

UNGD activity metric, n 
(%)c 

 Quartile 1 [-0.61 to -0.47] 
 Quartile 2 [-0.47 to -0.39] 
 Quartile 3 [-0.39 to -0.16] 
 Quartile 4 [> -0.16] 

1946 (25.0) 
1946 (25.0) 
1946 (25.0) 
1947 (25.0) 

358 (25.9) 
345 (25.0) 
373 (27.0) 
304 (22.0) 

745 (25.8) 
731 (25.3) 
733 (25.4) 
680 (23.5) 

181 (24.5) 
187 (25.3) 
188 (25.5) 
182 (24.7) 

140 (24.1) 
145 (25.0) 
131 (22.6) 
164 (28.3) 

155 (23.3) 
174 (26.1) 
172 (25.8) 
165 (24.8) 

63 (23.5) 
65 (24.3) 
70 (26.1) 
70 (26.1) 

91 (26.2) 
83 (23.9) 
73 (21.0) 
100 (28.8) 

101 (24.0) 
92 (21.9) 
98 (23.3) 
129 (30.7) 

112 (22.5) 
124 (24.9) 
108 (21.7) 
153 (30.8)

Abbreviations: CRS, chronic rhinosinusitis; UNGD, unconventional natural gas development; sd, standard deviation. Percentages may not 
total 100 due to rounding.
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a Individuals in the reference group reported no past or current CRS; no headache-related nausea, photophobia, or disability; and lower levels 
(≤ 25th percentile) of fatigue. 

b These individuals did not meet criteria for any primary outcome and were excluded from the reference group because of past CRS, 
intermediate probability of migraine headache, and/or moderate levels of fatigue.
c UNGD activity was averaged over the 90 days prior to the survey. 
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Table 3. Associations of UNGD with symptoms in individuals with one or more primary outcomes, compared to a reference group. 
Current CRS only 

(n = 736)a 
Migraine 

headache only 
(n = 580) 

Higher levels of 
fatigue only 

(n = 666) 

Current CRS and 
migraine 
(n = 266)a 

Current CRS and 
higher levels of 

fatigue

(n = 347)a 

Migraine and 
higher levels of 

fatigue 
(n = 420) 

All three outcomes
(n = 496)a 

UNGD 
quartile Adjusted odds ratios (95% confidence intervals)

1 
2 
3 
4 

1.00 (reference) 
1.17 (0.80, 1.72) 
0.76 (0.52, 1.12) 
1.11 (0.75, 1.65) 

1.00 (reference) 
1.14 (0.74, 1.75)
0.89 (0.58, 1.36)
1.43 (0.94, 2.18)

1.00 (reference) 
1.48 (1.01, 2.17) 
1.22 (0.84, 1.77) 

1.47 (0.996, 2.18)

1.00 (reference) 
0.82 (0.43, 1.57) 
0.74 (0.38, 1.47) 
1.49 (0.78, 2.85) 

1.00 (reference) 
1.06 (0.62, 1.80) 
0.94 (0.53, 1.66) 
1.88 (1.08, 3.25) 

1.00 (reference) 
1.06 (0.63, 1.78) 
0.80 (0.49, 1.31) 
1.95 (1.18, 3.21) 

1.00 (reference) 
1.05 (0.63, 1.78) 
0.73 (0.42, 1.27) 
1.84 (1.08, 3.14)

Abbreviations: UNGD, unconventional natural gas development; CRS, chronic rhinosinusitis. 

For all models, the reference group consisted of individuals with no current or past CRS, no migraine headache symptoms, and the lowest 
quartile of fatigue score. All models included sampling weights, with the highest weight truncated to the value of second-highest weight. 
Models included these covariates: sex, race/ethnicity (white non-Hispanic vs. other), centered age (linear and quadratic terms), Medical 
Assistance (never vs. ever), and smoking status (never vs. current and former). UNGD activity was averaged over the 90 days prior to the 
survey.

a These models included centered body mass index as an additional covariate. Because individuals with unknown body mass index were 
excluded, these case counts are slightly lower than those reported in the text.
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Table 4. Associations of UNGD with negative control outcomes. 

Ear pain  
yes (n = 422) vs. 

no (n = 3917) 

Bad breath 
yes (n = 846) vs. 

no (n = 2628) 

Cold/flu symptoms 
yes (n = 307) vs. 

no (n = 2442) 

Adjusted odds ratios (95% confidence intervals) 

UNGD quartile 
     1 
     2 
     3 
     4 

1.00 (reference) 
0.92 (0.58, 1.44) 
0.53 (0.32, 0.87) 
1.16 (0.74, 1.83) 

1.00 (reference) 
0.87 (0.61, 1.22) 
1.12 (0.80, 1.57) 
0.95 (0.67, 1.35) 

1.00 (reference) 
1.04 (0.58, 1.84) 
1.15 (0.66, 2.00) 
1.14 (0.64, 2.01) 

Abbreviations: UNGD, unconventional natural gas development; CRS, chronic rhinosinusitis. 

Individuals with the symptom at least “most of the time” in the past three months were compared to 
those with the symptom “never” in the past three months. All models included sampling and response 
weights, and the highest weight was truncated to the value of the second-highest weight. Models 
included these covariates: sex, race/ethnicity (white non-Hispanic vs. other), centered age (linear and 
quadratic terms), Medical Assistance (never vs. ever), and smoking status (never vs. current and 
former). UNGD activity was averaged over the 90 days prior to the survey. 



Environ Health Perspect DOI: 10.1289/EHP281 
Advance Publication: Not Copyedited 

32 

FIGURE LEGENDS 

Figure 1. Map of study area. Thick black outlines designate Pennsylvania counties with at least one 

participant (from U.S. Census Bureau TIGER/line files). Numbers within the borders of each county 

indicate the total number of participants (T) and the number with chronic rhinosinusitis symptoms 

(NS), migraine headache (H), and higher levels of fatigue (F) (data from the Geisinger Clinic). Gray 

circles show locations of drilled unconventional natural gas wells as of December 2014 (from 

Pennsylvania Department of Environmental Protection). Black stars represent Geisinger hospitals and 

clinics. Map was made with ArcGIS Desktop (release 10, Esri, Redlands, CA). 

Figure 2. Locations of study participants in the fourth quartile of UNGD activity (A) and all other 

UNGD quartiles (B). Blue crosses: participants with at least one primary outcome (current CRS, 

migraine headache, and/or higher levels of fatigue). Black circles: reference group participants with no 

current or past CRS, no migraine headache symptoms, and lower levels of fatigue. Yellow circles: 

locations of all drilled unconventional natural gas wells in Pennsylvania as of December 31, 2014. 

Patient residential locations were from the Geisinger Clinic; county boundaries from the U.S. Census 

Bureau TIGER/line files; and UNGD wells from the Pennsylvania Department of Environmental 

Protection. Maps were made with ArcGIS Desktop (release 10, Esri, Redlands, CA).
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Figure 1. 
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Abstract

Importance: Polycyclic aromatic hydrocarbons are widespread urban air pollutants from combustion of fossil fuel and other
organic material shown previously to be neurotoxic.

Objective: In a prospective cohort study, we evaluated the relationship between Attention Deficit Hyperactivity Disorder
behavior problems and prenatal polycyclic aromatic hydrocarbon exposure, adjusting for postnatal exposure.

Materials and Methods: Children of nonsmoking African-American and Dominican women in New York City were followed
from in utero to 9 years. Prenatal polycyclic aromatic hydrocarbon exposure was estimated by levels of polycyclic aromatic
hydrocarbon- DNA adducts in maternal and cord blood collected at delivery. Postnatal exposure was estimated by the
concentration of urinary polycyclic aromatic hydrocarbon metabolites at ages 3 or 5. Attention Deficit Hyperactivity
Disorder behavior problems were assessed using the Child Behavior Checklist and the Conners Parent Rating Scale- Revised.

Results: High prenatal adduct exposure, measured by elevated maternal adducts was significantly associated with all
Conners Parent Rating Scale-Revised subscales when the raw scores were analyzed continuously (N = 233). After
dichotomizing at the threshold for moderately to markedly atypical symptoms, high maternal adducts were significantly
associated with the Conners Parent Rating Scale-Revised DSM-IV Inattentive (OR = 5.06, 95% CI [1.43, 17.93]) and DSM-IV
Total (OR = 3.37, 95% CI [1.10, 10.34]) subscales. High maternal adducts were positivity associated with the DSM-oriented
Attention Deficit/Hyperactivity Problems scale on the Child Behavior Checklist, albeit not significant. In the smaller sample
with cord adducts, the associations between outcomes and high cord adduct exposure were not statistically significant
(N = 162).

Conclusion: The results suggest that exposure to polycyclic aromatic hydrocarbons encountered in New York City air may
play a role in childhood Attention Deficit Hyperactivity Disorder behavior problems.
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Introduction

Polycyclic aromatic hydrocarbons (PAH), such as benzo[a]py-

rene (B[a]P), are toxic air pollutants released during incomplete

combustion of fossil fuel, tobacco, and other organic material [1].

They are also found in the diet. In New York City (NYC) and

other urban areas, traffic and residential heating are major local

sources. There is also some contribution from coal-burning sources

in states upwind. Urban, minority populations in the U.S. often

have disproportionate exposure to air pollution and are at greater

risk for adverse health and developmental outcomes from this

exposure [2–5]. All of the mothers in the Columbia Center for

Children’s Environmental Health (CCCEH) NYC cohort had

detectable levels of PAH in prenatal personal air samples; 42%

had detectable levels of B[a]P-DNA adducts in maternal blood;

and 46% had detectable levels of B[a]P-DNA adducts in cord

blood. B[a]P is considered a representative PAH and is highly

correlated with other PAH class members [6]. PAH-DNA adducts

reflect individual exposure to PAH, integrating exposure over a 2–

3 month period [7]and via different routes (primarily inhalation

and ingestion). Adducts provide a biologic dosimeter as they not

only reflect inter-individual differences in exposure and uptake of

PAH but also in detoxification and DNA repair [8,9].

Because of the heightened susceptibility of the fetus and young

child, exposures to PAH and other environmental pollutants

during the prenatal and early postnatal stages are of particular

concern [10–13]. During the fetal period and early childhood

years, the brain is rapidly developing and vulnerable to neurotoxic

insults that may manifest as adverse outcomes in childhood and

adulthood [14,15]. Laboratory studies of PAH exposure during

the prenatal, neonatal, or adult periods have reported a range of

neurodevelopmental and behavioral effects, [16,17] including

hyperactivity [18,19]. In the present CCCEH cohort, prenatal

exposure to PAH measured by prenatal air monitoring or B[a]P-

DNA adducts in maternal or umbilical cord blood at delivery was

associated with developmental delay at age 3 [20], reduced IQ at

age 5 [21], and symptoms of anxiety/depression and attention

problems at ages 6–7 [6].

Attention-deficit/hyperactivity disorder (ADHD) is the most

common behavioral disorder diagnosed in children [22] and is

often accompanied by anxiety and depression [23–26]. In our

cohort, ADHD behavior problems and anxiety/depression at age

9 were significantly correlated (r = 0.43, p,0.0001). Children with

ADHD are at increased risk of substance abuse, conduct, and

mood disorders [27–30]. Family history, certain environmental

contaminants, alcohol use, maternal smoking during pregnancy,

pregnancy and delivery complications, and psychosocial adversity

have been implicated or identified as risk factors for ADHD

[31,32].

Prior data on air pollution and ADHD are suggestive. For

example, a cross-sectional study found an association between

ambient particulate matter (PM10) and childhood ADHD [33]. In

a longitudinal study, estimated exposure during infancy to

elemental black carbon, based on air sampling data and land

use regression modeling, was significantly associated with ADHD-

related symptoms [34]. Another cohort study reported an

association between attention and children’s lifetime exposure to

black carbon based on children’s residence and a spatiotemporal

model [35]. Ours is the first report of associations between

individual measures of early-life exposure to PAH pollutants and

ADHD behavior problems in children.

Methods

Sample selection
A complete description of the NYC cohort appears elsewhere

[20,36]. Briefly, African-American and Dominican women who

resided in Washington Heights, Harlem, or the South Bronx in

NYC, U.S., were recruited between 1998 and 2006 through local

prenatal care clinics. Enrollment was restricted to women who

were non-active cigarette smokers; ages 18–35; non-users of other

tobacco products or illicit drugs; free of diabetes, hypertension, or

known HIV; and who had initiated prenatal care by the 20th week

of pregnancy. The Institutional Review Board of the Columbia

University Medical Center approved the study. Mothers signed a

consent form, approved by the IRB, for themselves and their

children at the time of enrollment and at every subsequent visit.

The children sign an IRB-approved assent form beginning at age

7. The consent and assent forms are available in English and

Spanish and clearly explain the study goals and procedures.

The sample included in the present analysis is composed of the

children who had available data on at least one adduct measure

(maternal or newborn), the CPRS and the CBCL assessments, and

all covariates of interest (N = 250).

Maternal/child characteristics and home caretaking
environment

Demographic, health and environmental conditions. A

45-minute structured questionnaire was administered by a trained

bilingual interviewer during the last trimester of pregnancy to

obtain demographic information, residential history, and health

and environmental data such as active smoking (to confirm non-

active smoking status) and passive smoking [36]. The question-

naire also elicited information on dietary PAH (consumption of

broiled, fried, grilled or smoked meat), and socioeconomic

information related to income and education. Postnatal interviews

were administered in person at 6 months and annually thereafter

to determine changes in residence, exposure to environmental

tobacco smoke (ETS), and health and environmental conditions.

Maternal demoralization. Maternal demoralization, a

measure of maternal nonspecific psychological distress that has

been linked to neurodevelopment [37–39], was measured at each

visit by the Psychiatric Epidemiologic Research Instrument

Demoralization Scale (PERI-D) [40].

Non-verbal intelligence. The Test of Non-Verbal Intelli-

gence-Second Edition (C-TONI-2) [41] was administered to the

mothers when the child was about 3 years old.

Home assessment. Caldwell and Bradley’s Home Observa-

tion for Measurement of the Environment (HOME) [42] was

administered in the home by research workers, also when the child

was about 3 years old, to assess physical and interactive

characteristics of the child rearing environment.

Maternal ADHD. At the child’s 7 year visit, mothers

completed the Conners Adult ADHD Rating Scales (CAARS)

[43]. Given the high heritability rate of ADHD [44], maternal

ADHD symptoms on the CAARS were included as a covariate in

our analyses.

Child anxiety/depression. Childhood ADHD and anxi-

ety/depression are frequently comorbid conditions [24]. The

continuous score for symptoms of anxiety/depression on the

CBCL at age 9 [45] was included as a covariate.

Independent variables
Prenatal exposure: PAH-DNA adducts. Following delivery,

maternal blood and umbilical cord blood samples were

collected. Within several hours following collection, samples were

Early-Life Exposure to Polycyclic Aromatic Hydrocarbons and ADHD
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transported to the CCCEH Molecular Epidemiology Laboratory,

processed, and stored at 270uC. B[a]P–DNA adducts in extracted

white blood cell DNA were analyzed using the high performance

liquid chromatography (HPLC)/fluorescence method which de-

tects B[a]P tetraols [12,46]. Not all participants had adequate

DNA quantity for adduct analysis.

Postnatal exposure: urinary PAH metabolites. At the

CDC, a suite of PAH metabolites was measured in spot urine

(collected from the child at ages 3 and 5) using automated liquid-

liquid extraction and gas chromatography/isotope dilution high-

resolution mass spectrometry [47–49]. Although PAH urinary

metabolite have a short lifetime (half-life of 6–35 hours) [50], in

conditions of chronic exposure they provide a useful measure of

exposure to PAH [47,48]. Specific gravity (SG) measurements

were used to control for urinary dilution of the samples using the

following formula: freshweight metabolites for the subject*(mean

SG-1)/(SG for that subject-1) [51,52].

Behavioral outcomes
ADHD behavior problems were assessed using two comple-

mentary parent-report instruments: the CBCL for ages 6–18

(CBCL) [53] and the CPRS- Revised: Long Version [54]. The

CBCL is a screening instrument assessing childhood competencies,

adaptive functioning, and problems [45]. The CPRS is a focused

assessment of childhood ADHD and its common comorbid

disorders [54,55]. Both are widely used instruments that measure

ADHD problems and attention function and have been used to

study their associations with diverse environmental contaminants

[56–59]. Both instruments yield scales derived from the DSM-IV

[60] that are intended to screen for ADHD-behavior problems

and indicate those children requiring follow-up. Mothers self-

administered the 80-item CPRS [54] and the 118-item CBCL [53]

when their children were 9 years old, under the guidance of

trained research workers. Outcomes analyzed included the CBCL

DSM-oriented Attention Deficit/Hyperactivity Problems scale,

and the CPRS ADHD Index and DSM-IV subscales (denoted as

‘‘Total’’, ‘‘Inattentive’’, and ‘‘Hyperactive-Impulsive’’). The ‘‘To-

tal’’ DSM-IV measure comprises the ‘‘Inattentive’’ and ‘‘Hyper-

active-Impulsive’’ subscales. For both instruments, the child’s

responses were scored and summed to a raw score. T-scores were

derived from raw scores based on the normative comparison

sample as described in the administration manual and used to

determine the child’s classification [53,54]. On the CBCL DSM-

oriented Attention Deficit/Hyperactivity Problems score, children

above the 93rd percentile were classified as ‘‘borderline clinical’’,

and those below the 93rd percentile were classified in the normal

range [53]. The CPRS DSM-IV subscales and ADHD Index

scores were dichotomized based on the classification of a T score

.65 as ‘‘moderately to markedly atypical’’ and a T score #65 as

‘‘in the normal range’’ [54].

Statistical Analysis
As in prior analyses [6], adduct levels were dichotomized as

detectable/non-detectable (‘‘high/low’’), with detectable levels

observed in 42% of maternal and 46% of cord blood samples in

the whole cohort. Dichotomization of exposure variables is less

vulnerable to measurement error and permits comparison of the

most highly exposed children to children with lower exposure. In

our analyses, (1-hydroxynaphthalene, 2-hydroxynaphthalene,

2-hydroxyfluorene, 3-hydroxyfluorene, 9-hydroxyfluorene, 1-

hydroxyphenanthrene, 2-hydroxyphenanthrene, 3-hydroxyphe-

nanthrene, 4-hydroxyphenanthrene) were summed to provide a

composite measure denoted ‘‘PAH metabolites’’. PAH metabolites

in child urine at ages 3 or 5 were dichotomized at the respective

medians for the entire cohort and treated as ‘‘high/low’’. In terms

of data analysis, the age 5 metabolite level was preferentially

selected, but if that measure was missing, the age 3 metabolite level

was used. In secondary analyses, adducts and PAH metabolites

were also treated as a continuous variable after log transformation.

Covariates were selected based on whether they were significant

contributors to the model (at p#0.1) for at least one of the

outcomes and included: prenatal ETS exposure, child’s sex, child’s

ethnicity, child’s gestational age, mother’s intelligence, mother’s

completed years of education prior to birth of the child, maternal

prenatal demoralization, maternal ADHD symptoms, child’s exact

age at assessment (in months), the quality of the early home

caretaking environment, and season at time of monitoring (heating

vs. non-heating) (Table 1). We further adjusted for child anxiety/

depression at age 9 since it is a well-documented comorbid

condition with ADHD and symptoms overlap [24]. Moreover, we

have previously found associations of PAH with child anxiety/

depressive symptoms [6]. Dietary PAH, measured prenatally

during the third trimester, was not a predictor of outcomes at

p#0.1. The associations between the dichotomized PAH exposure

variables and continuous raw scores and dichotomized T scores

for ADHD-related behavior were analyzed by Poisson and logistic

regression, respectively.

Results

Maternal and cord adducts were not significantly correlated

with prenatally air monitored PAH, ETS, or dietary PAH.

Table 1 presents the socio-demographic, outcome, and expo-

sure characteristics of the children who had available data on

maternal or cord adducts, stratifying on whether or not they had

data on neurobehavioral outcomes and covariates of interest and

were thus included (N = 250) or not included (N = 364) in the

analysis. The two groups were similar except that the group

included had a higher proportion of females and were younger at

the CPRS assessment, though all assessments were given at

approximately age 9. The level of adducts and percentage

characterized as high vs. low did not differ between those included

and not included. Comparing the group included (N = 250) with

those children who did not have maternal or cord adduct data

(N = 111), there were differences in terms of exact age at

assessment for the CBCL and CPRS, home inventory scores,

and percentage of mothers that had completed high school (data

not shown).

Table 2 summarizes the distribution of CBCL and CPRS scores

in the entire sample. Table 3 shows the number of children in the

borderline or clinical range on the CBCL, and the number in the

moderately to markedly atypical range on the CPRS. Consistent

with other studies, there was substantial overlap between the

number of children categorized in the moderately to markedly

atypical range on the Hyperactive-Impulsive and Inattentive

problems, as shown in Figure 1.

Table 4 summarizes the associations between maternal

(N = 233) and cord adduct (N = 162) exposure and CBCL DSM-

oriented Attention Deficit/Hyperactivity problems and all CPRS

outcomes, adjusting for postnatal PAH exposure and selected

covariates. When considering outcomes analyzed as continuous

raw scores, all CPRS subscales were positively and significantly

associated with high maternal adduct exposure. After dichotomiz-

ing the outcome measures, those with high maternal adducts had

odds of being categorized as moderately to markedly atypical on

the DSM-IV Inattentive and DSM-IV Total scales 5.06 (95% CI

[1.43, 17.93]) and 3.37 (95% CI [1.10, 10.34]) times greater than

those with low maternal adducts. High maternal adduct exposure
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was also significantly and positively associated with the CDCL

DSM-oriented Attention Deficit/Hyperactivity Problems scale,

though results did not reach statistical significance.

In separate models with log transformed adduct and metabolite

values as the exposure variables, the direction and significance of

the associations between adducts and outcomes were the same as

the models with the dichotomized exposure with the exception of

the CBCL DSM-oriented attention deficit hyperactivity scale raw

score and CPRS DSM-IV Total scale raw score, which became

borderline significant (p = 0.06, and p = 0.08, respectively) (data

not shown).

Parallel analyses in the smaller number of subjects with

available cord adduct data (N = 162) exposure found non-

significant or borderline significant associations with all outcomes

(Table 4).

Discussion

The present results suggest that high prenatal exposure, taking

into account the potential effects of postnatal PAH exposure, may

Table 1. Characteristics of the children included in the analysis and those not included due to missing data.

Subjects included in
the analysis (N = 250)a

Subjects not included in
the analysis (N = 364)b

Variables Mean 6SD or % Mean 6SD or % p-value

High maternal adductsc 37.34% 44.25% 0.10

High cord adductsc 39.51% 49. 37% 0.07

High urinary PAH metabolites at ages 3 or 5d 49.20% 55.07% 0.22

Log-transformed urinary PAH metabolites at ages 3 or 5e 9.0260.89 9.0360.80 0.86

Log-transformed maternal adduct (per 108 nucleotides) 21.7360.47 21.6860.48 0.20

Log-transformed cord adduct (per 108 nucleotides) 21.6760.53 21.5960.53 0.13

CBCL DSM-oriented Attention Deficit/Hyperactivity Problems (% with
borderline or clinical diagnosis)f

7.20% 10.66% 0.32

CPRS subscales (% categorized as moderately to markedly atypical)g

ADHD Index 8.40% 7.87% 1.00

DSM-IV Inattentive 8.40% 5.51% 0.41

DSM- IV Hyperactive- Impulsive 10.80% 14.17% 0.40

DSM-IV Total 10.40% 7.87% 0.47

Prenatal ETS exposure (% yes) 33.20% 37.36% 0.30

Child sex (% female) 57.60% 48.35% 0.03*

Child ethnicity (AA%)h 40.00% 33.24% 0.09

Gestational age (in weeks)i 39.3561.37 39.3461.44 0.94

Maternal intelligencej 20.8268.78 20.2568.62 0.47

Maternal education (%$ high school education) 64.80% 59.83% 0.24

Maternal demoralization score 1.1560.61 1.1860.67 0.67

Maternal ADHD (CAARS ADHD index raw score)k 38.7968.87 37.6767.16 0.15

CBCL age (in months)l 108.0161.83 108.7864.60 0.14

CPRS age (in months)l 107.96±2.02 109.15±4.97 0.03*

Home environmentm 40.0965.94 39.3366.09 0.18

Heating season (% yes)n 54.0% 56.52% 0.64

Child anxiety/depression (CBCL anxiety/depression raw score)o 2.7463.02 2.5362.80 0.53

aSubjects were included if they had data for maternal adducts and/or cord adducts, as well as data on CBCL, CPRS outcome and all covariates of interest.
bSubjects not included are those that had available data on cord and/or maternal adducts but were missing data on the CBCL, CPRS outcomes and/or any covariates
included in the final model.
cAdduct levels were dichotomized as detectable/non-detectable (‘‘high/low’’).
dPAH metabolites in child urine at ages 3 or 5 were dichotomized at the respective medians (‘‘high/low’’).
eChildren with urinary PAH metabolite measurement at ages 3 or 5.
fBased on T score. Borderline or clinical defined as percentile $93rd.
gBased on T score. Moderately to markedly atypical defined as T-score .65.
hPercent African American; the remainder are Dominican.
iBased on medical record data.
jNonverbal intelligence measured by the TONI-2.
kMeasure of maternal ADHD.
lAge at administration.
mHOME Inventory as a measure of the home caretaking environment.
nThird trimester in heating season.
oBased on CBCL Anxious/Depressed Syndrome Scale measured at age 9.
*p-value ,0.05.
doi:10.1371/journal.pone.0111670.t001
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increase the risk of ADHD behavior problems. ADHD is a

disorder that is known to impact school performance, social

relationships, and occupational performance [61–66]. In the U.S.

the annual societal cost of illness for ADHD is estimated to be

between $36 and $52 billion, and the annual cost per individual is

estimated to be $12,005 to $17,458 (2005) [67,68].

To our knowledge, there have been no prior epidemiological

studies on the role of pre- and post-natal PAH exposure, here

measured by chemical-specific biomarkers, on ADHD in school-

age children. Prior experimental research and limited epidemio-

logical studies have suggested links between PM and air pollution

(elemental carbon and black carbon) and ADHD symptoms [33–

35]. In the present longitudinal study high maternal adduct levels

were not significantly associated with Attention Deficit/Hyperac-

tivity problems on the CBCL screening test, but on the more

detailed CPRS, consistently significant associations with a number

of ADHD-related outcomes were seen. In particular, significant

associations between high maternal adducts and the DSM-IV

Total and DSM-IV Inattentive scales were observed in models

treating CPRS scores as continuous and dichotomous outcomes.

Consistency in the results across both of these outcome measures

strengthens the conclusion that inattention is associated with

prenatal PAH exposure.

The maternal and cord adducts were significantly but only

modestly correlated (r = 0.28, p,0.0001), probably because of the

immaturity of the metabolic/detoxification and DNA repair

systems in the fetus compared to the adult [69] and the differing

genetic profiles of the mother and the child. The stronger

relationship between the maternal adducts and ADHD-related

outcomes than between the cord adducts and the same outcomes

could be attributable to the effects of exposure on placental

function and/or the fact that high levels of maternal adducts

indicate that the mother has been highly exposed and is an

efficient activator of PAH, resulting in higher transplacental

exposure to reactive PAH intermediates. We used urinary PAH

metabolites to assess postnatal exposure. This biomarker has been

employed in many studies as an indicator of PAH exposure in the

general population [70]. Although they represent recent exposure

[71], the metabolites can provide a chronic measure of ambient

PAH in populations with constant exposure [72].

The mechanisms by which PAH exposure might affect the

developing brain are not fully understood. Several pathways have

been suggested including endocrine disruption [73–75], binding to

receptors for placental growth factors resulting in decreased

exchange of oxygen and nutrients [76], binding to the human Ah

receptor to induce P450 enzymes [77], DNA damage resulting in

activation of apoptotic pathways [78–80], oxidative stress due to

inhibition of the brain antioxidant scavenging system [81], and

epigenetic alterations [82]. The prenatal period is critical because

of the extensive structural and cellular-level changes that occur

during this stage of development. However, because brain

development and growth occurs throughout childhood, postnatal

exposures to environmental pollutants may also affect children’s

neurodevelopment and behavior [83].

The strengths of the study include our ability to account for a

number of potential confounding variables and to draw upon

Table 2. Distribution of CBCL and CPRS Scores in children at age 9 (N = 250a).

Score Range Mean of Scores
Percent in Borderline or clinical or
Moderately to markedly atypical rangeb

Outcomes T Score Raw Score T score Raw score

CBCL DSM-oriented Attention Deficit/
Hyperactivity Problems

50–80 0–14 53.9 3.1 7.2

CPRS subscales

ADHD Index 40–89 0–34 49.8 6.4 8.4

DSM-IV Total 40–90 0–48 50.8 9.2 10.4

DSM-IV Hyperactive- Impulsive 41–90 0–25 52.8 4.7 10.8

DSM-IV Inattentive 40–88 0–25 48.9 4.5 8.4

aChildren included in analysis with all covariates.
bCBCL ‘‘borderline or clinical’’ defined as percentile $93rd; CPRS ‘‘moderately to markedly atypical’’ defined as T-score .65.
doi:10.1371/journal.pone.0111670.t002

Table 3. Number of children scoring in the borderline or clinical range on the CBCL and in the moderately to markedly atypical
range on the CPRS in the analyses with maternal adducts or cord adductsa.

Maternal Adducts (N = 233) Cord Adducts (N = 162)

CBCL DSM-oriented Attention Deficit/Hyperactivity Problems (Borderline or clinicalb) 18 15

CPRS subscales (Moderately to markedly atypicalb)

ADHD Index 20 14

DSM-IV Total 25 19

DSM-IV Hyperactive Impulsive 26 19

DSM-IV Inattentive 20 15

aChildren included in analysis with all covariates.
bCBCL- Borderline or clinical defined as percentile $93rd; CPRS- Moderately to markedly atypical defined as T-score .65.
doi:10.1371/journal.pone.0111670.t003
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individual pre- and post-natal exposure data from biomarker and

questionnaire data. We were able to use two complementary age-

appropriate instruments to measure ADHD–related behaviors.

The CBCL screens for various childhood behavior problems,

including ADHD [53]. The CPRS tests specifically for ADHD and

related problem behaviors and is intended to be more diagnostic

than the CBCL [54]. Due to the prospective nature of our cohort

study we were able to assess the association between environmental

exposures sustained prenatally and future development of

ADHD-related behaviors in childhood.

A limitation of the study is that unmeasured factors such as other

pollutants, stress, and noise may have contributed to residual

confounding. In addition, the number of children with moderately

to markedly atypical outcomes on the CPRS (cases) was small,

resulting in fairly wide confidence intervals around the odds ratios.

However, the confidence intervals around the effect estimates for

the continuous outcomes are much tighter. Although of interest, we

Table 4. Associations between PAH Exposure and CBCL DSM-oriented Attention Deficit/Hyperactivity problems and ADHD
Behavior Problems on the CPRS Subscales adjusting for postnatal exposurea.

Maternal Adduct (N = 233) Cord Adduct (N = 162)

Outcomes analyzed continuously

badducts(95% CIb) badducts (95% CIb)

CBCL DSM-oriented Attention Deficit/Hyperactivity Problems 0.13 (20.03, 0.29) 20.04 (20.23, 0.15)

CPRS subscales

ADHD Index 0.14 (0.03, 0.25)* 20.06 (20.19, 0.07)

DSM-IV Total 0.16 (0.07, 0.26)* 0.009 (20.10, 0.12)

DSM-IV Hyperactive-Impulsive 0.16 (0.03, 0.29)* 0.10 (20.05, 0.26)

DSM-IV Inattentive 0.17 (0.04, 0.31)* 20.09 (20.25, 0.06)

Outcomes analyzed dichotomouslyc

ORb (95% CIb) ORb (95% CIb)

CBCL DSM-oriented Attention Deficit/Hyperactivity Problems 1.48 (0.38, 5.79) 1.17 (0.24, 5.66)

CPRS subscales

ADHD Index 1.83 (0.61, 5.54) 0.93 (0.22, 4.01)

DSM-IV Total 3.37 (1.10, 10.34)* 1.70 (0.47, 6.17)

DSM-IV Hyperactive-Impulsive 1.58 (0.55, 4.52) 1.04 (0.30, 3.61)

DSM-IV Inattentive 5.06 (1.43, 17.93)* 1.32 (0.31, 5.56)

aAdjusting for postnatal PAH exposure (measured by metabolites at ages 3 or 5, adjusted for specific gravity), prenatal ETS, child sex, maternal education, child ethnicity,
gestational age, maternal demoralization, heating season, HOME caretaking environment, maternal intelligence, child age at assessment, maternal ADHD, child anxiety/
depression at age 9.
bOR stands for odds Ratio; CI stands for Confidence Interval.
cCBCL- Borderline or clinical defined as percentile $93rd; CPRS- Moderately to markedly atypical defined as T-score .65.
*p-value ,0.05.
doi:10.1371/journal.pone.0111670.t004

Figure 1. Number of children categorized as moderately to markedly atypical on the CPRS DSM-IV Hyperactive Impulsive and CPRS
DSM-IV Inattentive Subscalesa.
doi:10.1371/journal.pone.0111670.g001
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did not have complete data on exposure to lead or mercury and

were unable to account for this in our models. We were also unable

to evaluate the effects of individual postnatal PAH metabolites that

may have differing toxicities; however benzo[a]pyrene is an

important, toxic member of the class of PAH. Finally, generaliz-

ability was reduced by the ethnicity restriction of our cohort

(African-American and Dominican) and our exclusion of active

smokers, illicit drug users, and women with pre-existing disease.

Conclusions

In conclusion, this study provides evidence that early exposure

to environmental PAH may contribute to ADHD behavior

problems in children. The results require confirmation but are

of concern since children with ADHD are at greater risk of risk-

taking behaviors [84], poor academic performance [85], and lower

earnings in adulthood [86,87]. ADHD imposes large costs on

society, estimated to range between $36 billion and $52 billion

annually [67,68].

PAH are widespread in urban environments worldwide largely as

a result of fossil fuel combustion. Fortunately, it is possible to reduce

airborne PAH concentrations using currently available pollution

controls, greater energy efficiency, the use of alternative energy

sources, and regulatory intervention to control polluting sources.
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Abstract

Background: Prior research reports inverse associations between maternal

prenatal urinary phthalate metabolite concentrations and mental and motor

development in preschoolers. No study evaluated whether these associations

persist into school age.

Methods: In a follow up of 328 inner-city mothers and their children, we measured

prenatal urinary metabolites of di-n-butyl phthalate (DnBP), butylbenzyl phthalate

(BBzP), di-isobutyl phthalate (DiBP), di-2-ethylhexyl phthalate and diethyl phthalate

in late pregnancy. The Wechsler Intelligence Scale for Children, 4th edition was

administered at child age 7 years and evaluates four areas of cognitive function

associated with overall intelligence quotient (IQ).

Results: Child full-scale IQ was inversely associated with prenatal urinary

metabolite concentrations of DnBP and DiBP: b522.69 (95% confidence interval

[CI]524.33, 21.05) and b522.69 (95% CI524.22, 21.16) per log unit increase.

Among children of mothers with the highest versus lowest quartile DnBP and DiBP

metabolite concentrations, IQ was 6.7 (95% CI51.9, 11.4) and 7.6 (95% CI53.2,

12.1) points lower, respectively. Associations were unchanged after control for

cognition at age 3 years. Significant inverse associations were also seen between

maternal prenatal metabolite concentrations of DnBP and DiBP and child

processing speed, perceptual reasoning and working memory; DiBP and child

verbal comprehension; and BBzP and child perceptual reasoning.
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Conclusion: Maternal prenatal urinary metabolite concentrations measured in late

pregnancy of DnBP and DiBP are associated with deficits in children’s intellectual

development at age 7 years. Because phthalate exposures are ubiquitous and

concentrations seen here within the range previously observed among general

populations, results are of public health significance.

Introduction

Phthalates are a class of high production chemicals widely used as plasticizers and

additives in consumer and personal care products [1]. Many phthalates are

endocrine disruptors which may operate through multiple mechanisms including

perturbations in thyroid hormone and testosterone levels [2, 3]. Exposures to

phthalates are ubiquitous [4, 5]. Urinary concentrations of phthalate metabolites

are used as internal dosimeters because urinary enzymatic activity is negligible [6];

thus metabolite concentrations in urine reflect an individual’s internal exposure to

phthalates, rather than phthalate contaminants introduced during sample

collection and processing. Prior studies have shown moderate reproducibility (i.e.

intraclass correlation coefficients ranging from approximately 0.20 to 0.77) for

measurements of several phthalate metabolite concentrations in repeat spot urine

samples [5, 7–9].

Limited epidemiologic studies have reported inverse associations between

phthalate metabolites in maternal prenatal urine and child mental, motor and

behavioral development [5, 10]. Previously, we reported that maternal prenatal

urinary concentrations of mono-n-butyl phthalate (MnBP) and monoisobutyl

phthalate (MiBP), the main metabolites of di-n-butyl phthalate (DnBP) and di-

isobutyl phthalate (DiBP), respectively, were inversely associated with child age 3

year motor development and increased the risk of motor delay [5]. Among girls,

MiBP was also inversely associated with mental development [5]. Experimental

animal studies find inverse associations between prenatal exposure to di-2-

ethylhexyl phthalate (DEHP) and DnBP and learning and memory in the

offspring [11, 12]. No prior studies have evaluated associations between prenatal

phthalate exposures on child intelligence quotient (IQ) in school-age children.

However, a cross-sectional study of Korean 3rd and 4th grade children found

inverse associations between DEHP metabolites in child urine and IQ [13]. Based

on these findings, we hypothesized that prenatal phthalates exposures would be

inversely associated with child IQ at age 7 years.

Methods

We studied 328 inner-city women and their 7-year old children from the

Columbia Center for Children’s Environmental Health (CCCEH) longitudinal

birth cohort of 727 pregnant women who delivered between 1998 and 2006. The
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original aim of the cohort was to examine the associations between exposure to air

pollutants and pregnancy outcomes and child development. Enrollment,

exclusion criteria, and a description of the cohort have been described previously

[14]. Women 18–35 years old who self-identified as either African American or

Dominican were enrolled through prenatal clinics associated with Harlem and

New York Presbyterian Hospitals. Women were excluded if they reported active

smoking, use of other tobacco products or illicit drugs, had diabetes, hypertension

or known HIV, had their first prenatal visit after the 20th week of gestation or had

resided in the study area for less than one year prior to pregnancy. Mother-child

pairs were selected for participation in the current study if phthalate metabolite

concentrations had been measured in spot urine samples collected during

pregnancy and if the child had completed the Wechsler Intelligence Scale for

Children, 4th edition (WISC-IV) at age 7 years. We excluded women with active

smoking during pregnancy verified by maternal and/or umbilical cord plasma

cotinine .15 ng/ml at delivery (n530), no or insufficient urine for measurement

of phthalate metabolites (n5286), and those lost to follow-up prior to child age 7

years (n583). Among women who had prenatal phthalate measurements, the

retention rate was 80% at the 7-year follow-up. The 328 study subjects did not

differ significantly from the remaining subjects in the CCCEH cohort in terms of

demographics (race/ethnicity, maternal marital status, education level, household

income, proportion receiving Medicaid), prenatal alcohol consumption, child sex,

gestational age, and birth weight (all p-values.0.05). Moreover, study children

did not differ from the remaining children with respect to mental and motor

development scores at age 3 years.

Ethics Statement

Institutional review boards at the Columbia University Medical Center and the

Centers for Disease Control and Prevention (CDC) approved the study and all

consent procedures for the study. Written informed consent was obtained from all

participating mothers, who also provided written informed consent on behalf of

their children, and written informed assent was obtained from all children starting

at age 7 years.

Urine sample collection and phthalate measurements

Spot urine samples were collected during the 3rd trimester of pregnancy (average

34.0¡3.0 weeks, median 33.9) and from the children at ages 3 (n5241) and 5

(n5277) years. Samples were analyzed for metabolites of 5 phthalates (DnBP,

BBzP, DiBP, DEHP and diethylphthalate) at the CDC as described [15]. Specific

gravity was measured in the urine samples using a handheld refractometer and

used to control for urinary dilution (Atago PAL 10-S, Bellevue, WA) [7].

As a measure of reliability, we calculated intraclass correlation coefficients

(ICCs) for the phthalate metabolites in serial spot urine samples collected

biweekly from 48 women in the CCCEH cohort over 6–8 weeks late in pregnancy

Prenatal Phthalates and Child IQ
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(n5135 samples, 2–4 repeats per woman). Adjusting for specific gravity, ICCs

were 0.77 for MBzP, 0.65 for mono-n-butyl phthalate (MnBP), and 0.60 for

monoisobutyl phthalate (MiBP) and ranged from 0.27 to 0.42 for the DEHP

metabolites [5].

Measures of child mental development

The Wechsler Intelligence Scale for Children, 4th edition (WISC-IV) [16] was

administered to children at age 7 years. The instrument measures four areas of

mental functioning that are associated with, but distinct from, overall IQ. The

Verbal Comprehension Index is a measure of verbal concept formation; the

Perceptual Reasoning Index measures nonverbal and fluid reasoning; the Working

Memory Index assesses children’s ability to memorize new information, hold it in

short-term memory, concentrate, and manipulate information; and the

Processing Speed Index assesses ability to focus attention and quickly scan,

discriminate, and sequentially order visual information. Full-Scale IQ score

combines the four composite indices. All WISC-IV scales are standardized to a

mean of 100 and standard deviation (SD) of 15. The WISC-IV has been shown in

prior research to be sensitive to effects of low-dose neurotoxicant exposures on

cognition [17–19].

Model covariates

Information on potential confounders was gathered by questionnaires adminis-

tered to the mother during pregnancy and at various postnatal intervals by trained

bi-lingual interviewers and by review of maternal and infant medical records.

Variables of interest included race/ethnicity, maternal education and marital

status, household income, parity, gestational age, birth weight, child sex,

breastfeeding history, exposure to tobacco smoke in the home, prenatal alcohol

consumption, and prenatal psychosocial factors including maternal self-report of

hardship during pregnancy (i.e., lack of food, clothing, housing, gas or electricity,

or medicines) and satisfaction with overall living conditions. Maternal

demoralization was measured by the 27-item Psychiatric Epidemiology Research

Instrument-Demoralization Scale [20]. Maternal intelligence was assessed by the

Test of Non-Verbal Intelligence, third edition [21], a language-free measure of

general intelligence, which is relatively stable and free of cultural bias. The quality

of the care-taking environment was measured by the Home Observation for

Measurement of the Environment (HOME) scale [22] at child age 38.4¡6.2

months.

Statistical analysis

Linear regression models were used to examine relationships between prenatal

exposures to the five phthalates (assessed from the urinary metabolite

concentrations) and WISC-IV outcomes. Phthalate metabolite concentrations

below the limit of detection (LOD) (one for monobenzyl phthalate (MBzP), one

Prenatal Phthalates and Child IQ
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for mono-isobutyl phthalate (MiBP) and 53 for mono-2-ethylhexyl phthalate

(MEHP)) were assigned a value of LOD/!2 [23]. The distributions of the

phthalate metabolite concentrations were right skewed and transformed using the

natural logarithm to improve model fitting and reduce the influence of extreme

values. In our analyses, each metabolite was considered as a continuous variable

and was categorized into quartiles to explore the shape of the dose response

relationship. The final regression models included covariates that were a priori

potential confounders based on previous literature and a directed acyclic graph,

and that were associated with at least one WISC-IV subscale or the total WISC-IV

score [5, 17, 18]. Missing values for covariates were imputed as follows: a) twelve

missing values for maternal IQ were imputed by a linear regression model with

race/ethnicity, maternal education and age as predictors (model R250.13); b)

twenty missing observations for the HOME scale were imputed by linear

regression model with race/ethnicity, maternal education and IQ, and household

income as predictors (model R250.18); c) ten missing observations for prenatal

maternal alcohol consumption were given a category of missing. Sensitivity

analyses were conducted for observations with no missing data (reducing the

sample size to 290); results were essentially unchanged from those reported here.

We used maternal urinary concentrations of mono-2-ethyl-5-hydroxyhexyl

phthalate (MEHHP) as the proxy for exposure to DEHP. All DEHP metabolites

were highly correlated with each other (Spearman correlation coefficient r$0.8)

[25]. In a sensitivity analysis results using MEHP as the DEHP exposure proxy

were essentially the same. Analyses were repeated using the molar sum of all four

DEHP metabolites, also with essentially the same results. Urinary specific gravity

was included in all models to control for dilution 7. We evaluated confounding in

two ways. First, we constructed a directed acyclic graph to determine potential

confounders. Second, for each potential confounder, we assessed the change in the

estimated regression coefficient between the exposure of interest (i.e. specific

phthalate metabolite) and outcome (i.e. either the WISC IQ measure or the WISC

subscale measure) with and without the potential confounder. We included

variables in the model if their inclusion changed the estimated regression

coefficient between exposure and outcome by more than.5 standard deviation

units. To evaluate whether sex of the child was an effect modifier, we conducted

analyses separately by sex, and assessed whether the estimated coefficients differed

using the Wald test. In secondary analyses, we included a measure of cognitive

performance at age 3 years (the Mental Development Index (MDI) from the

Bayley Scales of Infant Development-second edition (1993). Additionally, we

evaluated whether child age 3 and 5 years urinary phthalate metabolite

concentrations were associated with WISC-IV outcomes at age 7 years. We also

evaluated whether other contaminants, namely lead, chlorpyrifos, and polycyclic

aromatic hydrocarbons (PAHs), were potential confounders. With the exception

of a negative correlation between PAHs and one phthalate metabolite (MiBP)

(r520.13, p5.02), no correlations were found between any other contaminant

and phthalate metabolite. In a sensitivity analysis, we included PAHs in the

regression model relating MiBP to the cognitive outcomes; the magnitudes of the

Prenatal Phthalates and Child IQ
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regression coefficients became stronger and more statistically significant. Analyses

were conducted using SAS (version 9.3 SAS Institute Inc., Cary, NC).

Results

Maternal sociodemographic characteristics, infant birth and child characteristics

and distributions of model covariates and outcome variables are presented in

Table 1. Eighteen children (5.5%) were administered the test in Spanish. Table 2

shows the distribution of the urinary phthalate metabolite concentrations in

maternal prenatal spot samples. Metabolites were detected in 99.7–100% of the

samples, except for MEHP in which 16% of the measures were below the LOD.

Nevertheless, for the 53 measures that were below the LOD, using the actual

concentrations or the assignment of a value (1/!2)6LOD produced essentially the

same results. Spearman correlation coefficients between the specific gravity

adjusted maternal prenatal metabolite concentrations ranged from 0.15 (for

monoethyl phthalate (MEP) and both MBzP and MEHHP) to 0.63 (for MiBP and

MnBP). Correlations for the urinary phthalate metabolite concentrations in child

age 3 and 5 year samples were similar (data not shown). However, correlations

between each phthalate metabolite across ages (prenatal, age 3 and 5 years) were

not statistically significant. The correlation between Bayley MDI score and full

scale IQ at age 7 was 0.43 (p,.0001) and between maternal IQ and full scale IQ at

age 7 was 0.26 (p,.0001).

In the total cohort (table 3), full scale IQ was inversely associated with

logeMnBP (b5–2.69 [95% CI5–4.33, –1.05]) and logeMiBP (b5–2.69 [95%

CI5–4.22, –1.16]) but not with the other phthalate metabolites. Additonally,

logeMnBP, logeMiBP and logeMBzP were significantly inversely associated with

perceptual reasoning, logeMnBP and logeMiBP with processing speed, logeMiBP

with verbal comprehension, and logeMnBP and logeMiBP with working memory.

There were no significant associations between maternal MEHP, MEHHP or MEP

concentrations and any of the WISC-IV scales. There were some differences in the

estimated regression coefficients relating the exposures to outcomes between boys

and girls, although with one exception none reached statistical significance.

Specifically, associations between MnBP and full scale IQ and perceptual

reasoning appeared stronger among girls than boys, and associations between

MnBP and processing speed appeared stronger among boys. Additionally,

associations between MBzP and perceptual reasoning and between MiBP and

verbal comprehension appeared stronger among boys. MnBP was associated with

working memory and the size of the associations was significantly larger among

girls than boys (p50.02 Wald test). Controlling for postnatal year three and year

five phthalate metabolites concentrations did not alter the association between

prenatal phthalate exposures and the WISC outcomes at age 7 years.

Full scale IQ scores among children born to mothers with urinary MnBP and

MiBP concentrations in the highest compared to the lowest quartiles were 6.6,

95% CI5(1.89, 11.41) and 7.6, 95% CI5(3.2, 12.1) points lower, respectively

Prenatal Phthalates and Child IQ
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(Figure 1). Similar differences were found for the perceptual reasoning, processing

speed and working memory scores. Children whose mother had the highest versus

lowest concentration of MBzP and MiBP had significantly lower scores on

Table 1. Subject demographics, distribution of model covariates, and outcome variables (N5328).

Characteristic Value (%)

Maternal age at prenatal interview (yr) 25.3¡4.8

Ethnicity

African American 215 (34.5)

Dominican or other Hispanic 113 (65.5)

Maternal education

,High school degree 119 (36.3)

$High school diploma or general educational development (GED) 209 (63.7)

Marital status

Never married 220 (67.1)

Ever Marrieda 108 (32.9)

Maternal IQ (n5316) 84.6¡13.3

HOME scale (n5308) 39.2¡6.3

Prenatal alcohol consumption (N5318) 82 (25.8)

Child sex

Male 155 (47.3)

Female 173 (52.7)

Child age at WISC-IV (yr) 7.05¡0.20

WISC-IV Outcome variables

Full Scale Composite Score 97.1¡13.1

Perceptual Reasoning Composite Score 99.3¡14.0

Processing Speed Composite Score 98.9¡14.6

Verbal Comprehension Composite Score 94.4¡12.7

Working Memory Composite Score 98.5¡14.9

Values are mean ¡ SD or n (percent). Unless indicated, N5328.
aIncludes living with same partner for .7 years.

doi:10.1371/journal.pone.0114003.t001

Table 2. Distribution of Phthalate metabolites (ng/ml) in maternal spot urine during the third trimester of pregnancy (n5328).

Metabolite Mean 95% CI LOD* %,LOD Range 25% Median 75%

MnBP 37.6 (33.5, 42.3) 0.6 0 1.2–1,110 19.4 38.0 79.8

MBzP 13.4 (11.6, 15.4) 0.22 0.3 ND–550.4 5.8 14.4 30.0

MEHHP 22.3 (19.4, 25.5) 0.7 0 1.1–1750 10.6 21.8 47.2

MEHP 4.95 (4.2, 5.7) 1.2 16.2 ND–613 1.9 4.9 12.4

MEP 160.5 (140.4, 183.4) 0.53 0 7.8–6045.6 69.9 141.5 334.1

MiBP 9.1 (8.1. 10.2) 0.3 0.3 ND–374.4 5.0 9.2 19.0

ND5not detected.

doi:10.1371/journal.pone.0114003.t002

Prenatal Phthalates and Child IQ

PLOS ONE | DOI:10.1371/journal.pone.0114003 December 10, 2014 7 / 15



Table 3. Estimated adjusted regression coefficients relating maternal prenatal urinary phthalate concentrations to the WISC-IV full scale IQ and subscales at
child age 7 years.

B-Coefficient (95% CI) Child sex

Total Girls Boys Difference

Metabolite (log base e) (n5328) (n5173) (n5155) p-value@

Full Scale

MBnP 22.69 (24.33,21.05)** 23.15 (25.44,20.87)** 21.89 (24.34, 0.56) 0.46

MBzP 21.18 (22.40, 0.05) 20.84 (22.52, 0.83) 21.48 (23.35, 0.38) 0.61

MEHHP 0.16 (21.16, 1.48) 0.34 (21.35, 2.03) 0.26 (21.87, 2.40) 0.96

MEHP 20.30 (21.42, 0.82) 20.05 (21.53, 1.42) 0.09 (21.92, 2.11) 0.74

MEP 20.17 (21.46, 1.13) 20.75 (22.53, 1.03) 0.40 (21.53, 2.33) 0.39

MiBP 22.69 (24.22,21.16)** 22.38 (24.50,20.26)* 22.92 (25.17,20.67)* 0.73

Perceptual Reasoning

MnBP 22.58 (24.40,20.76)** 23.55 (25.96,21.14)** 21.50 (24.36, 1.35) 0.28

MBzP 21.65 (23.00,20.30)* 21.13 (22.89, 0.64) 22.45 (24.60,20.31)* 0.35

MEHHP 0.18 (21.28, 1.64) 0.03 (21.76, 1.82) 0.56 (21.92, 3.04) 0.73

MEHP 20.07 (21.30, 1.17) 20.09 (21.65, 1.48) 0.01 (22.00, 2.03) 0.94

MEP 20.62 (22.05, 0.81) 20.67 (22.56, 1.22) 20.57 (22.81, 1.67) 0.95

MiBP 22.41 (24.11,20.71)* 22.39 (24.64,20.14)* 22.41 (25.05, 0.23) 0.99

Processing Speed

MnBP 22.01 (23.91,20.11)* 21.29 (24.04, 1.45) 22.85 (25.63,20.08)* 0.43

MBzP 20.47 (21.88, 0.95) 20.74 (22.72, 1.23) 20.02 (22.17, 2.12) 0.63

MEHHP 20.41 (21.91, 1.10) 20.84 (22.83, 1.15) 0.25 (22.19, 2.68) 0.50

MEHP 20.95 (22.23, 0.33) 20.93 (22.67, 0.80) 20.94 (22.92, 1.03) 0.99

MEP 0.54 (20.95, 2.03) 20.26 (22.37, 1.84) 1.21 (20.99, 3.41) 0.34

MiBP 21.94 (23.72,20.17)* 21.94 (24.46, 0.58) 22.10 (24.70, 0.50) 0.93

Verbal Comprehensionn
oCnsion

MnBP 21.52 (23.06, 0.02) 21.06 (23.29, 1.16) 21.64 (23.90, 0.62) 0.72

MBzP 20.78 (21.92, 0.36) 20.46 (22.06, 1.14) 21.07 (22.79, 0.66) 0.61

MEHHP 0.46 (20.76, 1.69) 0.86 (20.75, 2.47) 0.09 (21.88, 2.06) 0.55

MEHP 20.28 (21.32, 0.76) 20.01 (21.42, 1.40) 20.60 (22.20, 1.00) 0.58

MEP 0.10 (21.30, 1.11) 20.71 (22.42, 0.99) 0.52 (21.26, 2.31) 0.32

MiBP 22.08 (23.51,20.65)** 21.05 (23.10, 1.00) 23.04 (25.11,20.98)** 0.18

Working Memory

MnBP 22.57 (24.55,20.59)** 24.73 (27.53,21.93)** 20.07 (22.92, 2.78) 0.02

MBzP 20.68 (22.16, 0.80) 20.59 (22.67, 1.48) 20.50 (22.68, 1.67) 0.95

MEHHP 0.36 (21.23, 1.94) 1.16 (20.92, 3.25) 20.29 (22.76, 2.18) 0.37

MEHP 0.55 (20.79, 1.89) 1.22 (20.60, 3.04) 0.09 (21.92, 2.11) 0.41

MEP 20.39 (21.95, 1.17) 21.06 (23.26, 1.15) 0.28 (21.96, 2.52) 0.40

MiBP 21.98 (23.84,20.12)* 22.53 (25.16, 0.11) 21.27 (23.92, 1.38) 0.51

*p,0.05, **p#0.01. @Wald Test.
Adjusted model for specific gravity, maternal IQ, ethnicity, alcohol use during pregnancy, education, marital status, total home score, and sex of child.

doi:10.1371/journal.pone.0114003.t003
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perceptual reasoning (by 3.9 points) and verbal comprehension (by 4.4 points),

respectively.

Examination of postnatal phthalate exposure controlling for prenatal exposure

suggested specific associations between MBzP measured at age 3 and several of the

outcomes. Specifically, we found inverse associations between, loge MBzP

concentrations measured at age 3 were inversely associated with full-scale IQ

(b5–1.52; 95% CI5(–2.71, –0.32)), perceptual reasoning (b5–1.68; 95% CI5(–

3.01, –0.36)), and working memory (b5–2.2.47; 95% CI5(–3.92, –1.01)) at age 7

years (see Table S1). We observed no associations between concentrations of

phthalate metabolites measured at age 5 years and IQ measured at age 7 years; nor

did we see any significant associations between the WISC-IV scales and MnBP and

MiBP measured at age 3 years. Finally, there was no change in the associations

between prenatal urinary phthalate metabolites and any of the WISC outcomes

after inclusion of the child age 3 years mental development index (MDI) on the

Figure 1. Adjusted mean WISC-IV total score and subtest scored by lowest to highest quartile of
maternal prenatal phthalate metabolite concentration (where q05lowest quartile, q45highest quartile,
q2 and q3 intermediate quartiles). Means adjusted for urine specific gravity, maternal IQ, ethnicity, alcohol
use during pregnancy, education, marital status, quality of the home environment (HOME score) and sex of
child. *p,0.05, **p#0.01.

doi:10.1371/journal.pone.0114003.g001
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Bayley Scales of Infant Development. Associations also did not change when

language of test administration was controlled.

Discussion

In our follow up study of children prenatally exposed to phthalates, we found

significant associations between exposure to DnBP and DiBP and IQ measured at

age 7 years, after adjusting for potential confounders. Compared to children born

to women in the lowest 25th concentration percentile, children born to women

above the 75th concentration percentile for MnBP and MiBP scored 6.6 and 7.6

points lower on 7 year IQ. Similar associations were found between these

metabolites and perceptual reasoning, working memory and processing speed

subscales of the WISC-IV. Differences in the estimates of association were found

in boys and girls. Associations between maternal prenatal MnBP concentrations

and child age 7 full scale IQ, perceptual reasoning and working memory were

stronger among girls and associations between maternal prenatal MnBP and

MiBP concentrations and processing speed and verbal comprehension, respec-

tively, were stronger among boys. We note however, that with one exception the

interactions between phthalate metabolites and sex did not reach conventional

statistical significance criterions.

These findings extend our earlier observation of associations between prenatal

exposure to phthalates and children’s cognitive function and behavior at age 3

years5. In the earlier analysis, we found inverse associations between urinary

concentrations of MnBP and MiBP and scores on the psychomotor development

index (PDI) of the Bayley Scales of Infant Development (BSID) for both boys and

girls, and an inverse association between MnBP concentrations and the mental

development index (MDI) of the BSID in girls only. Taken together, our findings

suggest adverse associations between prenatal phthalate exposure and cognition

that persist into the early school years, with potentially meaningful implications

for academic performance. We also find associations between MBzP measured at

age 3 and full scale IQ, and the perceptual motor and working memory subscales

at age 7, suggesting a role of postnatal exposure for specific phthalates.

Several studies have reported associations between prenatal phthalate exposure

and neurodevelopment, but the literature is inconsistent regarding the specific

phthalate metabolites examined and the finding of sex-specific associations. Engel,

et al (2009) [24] found associations in girls, but not boys, between metabolites of

high molecular weight phthalates (e.g. DEHP, BBzP) on the Brazelton Neonatal

Behavioral Scale administered within five days of delivery. Yolton, et al (2011)

[25] reported associations between the urinary concentrations of DEHP

metabolites and suboptimal neurological reflexes in boys at 5 weeks of age. Kim, et

al (2011) [10] found associations between urinary concentrations of DEHP

metabolites and delays in both BSID mental and motor development and urinary

concentrations of DnBP metabolite and delays in mental development in 6-month

old Korean boys. These three studies are limited by the measure of
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neurobehavioral assessment, which becomes more reliable as the children age.

Tellez-Rojo et al (2013) [26] evaluated prenatal phthalate exposure and repeated

BSID scores at ages 2, 2.5 and 3 years in 135 children enrolled in the ELEMENT

study in Mexico and found associations with DEHP metabolites in sex-specific

analyses only. A final, albeit cross sectional, study found inverse associations

between metabolites of DEHP and DnBP and vocabulary development at ages 8–

11 years among Korean children [13]. The inconsistent associations regarding the

specific phthalates may be due to the variability in age of assessment (the BSID

become more stable with increasing age at assessment), the WISC testing different

constructs than the BSID, poor adjustment for the correlations between phthalate

metabolites, and differences in the concentrations of phthalates in the specific

populations. Nevertheless, the consistent pattern of associations between MnBP

and MiBP across ages in our cohort lends support to our cognitive findings.

Comparison of the concentrations of phthalate metabolites in our study to

those in the last reported NHANES data [27] find, as expected, slightly higher

concentrations among women in our sample. However, the confidence intervals

in our data and the NHANES data overlap substantially, suggesting that the

concentrations in our study are still relevant.

There are several possible mechanisms underlying these associations. Phthalates

may act as anti-androgens and lead to disruption in the normal sexual

differentiation of the brain [28–30]; they may modulate the activity of aromatase

in the developing brain and thus interfere with estrogen synthesis [31, 32]; they

may interfere with thyroid hormone production [33–36, 29, 37–41]; and they may

disrupt brain dopaminergic activity [42, 43] which is linked to inattention and

hyperactivity [44]. These mechanisms may shed light on why the adverse

associations are sex specific.

Our study has a number of strengths. First it is a prospective evaluation with

assessment of exposure to phthalates not only in the prenatal period, but also at

ages 3 and 5 years. It is noteworthy that our associations were primarily limited to

prenatal concentrations of phthalate metabolites, with some additional associa-

tions seen for age 3 exposures, suggesting that there are critical periods of

exposure related to adverse cognitive outcomes. Second, although our sample size

was likely not sufficient to estimate sex-specific associations, we did observe

several sex specific differences in associations. This is important given that many

of the purported mechanisms for these associations are linked to brain

concentrations of sex hormones. However, there are also some limitations. We are

unable to identify specific times during pregnancy when phthalates could be

related to outcomes as urine was only collected from the pregnant women in the

third trimester. Because phthalates have a half- life of approximately 12 hours,

single, spot urine measures do not reflect long term exposure. We evaluated

reproducibility of these urine measures in a sample of 48 women who had repeat

urine measures during the third trimester; the ICCs were 0.77 for MBzP, 0.65 for

mono-n-butyl phthalate (MnBP), and 0.60 for monoisobutyl phthalate (MiBP)

and ranged from 0.27 to 0.42 for the DEHP metabolites, indicating moderate

reliability over a short time span. Strictly speaking, therefore, our results should be
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specific to phthalate exposure during the third trimester. Restriction of the study

sample to inner-city African American and Hispanics reduces the generalizability

of the results, but likely also minimized residual confounding by socioeconomic

status and race. We note that we also controlled for a variety of factor known to be

associated with child IQ, namely maternal IQ, race/ethnic group, alcohol use

during pregnancy, maternal education, marital status, other contaminants and

HOME score. Birth weight, another predictor of child IQ, did not change the

estimated associations between any phthalate metabolite and IQ. Further work in

other ethnic and socioeconomic populations would be needed to generalize these

results. We also measured a limited number of phthalate metabolites and thus

cannot infer our results to other phthalates. We also could not evaluate the

associations between phthalate exposure and school performance as these data are

not available. Finally, there may be some measurement error in the categorization

of phthalates exposure based on urinary metabolite concentrations because the

correlations between measures of the same metabolite over relatively short

intervals were moderate to low [9].

Given the observational nature of this study, we cannot conclude a causal

relationship between late prenatal exposure to certain phthalates and reductions

in IQ. Nevertheless, we have now observed consistent associations between

exposure and outcomes measured at two time-points, one in the preschool years

and one in the early school years, suggesting the results are not spurious and

appear to be persistent. Indeed, the associations in the early school years are not

diminished after control for MDI measured at age 3 years, suggesting a robust

association. We note that the consistency of the associations over time has

implications for public health and regulatory policy.

In conclusion, our analysis of the associations between prenatal phthalate

exposure and IQ in the early school years showed significant decrements in IQ

associated with two specific phthalates. These findings are important to inform

policy makers of the potentially harmful effects of this class of chemicals.

Supporting Information

Table S1. Estimated coefficients of urinary phthalate concentrations in the

linear model for WISC-IV when the children were 7 years of age. aModels

include those with phthalate metabolite data at age 3. bModels include those with

phthalate metabolite data at age 5. *p,0.05, **p#0.01. The model controlled for

specific gravity (prenatal, age 3, and age 5 as appropriate), maternal IQ, ethnicity,

alcohol use during pregnancy, education, marital status, total home score, and sex

of child.

doi:10.1371/journal.pone.0114003.s001 (DOCX)
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Abstract

Objective

To test the hypothesis that exposure to fine particulate air pollution (PM2.5) is associated

with stillbirth.

Study Design

Geo-spatial population-based cohort study using Ohio birth records (2006-2010) and local

measures of PM2.5, recorded by the EPA (2005-2010) via 57 monitoring stations across

Ohio. Geographic coordinates of the mother’s residence for each birth were linked to

the nearest PM2.5 monitoring station and monthly exposure averages calculated. The

association between stillbirth and increased PM2.5 levels was estimated, with adjustment

for maternal age, race, education level, quantity of prenatal care, smoking, and season

of conception.

Results

There were 349,188 live births and 1,848 stillbirths of non-anomalous singletons (20-42

weeks) with residence�10 km of a monitor station in Ohio during the study period. The

mean PM2.5 level in Ohio was 13.3 μg/m3 [±1.8 SD, IQR(Q1: 12.1, Q3: 14.4, IQR: 2.3)],

higher than the current EPA standard of 12 μg/m3. High average PM2.5 exposure through

pregnancy was not associated with a significant increase in stillbirth risk, adjOR 1.21(95% CI

0.96,1.53), nor was it increased with high exposure in the 1st or 2nd trimester. However, ex-

posure to high levels of PM2.5 in the third trimester of pregnancy was associated with 42%

increased stillbirth risk, adjOR 1.42(1.06,1.91).
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Conclusions

Exposure to high levels of fine particulate air pollution in the third trimester of pregnancy is

associated with increased stillbirth risk. Although the risk increase associated with high

PM2.5 levels is modest, the potential impact on overall stillbirth rates could be robust as all

pregnant women are potentially at risk.

Introduction
The stillbirth rate (fetal death�20 weeks of gestation) is higher in the US compared to many
developed countries. [1,2] The US stillbirth rate in 2006 was 6.0 per 1000 births,[3] almost 50%
higher than the Healthy People 2010 goal of 4.1 per 1000.[4] The rate is higher in Ohio (6.2 per
1000) and further increased in the city of Cincinnati (6.9 per 1000), one of the most populous
areas of the state. A variety of pre-existing medical, socioeconomic, prenatal, genetic, and envi-
ronmental factors influence a woman’s individual risk of stillbirth.

Exposure to harmful environmental pollutants is associated with adverse health outcomes
and pregnancy complications.[5,6] Airborne particulate matter (PM) is a complex mixture of
extremely small particles and liquid droplets including acids, organic chemicals, metals, and
soil or dust particles. The smallest particles easily pass into the lungs and have the highest po-
tential to negatively affect multiple organ systems. PM2.5, fine particulate matter, measures
<2.5 μm in aerodynamic diameter. The US Environmental Protection Agency (EPA) has air
quality standards for particle pollution, and monitors local levels via stationary monitoring sta-
tions throughout the US. The US EPA National Ambient Air Quality Standard (NAAQS) for
annual mean level of PM2.5 is currently 12 μg/m

3.[7]
Few prior studies have reported the association between air pollutants and stillbirth,[8–13]

and only two have assessed high exposure to PM2.5 specifically and reported no significant as-
sociation.[14,15] Previous studies have been limited in design by exposures with measures at a
single time point or with a lack of geographic granularity, and lack thorough adjustment for
important clinical or socio-demographic risk factors. In this study we aim to integrate air quali-
ty measures from statewide monitoring stations with vital records to perform geospatial analy-
ses testing the hypothesis that exposure to fine particles in the air (PM2.5) is associated with
stillbirth risk.

Materials and Methods

Study design
Geo-spatial population-based cohort study using Ohio state birth records (2006–2010) and
local measures of PM2.5, recorded by the US Environmental Protection Agency (2005–2010)
via 57 monitoring stations across Ohio.

Exposure
The primary exposure was high level of airborne PM2.5, fine particulate matter in the air mea-
suring<2.5 μm in diameter. High exposure was defined as�mean PM2.5 level plus interquar-
tile range for the specific time period measured for each birth.
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Outcome
The primary outcome was stillbirth. Stillbirth is recorded through vital records in the US using
the definition of fetal death per theWorld Health Organization: birth of a fetus with no evidence
of life such as movement, breathing, or heartbeat, irrespective of the duration of gestation and
which is not an induced termination of pregnancy.[16] As is commonly recommended, we con-
sidered only stillbirths with birth weight�350 grams and occurring at�20 weeks of gestation
for this analysis.[17] The reference group for comparison was comprised of live births also with
birth weight�350 grams and occurring at�20 weeks of gestation. Gestational age was defined
by the best obstetric estimate variable in the birth record, which combines last menstrual period
and ultrasound parameters, as is commonly accepted in clinical practice for gestational
age estimation.

Study population
All live births and stillbirths that occurred in Ohio during the 5 year study period, 2006–2010.
The study cohort was limited to singleton births occurring at 20–42 weeks of gestation without
known major congenital anomalies, and with mother’s residence within 10 km of a PM2.5 mon-
itoring station. All live birth and stillbirth data were obtained from the Ohio Department of
Health vital statistics database.

Statistical analyses
Daily measures of PM2.5, recorded by 57 monitoring stations across the state of Ohio, were ob-
tained from the Environmental Protection Agency from 2005–201018 and monthly averages of
PM2.5 were calculated for each station. Using geographic coordinates of the mother’s residence
for each birth and ArcGIS 10.1 (ESRI, Redlands, CA) software, vital records were linked to data
from the nearest PM2.5 monitoring station. Average PM2.5 exposure level per trimester was cal-
culated for each birth occurring within 10 km of a monitoring station.

Demographic, medical and delivery characteristics of stillbirths were compared to live births
using t-test for continuous variable comparisons and χ2 tests for categorical variables. The as-
sociation between stillbirth risk and high PM2.5 levels was estimated using generalized estimat-
ing equation (GEE) model with logit link function, with adjustment for maternal age, race,
education level, quantity of prenatal care, cigarette smoking—each as recorded in the birth cer-
tificate, as well as season of conception which was created from the date of birth and gestational
age at birth. There was minimal missing data for maternal residential address (2.3%), less than
0.1% missing maternal age or smoking status, 0.8% missing maternal race, 27.2% missing data
prenatal care initiation, and 0.9% missing data on maternal educational level. There was a
higher amount of missing data number of cigarettes smoked per day for smokers with stillbirth
(31% missing), and therefore the dichotomous smoking status (yes/no) with minimal missing
data (<0.01%) was utilized for analyses rather than modeled as a continuous variable. An ex-
changeable correlation matrix for the monitoring stations was used in the GEE models to ac-
count for spatial correlation within the same PM2.5 monitor. Analyses were performed for
births with residence within 10 km of a monitoring station, and then repeated as a sensitivity
analysis limited to those with residence within 5 km of a monitoring station.

Analyses were performed using SAS version 9.3, SAS Institute Inc., Cary, NC, USA. Attribut-
able risk (AR) was calculated using the formula: AR = Ie—Iu, where Ie = incidence of stillbirth in
the high exposure group and Iu = incidence of stillbirth in the unexposed group. The population
attributable risk (PAR), the reduction in stillbirth incidence that would be observed if the popula-
tion were unexposed to high PM2.5 levels, compared with its current (actual) exposure pattern
was calculated as: PAR = Ip—Iu, where Ip is the population incidence. Population attributable
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risk percentage (PAR%) was calculated as: PAR% = 100 x Pe (RR—1)/(Pe(RR-1)+1), where Pe is
percentage of high exposure in the entire population (approximately 10% for the population in-
cluded in this study) and RR is relative risk.

Stillbirth rates are reported as number of stillbirths per 1000 total births (live births plus
stillbirths). Comparisons with a probability value<0.05 or 95% confidence interval without in-
clusion of the null were considered statistically significant.

The Ohio Department of Health and Human Subjects Institutional Review Board approved
the protocol for this study. This study was exempt from review by the Institutional Review
Board at the University of Cincinnati, Cincinnati, Ohio. A de-identified data set generated
from vital records of all live births and stillbirths that occurred in the state from 2006–2010
was provided for this analysis by the Ohio Department of Health.

Results
There were 751,123 live births and 4,622 stillbirths in Ohio during the 5 year study period. We
focused this analysis on singleton births occurring at 20–42 weeks of gestation without major
congenital anomalies. The measurement of association between PM2.5 levels and stillbirth was
limited to births to mothers whose residence was within 10 km of a PM2.5 monitoring station,
resulting in a study sample of 351,036 births: 1,848 stillbirths and 349,188 live births, Fig. 1.

In the cohort studied in this analysis, the stillbirth rate decreased during the study period,
from 5.7 per 1000 in 2006 to 4.6 per 1000 births in 2010, Table 1. The rate of stillbirth was
higher in very urban areas, 5.4 per 1000, compared to residence in any less urban area, 4.3 per
1000. Most births analyzed (98%) occurred in very urban areas, where most monitoring sta-
tions are located and exposure levels are likely to be highest. Stillbirth rates were high among
the oldest mothers, age�40 years, 11.6 per 1000, and non-Hispanic black mothers, 8.6 per
1000, as well as women with lower education level and tobacco use. Women with no prenatal
care had the highest rate of stillbirth, 9.4 per 1000. Season of conception had no influence of
stillbirth rates.

Continuous variables are presented as median (IQR) for non-normally distributed data and
mean +/- standard deviation for normally distributed data.

Stillbirths occurred more frequently at 20–24 weeks (34.4%), compared to 25–28 weeks
(15.1%), 29–32 weeks (13.9%), 33–36 weeks (18.1%) and term�37 weeks (18.4%), Table 2.

Fig 1. Flow diagram of the study population, Ohio births 2006–2010.

doi:10.1371/journal.pone.0120594.g001
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The stillbirth rate was lowest for births at term, 1.1 per 1000. Considering that a major contrib-
utor to stillbirth rates is intrapartum death of a previable or periviable fetus born between 20–
24 weeks due to preterm labor, the rate of stillbirth in the 20–24 week gestational age period
was highest, as expected, 365.7 per 1000.

The mean PM2.5 level during the study period (2006–2010) in Ohio was 13.3 μg/m3

[±1.8 μg/m3, IQR (Q1: 12.1, Q3: 14.4, IQR: 2.3)], which is higher than The US EPA National
Ambient Air Quality Standard (NAAQS) of 12 μg/m3.[7] Mean PM2.5 level, IQR for the entire
cohort per trimester was: 1st trimester 13.67, 3.53 μg/m3; 2nd trimester 13.30, 2.96 μg/m3; 3rd

trimester 13.05, 3.17 μg/m3; pregnancy average 13.32, 2.35 μg/m3. High PM2.5 level was defined
as mean + IQR for each group: 1st trimester 17.2 μg/m3; 2nd trimester 16.26 μg/m3; 3rd trimester
16.22 μg/m3; pregnancy average 15.67 μg/m3.

The mean PM2.5 levels during first trimester of pregnancy were not significantly different
for stillbirths compared to the live birth group However, mean PM2.5 levels during the second

Table 1. Maternal Characteristics, Ohio Birth Cohort 2006–2010.

Demographic Factors

Advanced maternal age

35–39 years 12.6 10.2 <0.01 6.5

� 40 years 2.7 1.2 <0.01 11.6

Race and Ethnicity

Non Hispanic White 44.8 63.6 <0.01 3.7

Non Hispanic Black 46.8 28.3 <0.01 8.6

Hispanic 5.8 5.3 0.41 5.7

Other 2.7 2.8 0.83 5.1

Social Behaviors & Socioeconomic Factors

Education

Less than high school 23.4 20.3 <0.01 5.7

High school graduate 38.7 25.5 <0.01 7.5

College education 38.0 54.2 <0.01 3.5

Tobacco use 25.0 19.4 <0.01 6.4

Prenatal Care Initiation

First trimester 78.7 67.9 <0.01 7.5

Second trimester 13.1 23.8 <0.01 3.6

Third trimester 3.1 4.9 <0.01 4.1

No prenatal care 5.0 3.4 <0.01 9.4

Year of Birth

2006 22.2 20.5 0.07 5.7

2007 20.4 20.5 0.98 5.3

2008 20.4 20.2 0.81 5.3

2009 20.1 19.7 0.66 5.4

2010 16.8 19.1 0.01 4.6

Season

Winter 25.1 24.8 0.76 5.3

Spring 23.8 24.6 0.39 5.1

Summer 25.4 25.1 0.75 5.3

Fall 25.8 25.5 0.81 5.3

Dichotomous variables for first 2 columns are presented as percent of total for each characteristic. Stillbirth rate is presented as number of stillbirths per

1000 total births per each characteristic.

doi:10.1371/journal.pone.0120594.t001
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trimester were slightly lower and during the third trimester were significantly higher for the
stillbirth group compared to the live birth group, see Table 3. Overall, pregnancy average PM2.5

levels for the entire cohort did not significantly differ between stillbirths and live births,
13.40 ± 1.9 μg/m3 versus 13.32 ± 1.75 μg/m3, p = 0.09. We identified significant correlations be-
tween PM2.5 and exposure levels of several other airborne measures of pollutants (p<0.001) in-
cluding nitrogen dioxide, sulfur dioxide, ozone, carbon monoxide and lead.

When analyzing the outcomes for births within 10 km of a stationary monitor, exposure to
high levels of PM2.5 throughout the pregnancy was not associated with a significant increase in
stillbirth risk, adjOR 1.21 (95% CI 0.96, 1.53). Likewise, the risk was not increased with exposure
to high PM2.5 levels in the 1st trimester, adjOR 0.77 (95% CI 0.58, 1.02), or 2nd trimester adjOR
0.80 (95% CI 0.62, 1.04). However, exposure to high levels of PM2.5 in the third trimester of
pregnancy was associated with 42% increased stillbirth risk, adjOR 1.42 (95% CI 1.06, 1.91),
even after adjustment for important coexisting risk factors for fetal death, Fig. 2. Sensitivity
analyses performed using a more strict residential distance-to-monitor cut-off of 5 km demon-
strated similar findings. The 5 km cut-off associations demonstrated no difference in stillbirth
risk with high PM2.5 levels throughout pregnancy or in the second trimester compared to live
births. There was minimally decreased stillbirth odds with high 1st trimester exposure. Com-
pared to the 10 km cut-off analysis, there was a slightly more robust effect size of stillbirth odds
with high 3rd trimester PM2.5 exposure, adjusted OR 1.54 (95% CI 1.08, 2.20), see Table 4.
However, if PM2.5 exposure was modeled as a continuous variable rather than a dichotomous
variable, this finding became non-significant. The relative influence of important coexisting
risk factors included in the adjusted analysis of PM2.5 exposure and stillbirth risk is depicted in
Table 4.

Table 2. Birth Characteristics, Ohio 2006–2010.

Birth weight, grams

350–2499 78.9 7.7 <0.01 48.1

2500–3999 18.7 84.7 <0.01 1.1

�4000 2.4 7.6 <0.01 1.6

Gestational age at birth,weeks

20–24 34.4 0.3 <0.01 365.7

25–28 15.2 0.6 <0.01 121.7

29–32 13.9 1.2 <0.01 59.0

33–36 18.1 7.3 <0.01 12.9

�37 18.4 90.7 <0.01 1.1

Dichotomous variables for first 2 columns are presented as percent of total for each category. Stillbirth rate

is presented as number of stillbirths per 1000 total births per each category.

doi:10.1371/journal.pone.0120594.t002

Table 3. PM2.5 levels in Ohio 2006–2010, by trimester of exposure in pregnancy.

PM2.5 level Mean (SD) IQR (Q3, Q1) Mean (SD) IQR (Q3, Q1)

First trimester 13.60 (2.76) 15.04, 11.72 13.67 (2.87) 15.22, 11.69 0.380

Second trimester 13.18 (2.26) 14.63, 11.59 13.30 (2.36) 14.66, 11.70 0.026

Third trimester 13.24 (2.76) 14.95, 11.29 13.05 (2.34) 14.57, 11.40 0.049

Entire pregnancy 13.32 (1.81) 14.44, 12.07 13.32 (1.75) 14.40, 12.05 0.870

PM2.5 levels are expressed as mean air concentration in μg/m3. SD = standard deviation, IQR = interquartile range (3rd, 1st quartile).

doi:10.1371/journal.pone.0120594.t003
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The attributable risk of stillbirth related to high PM2.5 exposure (7.48 per 1000 minus 5.2
per 1000) was 2.2 per 1000. The attributable risk percent: (Ie-Iu)/Ie is 30%, i.e. for the exposed
population, 30% of stillbirths were from high PM2.5 exposure. Assuming 10% of population
was exposed to high PM2.5, the population attributable risk percentage of high PM2.5 exposure
is 4% for stillbirth.

Discussion

Main findings
In this study we found that exposure to high levels of fine particulate air pollution, PM2.5, in
the third trimester of pregnancy is associated with increased stillbirth risk. Despite adjustment
for important coexisting risk factors for fetal death such as maternal age, race, tobacco use and
lack of prenatal care, we found that pregnant women exposed to high levels of PM2.5 during
the third trimester of pregnancy had a 42% increased risk of stillbirth. This is a novel finding
that has not previously been reported.

Strengths and limitations
One significant limitation of this study, and most studies of air pollution on heath complica-
tions, is the approach of measuring quantity of exposure through stationary monitor sites. Al-
though these represent a good estimation of hourly, daily, or longer duration average regional
air pollution levels, they do not account for variations in personal exposure levels or amount of
variation of indoor air quality. This approach also does not take into consideration variations
in pollutant levels throughout the geographic metric included in the analysis, which was a 10
km radius from the monitor station in this study, nor is there any adjustment for possible geo-
graphic mobility throughout the pregnancy. However, the rate of residential mobility has been
estimated to be fairly low, approximately 12% during pregnancy, and the majority of those
who do move stay within the same municipality.[19] There is also the possibility of interaction
with other concomitant pollutant exposures or unmeasured sociodemographic and pregnancy
risks for stillbirth, which could possibly cluster in areas with high pollutant levels. We identi-
fied significant correlations between exposure levels of PM2.5 and several other airborne pollut-
ants (p<0.001) including nitrogen dioxide, sulfur dioxide, ozone, carbon monoxide and lead.

Fig 2. Relative odds of stillbirth associated with exposure to high levels of PM2.5, by trimester of
pregnancy, Ohio 2006–2010.

doi:10.1371/journal.pone.0120594.g002
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However, the differing locations of these stationary monitors across the state of Ohio and
fewer numbers of monitors for most pollutants compared to PM2.5 monitors limited our capac-
ity to accurately assess and adjust for high levels of each other pollutant in women who resided
within 5 or 10 km of a stationary PM2.5 monitor. Despite this, using individual pollutant-spe-
cific stationary monitors to quantify an individual’s air pollution exposure is a commonly used
and accepted quality approach of assessing the association between air pollution and birth out-
comes.[20–25] Although we did adjust for the most commonly known risk factors for stillbirth,
other unmeasured factors could have also influenced our findings and may even explain the
positive associations identified, considering the small effect sizes and few significant findings in
this study. Other commonly reported limitations of vital statistics data used for research is re-
lated to accuracy of the data. Certainly, the choice of variables for analysis affects the study’s in-
ternal validity. In this study, stillbirth and live birth are reported in the same way as they are

Table 4. Logistic regression of factors associated with stillbirth, Ohio 2006–2010.

Maternal Age, years

<20 1.03 (0.80, 1.32) 1.11 (0.85, 1.44)

20–24 0.95 (0.78, 1.15) 0.89 (0.72, 1.10)

25–29 1.00 (Referent) 1.00 (Referent)

30–34 1.11 (0.90, 1.37) 1.00 (0.76, 1.33)

35–39 1.56 (1.25, 1.96) 1.35 (1.07, 1.30)

�40 2.80 (1.86, 4.21) 2.24 (1.34, 3.75)

Maternal Race

Non-Hispanic white 1.00 (Referent) 1.00 (Referent)

Non-Hispanic black 2.31 (0.99, 5.40) 1.05 (0.46, 2.41)

Hispanic 1.63 (1.04, 2.57) 1.13 (0.57, 2.21)

Other Non-Hispanic 1.39 (0.92, 2.09) 0.87 (0.52, 1.44)

Maternal Education Level

Less than high school 1.77 (1.29, 2.44) 1.77 (1.37, 2.28)

High school only 2.26 (1.89, 2.71) 2.22 (1.76, 2.80)

Postsecondary education 1.00 (Referent) 1.00 (Referent)

Prenatal Care Initiation

First trimester 1.00 (Referent) 1.00 (Referent)

Second trimester 0.34 (0.27, 0.43) 0.39 (0.30, 0.49)

Third trimester 0.32 (0.21, 0.48) 0.30 (0.21, 0.45)

No prenatal care 0.70 (0.40, 1.22) 0.78 (0.49, 1.26)

Season of conception

Winter 1.07 (0.89, 1.29) 1.09 (0.89, 1.32)

Spring 1.00 (Referent) 1.00 (Referent)

Summer 1.13 (0.94, 1.37) 1.15 (0.90, 1.47)

Fall 1.09 (0.91, 1.30) 1.14 (0.98, 1.33)

Tobacco Use 1.44 (1.22, 1.71) 1.28 (1.02, 1.62)

High PM2.5 Exposure

Average over pregnancy** 1.21 (0.96, 1.53) 1.06 (0.80, 1.41)

First trimester 0.77 (0.58, 1.02) 0.71 (0.52, 0.96)

Second trimester 0.80 (0.62, 1.04) 0.78 (0.60, 1.02)

Third trimester 1.42 (1.06, 1.91) 1.54 (1.08, 2.20)

*Odds ratio estimates are adjusted for all other factors listed in the first column of the table.

** The odds ratios for all covariates in the table are derived from the logistic regression model of High

PM2.5 exposure average over pregnancy.

doi:10.1371/journal.pone.0120594.t004
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throughout the US, with reliable certainty. Our exposure levels should be reliably estimated as
well, as data was obtained directly from daily measures reported by the US EPA.[18] Demo-
graphic factors such as maternal age and race are felt to be quite accurate in birth records, and
the accuracy of gestational age of birth is considered reliable with a relatively narrow margin of
variability in birth certificates as well.[26] Other variables on birth records are known to be un-
derreported, such as ante- and intrapartum complications and co-morbid conditions such as
hypertension and diabetes;[27] however, the primary exposure and outcome in this study did
not include variables likely to have significant data accuracy concerns. Inability to adjust thor-
oughly for concomitant medical risk factors could have biased our results toward a positive as-
sociation, however other design limitations may have biased toward the null.

Our study also has significant strengths compared to other studies on air pollution and
pregnancy complications. Our cohort design and time-based approach considering cumulative
daily-monthly pollutant levels and assignment to specific time periods of pregnancy by trimes-
ter enabled us to assess which time during fetal development may be the most susceptible to
high levels of air pollution. In addition, we utilized data on specific location of residence of
each birth in the state and were able to assign accurate regional, temporal exposure levels to
each live birth and stillbirth. Furthermore, we performed sensitivity analyses by repeating our
analyses to births with home residence within a closer proximity to a stationary monitor, 5 km,
and demonstrated consistency of effect. The non-significant association of stillbirth risk with
high exposure in the third trimester found when analyzing PM2.5 as a continuous variable in a
sensitivity analysis, differing from the significant association when modeled as a categorical
variable in our primary planned analysis, may indicate that there is a threshold above which ex-
posure levels increase risk and may not at mid-range exposure levels, and perhaps not in a line-
ar fashion. Our contemporary study cohort (2006–2010), and large population-based sample
size (1,848 stillbirths and 349,188 live births) of US births further improved the external validi-
ty and generalizability of our findings. Our study is the largest cohort assessing the influence of
PM2.5 on stillbirth risk reported to date.

Interpretation
Differences in reported effects of airborne particulate matter on birth outcomes in the existing
literature may be influenced by differences in populations studied.[8,10,12] Some countries
have much higher levels of concomitant air pollution density and frequency of other exposures
such as maternal tobacco smoking, as in Russia and Greece. In addition, prior study differences
may be confounded by geographic location of study, as the composition of particulate matter
differs by locale. In China, coal is the major component in particulate air pollution, whereas in-
dustrial waste contributes a majority in the Czech Republic, auto exhaust is the major source in
South Korea, and dust is the major contributor in the US.[28] Furthermore, prior studies have
reported associations with various sizes of airborne particulate matter including total sus-
pended particulates (TSP) and inhalable course particulates<10 μm (PM10) which can be
found in dusty areas near roadways and some industries. Few studies have investigated fine
particulate matter, PM2.5, which is comprised of smoke, haze, and gas emissions. These are the
smallest particles in the air with the highest likelihood of being inhaled and subsequently enter-
ing the systemic circulation, ultimately causing negative health effects (http://www.epa.gov/
airquality/particlepollution/health.html).[5,6]

Only two prior studies have assessed airborne PM2.5 influences on stillbirth. Similar to our
study, prior investigators (Faiz, et al), estimated the effect of trimester-specific exposures on
stillbirth risk.[13] Despite similar study design and also using a population-based sample in the
US (New Jersey), but from slightly older time period from 1998–2004, the authors reported a
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non-significant association between increased PM2.5 exposure in the third trimester and still-
birth, adjOR 1.08 (CI 0.79, 1.48). There are several explanations for the differences in study
findings. Our study was significantly larger, by more than 50%, compared to the cohort includ-
ed in the study by Faiz, et al, increasing our statistical power to detect a difference. The direc-
tion of effect in Faiz’s study and our study were similar, both demonstrating a modest risk
increase; however, our study demonstrated this as a significant finding with 95% confidence in-
terval greater than the null. An additional explanation may be related to their designation of ex-
posure quantity. In their study, stillbirth risk was measured as an interquartile range increase
of PM2.5 exposure, about 4 μg/m

3 increase. Our study compared the risk of stillbirth for those
women within high PM2.5 exposure,>16–17 μg/m3, versus those with low exposure levels. As-
suming that the highest exposure levels may have the most robust effect on adverse outcome,
our choice of exposure characterization may have enhanced our power to detect a difference. A
more recent study published by the same authors, Faiz et. al (2013), also found no significant
association between increased PM2.5 exposure, measured per quartile increase, and stillbirth
when quantified as high levels in the immediate few days prior to birth, despite similarly study-
ing a population exposed to high mean levels of PM2.5 (mean exposure levels 14.7–15.0 μg/m3).
[15] Several other studies have analyzed other forms of airborne particulate matter, total sus-
pended particles (TSP) [10] and course particles (PM10) [8,12] and found no association with
stillbirth, however exposure to larger airborne particles may have a different mechanism of ac-
tion, or be less influential with regards to negative health effects.[6]

The mechanism by which particulate air pollution might negatively affect the fetus through
maternal exposure has not been clearly elucidated. The association between particulate air pol-
lution and poor health outcomes in adults has been more definitively established.[6] In adults,
three potential mechanisms of PM exposure have been proposed: stimulation of the inflamma-
tory response resulting in increased coagulation, immune or allergic-type response, and auto-
nomic effects on the cardiovascular system leading to decreased heart rate variability.[5] It is
plausible that any or all of these mechanisms may contribute to alterations in uteroplacental
perfusion, nutrient and oxygen transfer to the fetus, or even catastrophic thrombotic or ische-
mic events leading to abrupt fetal death.

The relative decrease in stillbirth risk with high levels of exposure in the first trimester of
pregnancy, when analyses were limited to birth residences within a 5 km radius of a monitor
(data displayed in Table 4), is in contrast to the direction of effect with high exposure later in
pregnancy. The biologic explanation for this difference in stillbirth risk by timing of high PM2.5

exposure in pregnancy is more difficult to postulate. These findings could be influenced by our
study design, as only pregnancies progressing past 20 weeks were reliably captured as a birth in
the vital statistics birth records, and included in the comparisons of stillbirth versus live birth
risk. If high PM2.5 exposure in the first and early second trimester had a robust effect on some
particularly vulnerable early pregnancies, resulting in miscarriage, this may have resulted in an
underrepresentation of pregnancies vulnerable to PM2.5 exposure with high levels represented
in the first trimester in this study. This could have biased risk estimates in those early pregnan-
cy periods toward the null, or even appear protective. An additional hypothesis is there may be
underlying pathophysiologic mechanisms by which an early inflammatory stimulus or hyper-
coagulable state might be protective later against pregnancy complications or other exposures
that are known to lead to stillbirth.

Conclusion
Although the risk increase associated with exposure to high levels of PM2.5 in the air is modest,
the potential impact on overall stillbirth rates is robust as all pregnant women are potentially at
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risk. This may contribute to the higher stillbirth rates in Ohio compared to other states in the
US, especially in urban areas. Based on findings from this study, we estimate the attributable
risk of exposure to high levels of airborne PM2.5 pollution to be 0.22%. Otherwise stated, 2.2
stillbirths per 1000 may be attributed to increased exposure to PM2.5 in Ohio in those with
high PM2.5 exposure. Assuming 10% of population was exposed to high particle pollution, the
population attributable risk percentage of high exposure is 4% for stillbirth. These findings
may indicate that improving air quality in the US could help to address the high stillbirth rate
in our country, especially as compared to many other industrialized nations. [1,2]
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Abstract
Unconventional gas drilling (UGD) has enabled extraordinarily rapid growth in the extraction

of natural gas. Despite frequently expressed public concern, human health studies have not

kept pace. We investigated the association of proximity to UGD in the Marcellus Shale for-

mation and perinatal outcomes in a retrospective cohort study of 15,451 live births in South-

west Pennsylvania from 2007–2010. Mothers were categorized into exposure quartiles

based on inverse distance weighted (IDW) well count; least exposed mothers (first quartile)

had an IDWwell count less than 0.87 wells per mile, while the most exposed (fourth quartile)

had 6.00 wells or greater per mile. Multivariate linear (birth weight) or logistical (small for

gestational age (SGA) and prematurity) regression analyses, accounting for differences in

maternal and child risk factors, were performed. There was no significant association of

proximity and density of UGD with prematurity. Comparison of the most to least exposed,

however, revealed lower birth weight (3323 ± 558 vs 3344 ± 544 g) and a higher incidence

of SGA (6.5 vs 4.8%, respectively; odds ratio: 1.34; 95% confidence interval: 1.10–1.63).

While the clinical significance of the differences in birth weight among the exposure groups

is unclear, the present findings further emphasize the need for larger studies, in regio-spe-

cific fashion, with more precise characterization of exposure over an extended period of

time to evaluate the potential public health significance of UGD.

Introduction
Unconventional gas development (UGD), characterized by advances in engineering, including
horizontal drilling and high volume hydraulic fracturing, enables extraction of large amounts
of fossil fuel from shale deposits at depths that were previously unapproachable [1]. In Pennsyl-
vania, UGD in the Marcellus Shale formation has rapidly advanced from only 44 such wells
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known to be drilled before 2007 to 2,864 wells drilled during the 2007–2010 period of our
study, and with continued rapid expansion to as many as 80,000 forecasted [2].

Several recent reviews summarizing the evolving UGD process describe the potential for ad-
verse health effects and delineate challenges that have contributed to as yet minimal under-
standing of public health impact [1, 3–4]. UGD is a dynamic process encompassing
preparation of the site, well development and production, the removal of wastes and the down-
stream distribution of gas [1]. The well is drilled vertically into a shale layer often 1.5 km un-
derground and then turned laterally within the shale layer for another 2–3 km before holes are
blown at intervals in the pipe. This is followed by the high-pressure injection of approximately
5 million gallons of water to hydraulically fracture the shale layer, allowing the release of gas
tightly bound to the shale. Added to this water is a complex mixture, including approximately
15% of a physical agent (usually silica) to prop open the fractures and about 0.5–2.0% of an
evolving mixture of about 6–10 chemicals (e.g., surfactants, biocides, metal chelators, and oth-
ers), that enhance release and flow of the gas. Return or flowback fluids include mixtures of the
hydrofracturing agents, hydrocarbon products (methane and other volatile organic hydrocar-
bons including benzene) and, of particular toxicological significance, naturally occurring
agents dissolved from the shale bed (e.g., brine, radionuclides, arsenic, barium, strontium and
other metals) [5–6]. Over a thousand diesel truck trips are usually required for site preparation,
bringing hydrofracturing fluids and disposing of the approximately 1–2 million gallons of fluid
that flows back from the well. In the western US, flowback fluids are generally rapidly disposed
of in deep underground injection wells. Such wells are uncommon in Pennsylvania. UGD oper-
ators first discharged to publically owned treatment works, which treated the wastewater and
discharged to the regional rivers until it was determined that this practice was associated with
increasing concentrations of bromine and other contaminants in drinking water pulled from
the rivers [7–8]. Next, the flowback waters were transported to deep underground injection
wells in Ohio. However, the resultant mild earthquakes in Ohio have led to a variety of at-
tempted solutions to deal with these flowback fluids on the surface, including impoundments
and recycling, thereby increasing the opportunity for human exposure [9]. This continues to
be the current situation in Pennsylvania. As flowback fluids also contain hydrocarbon product,
they can be a source of air pollution. Esswein et al. recently reported that workers involved
with waste fluids could be exposed to levels of benzene above allowable occupational health lev-
els [10]. This is pertinent as benzene in air has been associated with adverse birth outcomes
[11].

Wells can be hydrofractured intermittently on multiple occasions to stimulate product flow.
A more continuous process of product development occurs in region-specific patterns. This in-
cludes condensate tanks and glycol dehydrators to separate dry (methane) and wet (higher car-
bons such as ethane) gas components of product and diesel fuel operated compressors (to
liquefy gas for shipping via pipelines) [12]. As such, concern about air pollution is both direct
(flaring of methane gas at well heads, controlled burning of natural gas and release of VOCs in-
cluding benzene, toluene, ethylbenzene and xylene) and indirect (traffic, diesel operated
compressors).

Major challenges in assessing and quantifying environmental, ecological and human health
related effects (existing and potential) of UGD exist largely due to the dynamic and complex
nature of the evolving UGD process itself as well as differences in geology between site loca-
tions, UGD technique and community demography. Together, these factors make it difficult to
compare experiences, historically and concomitantly, within and between regional efforts. Sev-
eral recent studies have provided measurements of likely pollutants, focusing on hydrocarbons
found in air [13] or on thermogenic methane found in shallow drinking water sources [12, 14–
15]. A study in Colorado revealed that those living within 0.5 miles of a well were exposed to

Perinatal Outcomes and Hydrofracturing in Pennsylvania

PLOS ONE | DOI:10.1371/journal.pone.0126425 June 3, 2015 2 / 15

may direct inquiries and data access requests to:
James Rubertone, Department of Health, Bureau of
Health Statistics and Registries, 555 Walnut Street,
6th Floor, Harrisburg, PA 17101-1914, Phone: 717-
547-3690, Fax: 717-772-3258, jrubertone@pa.gov.

Funding: This study was supported by the Heinz
Endowments (website: http://www.heinz.org/) (BRP).
The funders had no role in study design, data
collection and analysis, decision to publish, or
preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

http://www.heinz.org/


air pollutant levels, including benzene, that significantly increased non-cancer risk [16]. How-
ever, there is still a lack of information linking potential exposures with public health risks,
which led the State of New York to the following declaration: “Until the science provides suffi-
cient information to determine the level of risk to public health from HVHF and whether the
risks can be adequately managed, HVHF should not proceed in New York State” [17].

The embryo/fetus is particularly sensitive to the effects of environmental agents [18]. A host
of environmental and behavioral risk factors have been identified and linked to low birth
weight and prematurity. They include most notably cigarette smoking [19–20], maternal occu-
pational exposures to metals [21–22], and recently PM2.5 and ozone [13, 23–24]. The mecha-
nism is thought to be one involving oxidative stress or inflammation [25]. Xu et al. have noted
a relationship in southwestern Pennsylvania of low birth weight and PM2.5 [23]. The strength
of using birth outcomes is the availability of data and the ability to capture the critical time of
exposure and linkage to outcomes within the nine month period [26]. McKenzie et al. used a
retrospective cohort design and exposure estimates from an inverse distance weighted (IDW)
approach to explore associations between maternal residential proximity to hydraulic fractur-
ing sites in Colorado and birth outcomes [27]. They found an increase in the prevalence of con-
genital heart defects and, to a lesser extent, neural tube defects with increasing exposure to
natural gas extraction. They also found an increase in birth weight associated with well density.

We adapted the epidemiological and geographic information systems (GIS) approaches of
McKenzie et al. [27] to explore the potential effects of UGD on infants born to mothers living
in Southwestern PA where unconventional drilling of the Marcellus Shale has been rapidly ex-
panding. The objective of the present study is to use readily available data on birth outcomes
for Southwestern Pennsylvania to investigate the relationship of proximity to UGD and perina-
tal outcomes for 2007 to 2010.

Methods
Natural gas well and birth data were collected for Butler, Washington and Westmoreland
counties in PA for the years 2007 to 2010. The UGD locations were obtained from the Pennsyl-
vania Department of Environmental Protection (PADEP), that defines UGD as wells having
both a lateral component and hydraulic fracturing, a process relatively new to Pennsylvania
until 2005 [2]. The PADEP dataset also includes information on drilling commencement dates,
known as the SPUD date, and well status (active, abandoned, etc.) [2]. Birth data for these
counties were obtained using information from birth certificates, which had also been geo-
coded by the Pennsylvania Department of Health (PADOH) Bureau of Vital Statistics. This
study was approved by the University of Pittsburgh Institutional Review Board (IRB number
PRO12060174). Individual data on these births was accessed through a password protected ap-
plication with the PADOH. Information was abstracted regarding maternal risk factors (age,
education, cigarette smoking history, use of Women, Infant and Children/WIC assistance, ges-
tational diabetes, prenatal visits, pre-pregnancy weight, and birth parity) as well as gestational
age and gender of child at birth [28]. Multiple births, records without a valid geocode (X, Y co-
ordinate), and those with missing birth outcome and demographic information were excluded
from the analysis. Exact point distances between singleton-birth residences with complete in-
formation and natural gas wells were calculated using ArcMap (version 10.1; ESRI Inc., Red-
lands, CA).

We calculated an inverse distance weighted (IDW) well count for each mother living within
10-miles of UGD to account for both the number of unconventional wells within this buffer as
well as distance of each well from the mother’s residence [27]. This metric, shown below in
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Eq 1, gives greater weight to unconventional wells closest to the mother’s residence:

IDW well count ¼
Xn

i¼1
1

di
ð1Þ;

where the IDW well count is the inverse distance weighted count of unconventional wells with-
in a 10-mile radius of maternal residence in the birth year, n is the number of existing uncon-
ventional wells within a 10-mile radius of maternal residence in the birth year, and di is the
distance of the ith individual well from the mother’s residence. For example, a mother’s resi-
dence that has two wells, both 0.5 mile away, would have an IDW well count of 4. Mothers
were categorized into exposure quartiles according to their IDW well counts:

Group 1: IDWWell Count>0 but<0.87

Group 2: IDWWell Count�0.87 but<2.60

Group 3: IDWWell Count�2.60 but<6.00

Group 4: IDWWell Count�6.00
Three indicator variables were created, using the first quartile (Group 1) as the referent

group. The 10% of births that did not live within 10 miles of UGD were eliminated from the
analysis due to notable sociodemographic differences; these mothers were more African Amer-
ican (7% compared to 3%), smoked more during pregnancy (25% versus 20%), and had a
higher proportion receiving WIC assistance (41% versus 32%).

The outcomes assessed were continuous birth weight, small for gestational age (SGA), and
prematurity (gestational age<37 weeks). To identify SGA births, birth weights were normal-
ized to gestational age and estimates of SGA were deduced from nomograms identifying ele-
ments of fetal growth (SGA<10% of predicted weight for a given gestational age and gender)
[29]. Mean birth weights in each group were compared using analysis of variance (ANOVA),
and proportions of SGA and premature infants were compared using chi-square tests. Out-
comes were modeled using multivariate linear regression (continuous birth weight) or logistic
regression (SGA and prematurity). All models were adjusted for gender of the child and moth-
er’s age, education (8th grade or less; 9th-12th grade, no diploma; high school graduate or GED
completed; some college credit, but not a degree; associate degree; bachelor’s degree; master’s
degree; doctorate or professional degree), pre-pregnancy weight, prenatal care (1 if at least 1
visit; 0 otherwise), smoking (1 if smoked at all during pregnancy; 0 otherwise), gestational dia-
betes (1 if present; 0 otherwise), WIC (1 if received; 0 otherwise); African American (1 if yes; 0
otherwise) and parity (first child; second child; third child; fourth child or greater). The model
for continuous birth weight was also adjusted for gestational age to account for the downward
shift in birth weights accompanying shorter gestational ages due to earlier obstetric interven-
tion observed in our dataset from the PADOH as well as nationally [30]. All statistical tests
were performed using IBM SPSS Statistics 21 and assessed at a significance level of α = 0.05.

Results

Descriptive statistics
This analysis included 509 active unconventional natural gas wells in Butler, Washington and
Westmoreland counties from 2007 to 2010, representing 18% of the state-wide total of 2,864
[2]. Fig 1 shows the steps used to eliminate unavailable and missing birth certificate data, lead-
ing to the final sample of births with complete information. There were 28,999 total births in
these three counties from 2007 to 2010, and 27,997 (97%) of these were singleton live births.
Out of the singleton birth residences, 5,724 (20%) were not geocoded to an X,Y coordinate and,
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since the dataset did not include an address or zip code for the mother’s residence, were exclud-
ed from the analysis. This left 22,273 singleton births available for further analysis in ArcGIS.
Birth weight was missing for 0.2% of these geocoded singleton births, and gestational age was
missing for 2.2%. Mother’s age, mother’s education, and birth order were missing for less than
1% of births. Pre-pregnancy weight was missing for 15% of mothers, WIC assistance for 1.1%,
the number of prenatal visits for 3.5%, and information on smoking for 1.4%. The remaining
17,420 births had complete geographical and birth certificate information. Of these, 15,451
(89%) had at least one well within 10-miles of the mothers residence.

Fig 1. Flowchart of sample sizes andmissing data for births in Butler, Washington, and
Westmoreland Counties 2007–2010.

doi:10.1371/journal.pone.0126425.g001
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Table 1 shows the demographics of these 15,451 infant-mother pairs by quartile (the refer-
ent group (first quartile) and three exposure quartiles) as well as the proportions of SGA and
premature infants in each group. Mother’s education and parity were categorized into 8 and 4
groups, respectively; results are presented for percentage that completed high school/GED and
first child. There were no significant differences in prenatal care, gestational diabetes, child
gender, or parity between the referent and exposure quartiles. Differences in gestational ages
and mother’s ages between the four groups were small but statistically significant. Mother’s ed-
ucation, pre-pregnancy weight, race, WIC assistance, and smoking were also statistically differ-
ent between the four groups. Chi-square analyses showed statistically significant differences in
the proportions of SGA and preterm births. All proportions of SGA were significantly less than
the 10% expected for the population [31] but were similar to the general population (regardless
of proximity to well) in various counties in our study.

Model Results
Table 2 shows the multivariate linear regression results for birth weight, adjusted for mother’s
age, education, pre-pregnancy weight, gestational age, child gender, prenatal visits, smoking,
gestational diabetes, WIC, race, and birth order. After accounting for these factors, we found
that infants in the highest (fourth) exposure quartile tended to have lower birth weights than
those in the referent group (p = 0.02). There were no significant differences in birth weight be-
tween the other exposure quartiles and the referent group. In accord with our current under-
standing [32], higher birth weights were associated with mothers that were younger, more
educated, had higher pre-pregnancy weights, had more prenatal care, did not smoke during
pregnancy, had gestational diabetes, did not receive WIC, were Caucasian, and had previous

Table 1. Maternal and Child Risk Factors.

Factor Total
N = 15,451

Referent (First Quartile)a

N = 3,604
Second Quartilea

N = 3,905
Third Quartilea

N = 3,791
Fourth Quartilea

N = 4,151

Mother’s age (years)b 28.6 ± 5.8 28.8 ± 5.8 28.7 ± 5.8 28.6 ± 5.7 28.3 ± 5.8

Mother’s Education (% high
school graduate/GED) b

22.7% 22.1% 22.5% 22.6% 23.6%

Pre-Pregnancy Weight (lbs) b 153.8 ± 39.1 152.6 ± 38.2 152.9 ± 38.2 155.2 ± 40.2 154.7 ± 39.9

Race (% African American) b 3.0% 2.6% 2.0% 3.4% 4.1%

WIC (% assistance) b 32.1% 29.6% 31.0% 33.6% 34.1%

Prenatal care (% at least one
visit)

99.5% 99.5% 99.5% 99.5% 99.3%

Presence of gestational diabetes 4.1% 4.7% 3.7% 4.3% 3.9%

Cigarette smoking during
pregnancyb

20.0% 19.6% 18.8% 19.9% 21.7%

Gestational age (weeks) b 38.7 ± 1.9 38.6 ± 1.9 38.8 ± 1.8 38.7 ± 1.9 38.7 ± 1.9

Birth weight (g) b 3345.8 ± 549.2 3343.9 ± 543.9 3370.4 ± 540.5 3345.4 ± 553.5 3323.1 ± 558.2

Small for gestational ageb 5.5% 4.8% 5.2% 5.6% 6.5%

Prematureb 7.7% 8.0% 6.7% 8.4% 7.9%

Congenital anomaliesb 0.5% 0.3% 0.7% 0.4% 0.5%

Percent female 48.5% 48.7% 48.3% 48.6% 48.5%

Birth parity (first) 42.7% 42.8% 41.7% 42.2% 44.1%

aReferent (First quartile), <0.87 wells per mile; Second quartile, 0.87 to 2.59 wells per mile; Third quartile, 2.60 to 5.99 wells per mile; Fourth quartile,

�6.00 wells per mile.
bDifference between quartiles is significant (p<0.05).

doi:10.1371/journal.pone.0126425.t001
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children. Higher birth weights were also associated with longer gestational ages and being
male.

Fig 2 shows the unadjusted and adjusted odds ratios (OR) and 95% confidence intervals
(CI) for SGA. The steady increase in SGA across quartiles (Table 1) resulted in a progressive in-
crease in odds ratios for SGA (unadjusted or adjusted), suggestive of a dose-response relation-
ship. In the adjusted model, the highest exposure group compared to the referent reached
significance (OR = 1.34, 95% CI = 1.10–1.63).

Fig 3 shows the unadjusted and adjusted odds ratios and 95% confidence intervals for pre-
maturity. Prematurity was associated with mothers that were older, less educated, had no pre-
natal care, smoked, had gestational diabetes and had no previous births. Male babies were also
more likely to be premature than females. There was no significant effect of well density on pre-
maturity except for a slightly lower proportion of premature infants born to mothers in the sec-
ond exposure quartile compared to the referent (adjusted OR = 0.82, 95% CI = 0.68–0.98).

Discussion
We accessed public records of UGD and birth and used a geographic information system that
enabled proximity and density of nearby UGD to be used as a surrogate for exposure. Based on
this latter estimate, we identified four groups of mothers of comparable size that gave birth in
the study period (2007–2010) in three counties in Southwest Pennsylvania with high levels of
UGD activities. These four groups were relatively similar in various determinants of maternal
and child risks for perinatal outcomes but had different levels of exposure (i.e. IDW well
count) (Table 1). The information was readily compatible for multivariate linear and logistic
regression analysis in which covariates of risk could be accounted for (at least within limits of
available birth certificate data in Pennsylvania) and contribution of exposure could be assessed.
Even when the SGA births were removed, a small but significant decrement in mean birth
weight by quartile of exposure remained (p<0.05). McKenzie et al. were able to explore subsets

Table 2. Multivariate Linear Regression of Birth Weight and Proximity.

Model Unstandardized Coefficients Standardized Coefficients t Significance (P)

B Standard Error Beta

Constant -3711.86 93.06 -39.88 <0.01

Mother’s Age -2.95 0.77 -0.03 -3.82 <0.01

Mother’s Education 17.88 2.72 0.05 6.58 <0.01

Pre-Pregnancy Weight 2.01 0.09 0.15 23.37 <0.01

Gestational Age 172.64 1.97 0.56 87.51 <0.01

Female -133.90 6.63 -0.12 -20.19 <0.01

Prenatal Care 127.07 51.53 0.02 2.47 0.01

Smoking During Pregnancy -184.69 9.07 -0.14 -20.37 <0.01

Gestational Diabetes 33.57 16.82 0.01 2.00 0.05

WIC -27.44 8.62 -0.02 -3.18 <0.01

Race -146.22 19.88 -0.05 -7.36 <0.01

Birth parity 65.89 4.01 0.12 16.41 <0.01

Lowa 10.55 9.52 0.01 1.11 0.27

Mediuma -0.48 9.59 0.00 -0.05 0.96

Higha -21.83 9.39 -0.02 -2.32 0.02

aLow, Second quartile to referent; Medium, Third quartile to referent; High, Fourth quartile to referent.

doi:10.1371/journal.pone.0126425.t002
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Fig 2. Unadjusted and adjusted odds ratios (OR) and 95% confidence intervals (CI) for small for gestational age (adjusted for mom’s age, mom’s
education, pre-pregnancy weight, gender of infant, prenatal visits, smoking during pregnancy, gestational diabetes, WIC, race, and birth order).
Key: Referent (First quartile), <0.87 wells per mile; Second quartile (2Q), 0.87 to 2.59 wells per mile; Third quartile (3Q), 2.60 to 5.99 wells per mile; Fourth
quartile (4Q),�6.00 wells per mile.

doi:10.1371/journal.pone.0126425.g002

Fig 3. Unadjusted and adjusted odds ratios (OR) and 95% confidence intervals (CI) for prematurity (adjusted for mom’s age, mom’s education,
pre-pregnancy weight, gender of infant, prenatal visits, smoking during pregnancy, gestational diabetes, WIC, race, and birth order). Key: Referent
(First quartile), <0.87 wells per mile; Second quartile (2Q), 0.87 to 2.59 wells per mile; Third quartile (3Q), 2.60 to 5.99 wells per mile; Fourth quartile (4Q),
�6.00 wells per mile.

doi:10.1371/journal.pone.0126425.g003
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of congenital anomalies and neural tube defects [27], but our dataset had insufficient power to
explore such birth defects.

Comparison of existing studies on UGD and perinatal outcomes
This analysis adds to possible health impact concerns recently described by McKenzie et al. in
which there was an increase in birth defects associated with proximity to UGD in rural Colo-
rado [27]. In contrast to the McKenzie et al. study [27], our observation of a decrement in birth
weight in the highest exposure group is similar to preliminary reports of two other studies, in-
cluding the original thesis work of Elaine Hill [33] and a recent abstract [34]. The differences in
these studies on effects of UGD on birth weight from Colorado (where proximity and density
were associated with a protective effect) underscore the importance of assessing health impacts
in a region-specific fashion.

Geological differences are known to account for differences in flowback water composition
in different shale gas areas [35]. A notable regional difference between Colorado and Pennsyl-
vania is that the disposal of flowback fluids is far more likely to lead to human exposure in
Pennsylvania where deep underground injection has not been feasible [6]. Surface disposal
sites are not readily available for geolocating, and thus could not be used in our IDWmodel.
However, impoundments and other sites to which the flowback water is piped or trucked are
likely to be near drilling sites, particularly when there are multiple sites in the area, and im-
poundments have been demonstrated to leak [6, 8]. Therefore, the IDWmodel is still likely to
be representative of exposure risk. There are also important regional differences within Penn-
sylvania that may be pertinent to a comparison of our findings with those of other studies.
Southwestern Pennsylvania is a “wet gas” area, which contains far higher levels of benzene and
other relatively higher weight shale gas components than do the “dry gas” areas of the rest of
the Marcellus Shale regions of the state. The management of flowback fluids presents a risk of
air pollution as well as water pollution. Studies with cooperating industries have shown very
wide variation from site to site in methane emissions, and in worker benzene exposures [11,
36].

McKenzie et al. [27] established criteria to restrict their analysis to rural areas, thereby mini-
mizing the contributions of other industries, traffic, congestion and other confounding influ-
ences of a more urban environment. Although UGD in Southwestern PA does not include the
most dense areas of Allegheny County, the population density in the counties we studied sur-
rounding Pittsburgh are greater than rural Colorado [37]; thus, our assessment of exposure
likely included different contributing sources of confounding pollution and other variables.
McKenzie et al. [27] also included impact of altitude that is important in Colorado but can be
overlooked in the comparatively modest elevations in Southwestern PA. Non-white mothers
were excluded in their analysis (as it was too small a group within existing cohorts) and their
referent group was individuals>10 miles from UGD [27]. This group of mothers (those>10
miles) in the present study was composed of a somewhat different demographic of women
than those living within 10 miles of UGD and were therefore excluded from the analysis; most
notably, these mothers were more African American (7% compared to 3%), smoked more dur-
ing pregnancy (25% versus 20%), and had a higher proportion receiving WIC assistance (41%
versus 32%) (see Table 3). In our study, 20% of mothers reported smoking during pregnancy
(see Table 1) and, although slightly higher than the overall prevalence for the state of Pennsyl-
vania (15%), it is similar to other reports of smoking during pregnancy for the counties and the
time period under study [38]. According to the Pennsylvania Department of Health, the per-
cent of mothers that smoked during pregnancy from 2010 to 2012 was 15% in Butler, 22% in
Washington, and 20% in Westmoreland [38]. In a random sample of 5,007 birth certificates
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from 2005 to 2009 we obtained from the PADOH for a separate study, the proportions of
mothers that smoked prior to and during pregnancy were also higher than the state: 20% for
Butler, 32% for Washington, and 29% for Westmoreland.

Like McKenzie et al. [27], we were persuaded that previous experience with multiple fixed
sources of pollution and birth outcomes suggests that inverse density is the best surrogate for
maternal exposure [39–40]. Further, when we repeated the analyses using IDW well count as a
continuous measure, the associations between increased exposure and smaller birth weights
and increased odds of SGA (OR = 1.009, 95% CI = 1.003–1.015) remained significant
(p<0.01). A sensitivity analysis of 2010, the year with the most UGD activity in our study peri-
od, also showed an association between increased exposure and decreasing birth weights
(p = 0.03). A reanalysis (data not shown) adding county (categorically) to the adjusted linear
regression led to similar conclusions regarding: a) association of lower birth weight and in-
creased well density for the fourth quartile (p = 0.02); and b) increased odds of SGA for the
highest exposure group (OR = 1.34, 95% CI = 1.10–1.63, p = 0.004).

Two other concomitant studies have findings similar to ours concerning birth weight. The
PhD thesis of Elaine Hill at Cornell University compared birth outcomes for mothers who re-
sided in regions in Pennsylvania in proximity to wells as a function of time (before and after
permit and SPUD) [33]. Their model employed a difference-in-differences approach to com-
pare groups that lived near permitted wells versus groups near permitted wells that underwent
further development. An increase in prevalence of low birth weight at gestation and reduced 5
minute APGAR scores was reported while no impact on premature birth was detected for off-
spring of mothers living 1.5 miles or less from gas development [33]. In an abstract presented
at a recent Annual Meeting of the American Economic Association, Currie et al. noted that
proximity (within 1.5 miles) to a well increased low birth weight at term as measured in a
multi-state sample [34]. Our study is the only one that is specifically limited to counties with
intensive shale gas activities in Southwestern PA, thereby minimizing the heterogeneity of de-
mography, geology, climate and other confounding variables.

It is only in recent years that drilling technology has rapidly advanced to be able to obtain
substantial levels of natural gas tightly bound to deep underground shale layers. This continu-
ally evolving technology greatly differs from the past in using perhaps 5 million, rather than
50,000 gallons of hydrofracturing fluid under much higher pressures for each well; in having
an evolving suite of hydrofracturing chemicals, with over 500 having been used; in laterally

Table 3. Maternal and Child Risk Factors for Geocoded versus Not Geocoded Residences and ThoseWith versusWithout at Least OneWell Within
10-miles.

Factor Geocoded N = 22,273 Not geocoded N = 5,724 <10-miles N = 15,451 �10-miles N = 1,969

Mother’s age (years) 28.5 ± 5.8 28.1 ± 6.0 28.6 ± 5.8 27.5 ± 5.9

Mother’s Education (% high school graduate/GED) 23.3% 25.6% 22.7% 27.4%

Pre-Pregnancy Weight (lbs) 154.1 ± 39.4 153.6 ± 39.4 153.8 ± 39.1 156.5 ± 41.9

Race (% African American) 3.5% 3.4% 3.0% 7.2%

WIC (% assistance) 33.2% 36.1% 32.1% 41.3%

Prenatal care (% at least one visit) 99.4% 99.1% 99.5% 99.4%

Presence of gestational diabetes 4.2% 4.4% 4.1% 4.4%

Cigarette smoking during pregnancy 20.9% 22.1% 20.0% 25.7%

Gestational age (weeks) 38.7 ± 1.9 38.7 ± 2.0 38.7 ± 1.9 38.5 ± 2.2

Birth weight (g) 3343.0 ± 553.9 3333.6 ± 558.9 3345.8 ± 549.2 3319.8 ± 594.8

Percent female 48.5% 50.0% 48.5% 48.5%

Birth parity (first) 42.6% 43.2% 42.7% 42.0%

doi:10.1371/journal.pone.0126425.t003
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bending the well within the shale layers for greater than a kilometer; in drilling in multiple di-
rections from the same well head from larger drill pads for sequential periods of six months or
longer; and in many other technological advances. Recent reviews of shale gas issues in the
United States, Canada and Europe have been consistent in commenting on the lack of health-
related information [1, 4].

Limitations
This investigation is semi-ecological in nature. We had individual data on birth outcomes and
risk factors; however, the final analysis grouped mothers into exposure categories to provide a
clearer picture of possible dose-response relationships. In addition, there may be a number of
unknown factors that led to our conclusion that well density was associated with lower birth
weight and greater odds of SGA. As in any epidemiological study, these associations do not
imply causation and are hypothesis generating only. The observed associations could be due to
a contaminant related to UGD, an unknown confounding factor we were unable to account for
in our analyses, or chance. Moreover, we assumed that the residence on the birth certificate
was synonymous with exposure during the entire pregnancy, as we have no ability to evaluate
transient occupancy of the pregnant mother. However, the counties under study have relatively
stable populations. US Census data (2008–2012) for living in the same house one year and over
for Butler, Washington andWestmoreland Counties shows 88.6%, 88.1% and 91.0% respec-
tively as compared to 84.8% for the US and 87.8% for Pennsylvania [37].

Proximity is a primitive surrogate for exposure itself and is uninformative of route (water,
air) or etiologic agent. Our observations were based on data deduced from the Department of
Environmental Protection (DEP) of Pennsylvania and assignments of longitude and latitude
only from birth certificate data. Twenty percent of the birth certificate records did not have a
corresponding geocode and, since no further information on address or zip code was available,
these births were excluded from the analysis. However, the sociodemographic characteristics of
this group were similar to those that were geocoded (Table 3). Up until recently, pertinent in-
formation from DEP was limited to date of permit request and drilling (SPUD) and status (ac-
tive, plugged or abandoned). The available well permit number provides information on
production and waste data [2]. Longitude and latitude defined proximity in our analyses, and
we did not probe more complex issues of geology, climate or meteorological conditions; thus,
the transmigration of potential pollutants in water or air remains unclear.

Other limitations in the birth dataset included the lack of a birth month and day; we were
therefore only able to identify those wells drilled during the birth year of the infant. Active dril-
ling of a well occurs over a period of only a few months, so incorporating more specific timings
of exposure will be critical in future work as further data become available as to the time period
during which air or water exposures are most likely. Birth weight data are reasonably precise as
derived from birth certificates, but such certificates appear less reliable for gestational age [41],
so derived information such as SGA may be spuriously affected. We also relied on birth certifi-
cates to incorporate non-exposure relative risks for mother and child. Although it is encourag-
ing that in multivariate analyses, many of these contributing factors affected outcomes in a
predictable fashion [32], incomplete information on many of these factors may have affected
our conclusions in Table 2 and Figs 2 and 3. For example, socioeconomic status was inferred
by use of assistance via WIC; smoking was neither quantitatively assessed nor confirmed be-
yond self-reporting; the details of prenatal care, co-morbidities and nutritional status are not
on birth certificates. As such, larger studies that include medical records will be helpful.

The relative monotonic increase in SGA (Table 1) and odds ratios for SGA (Fig 2) lends cre-
dence to the possibility that this association is indeed related to increased exposure to aspects
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of UGD. Similarly, a significant decrease in birth weight, after adjusting for covariates, was
discernable only in the highest exposure quartile (Table 2). In contrast, changes in odds ratios
for prematurity were not significant, except for a very small protective effect in the second
quartile (Fig 3).

If the association of lower birth weight and proximity to well is indeed secondary to envi-
ronmental exposure, then identifying the route of exposure and the agents, alone or in combi-
nation, is a critical and challenging next step. In the preliminary study of Currie et al. [34], no
differences between mothers with access to public or well water was found, suggesting that ex-
posures may not be water derived. Air pollution is well known to affect perinatal outcomes [13,
23–24, 42], and a meta-analysis of 62 studies recently pointed to particulate matter, carbon
monoxide and nitrogen dioxide [43]. Potential UGD derived air pollutants that are known to
be associated with low birth weight include diesel exhaust [43], heavy metals [21–22, 44], ben-
zene [45] and other volatile organic compounds [46].

In conclusion, a small but significant association between proximity to UGD and decreased
birth weight was noted after accounting for a large number of contributing factors available
from birth certificate data in Southwest Pennsylvania. Although the medical and public health
significance of this is unclear, it was noteworthy that there was a significant increase in inci-
dence of SGA in the most exposed group. Along with the first published study on the associa-
tion of increased incidence of birth defects and proximity and density of nearby wells in
Colorado [27], there is a clear need for more complete studies including larger populations,
better estimates of exposure and covariates and more refined medical records. The difference
in outcomes as they relate to birth weight between our study and Colorado (but similar find-
ings to ours in the original work of Hill [33] and preliminary results of Currie et al. [34]) under-
scores the importance of region-specific assessment of UGD impacts on public health.
Although neither the route (water, air or soil) of exposure nor etiologic agents could be ad-
dressed, this study is among the first to report a human health effect associated with hydrofrac-
turing. The embryo/fetus is particularly sensitive to the effects of environmental agents, which
can have significant lifetime consequences [18]; therefore, further investigation appears
warranted.
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Abstract
Over the past ten years, unconventional gas and oil drilling (UGOD) has markedly

expanded in the United States. Despite substantial increases in well drilling, the health con-

sequences of UGOD toxicant exposure remain unclear. This study examines an associa-

tion between wells and healthcare use by zip code from 2007 to 2011 in Pennsylvania.

Inpatient discharge databases from the Pennsylvania Healthcare Cost Containment Coun-

cil were correlated with active wells by zip code in three counties in Pennsylvania. For over-

all inpatient prevalence rates and 25 specific medical categories, the association of

inpatient prevalence rates with number of wells per zip code and, separately, with wells per

km2 (separated into quantiles and defined as well density) were estimated using fixed-

effects Poisson models. To account for multiple comparisons, a Bonferroni correction with

associations of p<0.00096 was considered statistically significant. Cardiology inpatient

prevalence rates were significantly associated with number of wells per zip code

(p<0.00096) and wells per km2 (p<0.00096) while neurology inpatient prevalence rates

were significantly associated with wells per km2 (p<0.00096). Furthermore, evidence also

supported an association between well density and inpatient prevalence rates for the medi-

cal categories of dermatology, neurology, oncology, and urology. These data suggest that

UGOD wells, which dramatically increased in the past decade, were associated with

increased inpatient prevalence rates within specific medical categories in Pennsylvania.

Further studies are necessary to address healthcare costs of UGOD and determine whether

specific toxicants or combinations are associated with organ-specific responses.
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Introduction
The United States now leads the world in producing natural gas from shale formations. Shale
gas accounted for 40% of all natural gas produced in 2012 [1–4]. In comparison to the early
2000s, natural gas production in the US has increased with more than a 30% increase in pro-
duction, due in part to the cost-effective combination of horizontal drilling and hydraulic frac-
turing [1–4].

Unconventional gas and oil drilling (UGOD), including hydraulic fracturing or “fracking”,
refers to all activities that extract natural gas and oil from rock formations. At distances from 1
to 2 miles below the earth’s surface, tight rock formations impede natural gas and oil flow into
a drill-hole [3]. Common reservoirs that contain natural gas and oils include: porous sand-
stones, limestones, dolomite rocks, shale rocks, and coal beds. Hydraulic fracturing and hori-
zontal drilling methods can effectively extract these resources. Typically, after drilling is
complete, fissures are formed using a perforating gun; a mixture of water, proppants and
hydraulic fracturing chemicals is then pumped into the rock [3,5]. Consequently, the fissures
remain open to liberate the gas. These substances as well as contaminants released from the
shale are present in the flowback water. Contaminants include naturally occurring radioactive
materials [3,4], toxic organics and metals that may enter ground water, contaminating water
supplies especially if leakage occurs from casement failure or from holding ponds for waste
water [6,7]. Other toxicants and volatile organic compounds, such as benzene, ethylbenzene,
toluene and xylene or radionuclides, have been seen in ground waters impacted by UGOD
spills [8] or surface waters receiving UGOD-related waste water [9]. The general lack of pub-
lished baseline (i.e., pre-UGOD) data has limited efforts to associate contamination in drinking
water wells to UGOD activities [10]. Additionally, exhaust produced by diesel trucks and off-
site diesel engines, as well as emissions from other UGOD activities (e.g., venting, flaring, com-
pressor stations, etc.) may also affect local air quality with potential impact on health [11–13].
Plausibly, increased noise pollution, truck traffic, and psychosocial stress due to community
change, which occur due to increased hydro-fracking activity, could impact public health [11].

Despite the growth in hydraulic fracturing, the health consequences of UGOD are unclear
[3,4,14,15]. In Pennsylvania (PA), a rise in hydraulic fracturing has raised health concerns,
especially since the Marcellus Shale formation underlies two-thirds of Pennsylvania [16]. In
northeastern Pennsylvania, most wells were drilled for dry gas rather than gas and oil [17]. We
postulate that increases in active or producing wells in Pennsylvania from 2007 to 2011 are
associated with increases in inpatient prevalence rates. Three counties, which lie on the Marcel-
lus Shale formation along the northern border of PA, were chosen for this study: Bradford, Sus-
quehanna, and Wayne. Importantly, zip codes in Bradford and Susquehanna Counties
significantly increased UGOD over this time period. These counties are some of the greatest
producers of natural gas in Pennsylvania, generating 489 million cubic feet of natural gas from
598 wells in 2011 [18]. In contrast, zip codes in Wayne County have no active wells [18]. Spe-
cifically, we evaluated the association between inpatient prevalence rates and well density
within 25 different medical categories, as well as overall inpatient prevalence rates.

Materials and Methods
This study is an ecological study with the goal of assessing the association between hydro-
fracking activity and health care use. Zip code specific inpatient counts were obtained from the
time frame of 2007–2011. Only zip codes from the counties Bradford, Susquehanna, and
Wayne were considered. For our analysis, only inpatient records for people who resided in one
of these three counties were included. Inpatient records of people who came to a hospital in
these counties, but did not reside in one of these counties, were excluded. These counties were
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of particular interest, since Wayne had no hydro-fracking activity between 2007 and 2011, while
Bradford and Susquehanna saw increased hydro-fracking activity. Inpatient counts were then
converted into inpatient prevalence rates (details in Statistical Methods). Furthermore, for each
zip code, we obtained the number of wells for each year in 2007–2011. In total, there were 67 zip
codes considered, with five inpatient prevalence rates/well counts each. Inpatient prevalence
rates were the primary outcome of interest with wells as the primary predicator of interest.

Health Utilization Data
Truven Health Analytics (THA) purchased UB92/UB04 inpatient discharge datasets from the
Pennsylvania Health Care Cost Containment Council (PHC4). The PHC4 datasets contain all
inpatient hospital discharge records, including those for psychiatric and/or behavioral health,
rehabilitation, and drug and alcohol treatment, for patients hospitalized in Pennsylvania.
Skilled nursing facility (SNF), swing bed, transitional care unit, 23-hour observation, and hos-
pice records are not included. After receipt of state discharge datasets, THA decoded supplied
values, checked the validity of information submitted and standardized the format. The ICD-9
diagnosis codes and MSDRGs included in the data pulls can be found in S1 Table, in the sup-
plemental material section.

Truven Health pulled discharge records for patients residing in any of the Bradford, Susque-
hanna, and Wayne County zip codes for calendar years 2007, 2008, 2009, 2010, and 2011.
Treatment records for those patients hospitalized outside of Pennsylvania were not captured.
In addition, THA excluded patient records for those patients with dentistry, HIV, and neuro-
surgery DRGs.

Insurance Coverage Estimates (ICE) Overview
ICE reports by THA showed the total number of people covered by seven different types of
insurance by zip code, age group, and sex for every market in the United States. The seven dif-
ferent types of insurance are Medicaid, Medicare, dual eligible, private employer sponsored,
private exchanges, private direct, and uninsured. Every person in a zip code who is a resident is
assigned an insurance category based on his or her primary insurance coverage. Only non-resi-
dents of zip codes were excluded from the analysis.

Demographics Methodology
THA acquires all of its demographic data from The Nielsen Company statistics for every zip
code in the United States. Nielsen bases their estimates on products of the United States Census
Bureau, including the 2010 Census Summary File 1 (SF1). Details of the methodology and defi-
nitions used to create the SF1 data, including field definitions and the 2010 Census question-
naire, are available in the Census 2010 Data Definitions publication [19].

Mapping of Unconventional GasWells in Bradford and Susquehanna
Counties in Pennsylvania
To create maps of the unconventional gas well locations, the complete data set for 2000–2013
was downloaded as comma separated values (CSV) from the Pennsylvania Department of
Environmental Protection Oil and Gas Reporting Website [20] and imported into FileMaker
Pro Advanced 13.0.v.3 for further processing. For Fig 1, the data were filtered for unconven-
tional, drilled wells that produced gas in the noted year. We use the state’s categorization, such
that: “An unconventional gas well is a well that is drilled into an unconventional formation,
which is defined as a geologic shale formation below the base of the Elk Sandstone or its
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Fig 1. Pennsylvania active wells over time. Pennsylvania active wells in Bradford and Susquehanna
Counties increased markedly from 2007 to 2011. Wells are shown as colored dots. From 2007 to 2011,
Wayne County effectively had no active wells. Insert in the first panel shows location of Bradford,
Susquehanna andWayne Counties within Pennsylvania.

doi:10.1371/journal.pone.0131093.g001

Hydraulic Fracturing and Hospitalization Use

PLOS ONE | DOI:10.1371/journal.pone.0131093 July 15, 2015 4 / 18



geologic equivalent where natural gas generally cannot be produced except by horizontal or
vertical well bores stimulated by hydraulic fracturing.” These data were exported as a DBF file
and imported into ESRI ArcGIS v.10.2 to map the locations of the producing wells. In any
given year, only wells that produced gas in that year are shown in Fig 1. For example, if a well
produced gas in 2007 but did not in 2011, then this well would only appear on the 2007, but
not on the 2011 map.

Statistical Analysis
Statistical analysis was performed using STATA 13 software (StataCorp LP, College Station,
Texas). Our data included the number of wells and inpatient counts for all combinations of
year, medical category (25 total), and zip code within the three chosen counties in PA. In total,
after excluding eight zip codes that had no available population information, 67 zip codes were
considered. Only inpatient counts for patients that resided in one of three counties were con-
sidered. For each zip code, population and total area per square kilometer (km) data were
obtained from the US Census 2010. Importantly, zip code specific population and total area
per square km were the same for each year in 2007–2011. Number of wells is defined as the
number of wells within a specific zip code for a certain year. All data are generated from active
wells. We assume that once a well is active in 2007, this same well remains active for the time
frame of 2007–2011. For example, if there are 3 wells in 2007 and 8 wells in 2008 for some zip
code, then we assume that there were an additional 5 wells created between 2007 and 2008.
This is in contrast to the definition of active wells for the mapping, where a well can move from
being active to inactive in any given year in 2007–2011. Given the 5-year observation period,
very few active wells became inactive. In addition, the actual date of inactivity could not be
accurately defined. Furthermore, it is possible that once a well becomes inactive, it could still
impact the surrounding community for some period of time. Thus, for the statistical analysis,
once an active well enters at any given year, we assume the well remains active for the remain-
der of the years. In addition to the count of wells, we also generated wells per square km (wells/
km2), which is the number of wells divided by the total area per square km (at the zip code
level); we defined this variable as well density. We analyzed both exposure variables (count and
density) because, a priori, it was unclear whether the number of wells or the density of wells
would have a stronger association with health outcomes. Zip code specific inpatient prevalence
rates for each medical category (and overall) were calculated by dividing the zip code specific
number of inpatient counts per year by the population of the zip code. The inpatient prevalence
rates were then converted into prevalence rates per year per 100 people and treated as the pri-
mary outcome for modeling. We now refer to prevalence rates per year per 100 people when
we discuss inpatient prevalence rates.

Since we examined a relatively brief interval of time (2007–2011), we postulated that in a
given zip code, inpatient prevalence rates would be relatively stable. Our goal was to obtain an
un-confounded estimate of the association between inpatient prevalence rates and wells. How-
ever, it is possible that observable or unobservable zip code characteristics will be correlated
with wells and inpatient prevalence rates. Accordingly, we used conditional fixed effects Pois-
son regression, where the fixed effects are the zip codes. This controls for all possible character-
istics of the zip codes, both measured and unmeasured, that did not change during the period
of observation. Thus, if zip codes that consistently have high rates of inpatient prevalence rates
are more likely to have more wells over time, this will be accounted for in the model. Alterna-
tively, if there are zip code-level changes from 2007–2011 that affect the number of wells and
inpatient prevalence rates, this model will not account for this. Essentially, our methodology
captures the association between and within zip code changes in wells and inpatient prevalence
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rates. Furthermore, to account for potential over-dispersion, we use robust standard errors
[21]. These robust standard errors are cluster-robust estimates, where the clusters are the indi-
vidual zip codes in this case. Two sets of analyses are then done to investigate the relationship
between inpatient prevalence rates and wells.

The first set of analyses relates inpatient prevalence rates to number of wells. Exploratory
analyses suggested that the relationship between the log of the inpatient prevalence rates (Pois-
son model uses a log link) and number of wells was linear. Thus, for these analyses, prediction
variables were the number of wells and year (2007–2011). This assumes a linear relationship
between number of wells and inpatient prevalence rates, as well as a linear association between
inpatient prevalence rates and year. Note that the primary predictor of interest was the number
of wells. This will be referred to as the number of wells analysis.

Furthermore, while exploratory analyses suggested a linear relationship between the log of
inpatient prevalence rates and number of wells, we also reasoned that a quadratic relationship
between the log of inpatient prevalence rates and number of wells was plausible. Subsequently,
we also examined whether there exists a non-linear relationship between number of wells and
inpatient prevalence rates. Accordingly, a second model incorporated a quadratic relationship
between number of wells and inpatient prevalence rates, for each medical category and overall.
Prediction variables within this model were year (2007–2011)/wells, and wells2.

The second set of analyses relates inpatient prevalence rates to wells/km2 (well density).
However, the relationship between inpatient prevalence rates and well density is highly non-
linear and heavily influenced by observations that have extremely high wells/km2. For example,
one zip code located in Bradford had 16.9 wells/km2 and 23.4 wells/km2 in 2010 and 2011,
respectively, while 99% of all wells/km2 observations had fewer than 4.28 wells/km2. Subse-
quently, we opted to separate wells/km2 into four levels based on quantiles as shown in Table 1.
We set Q0wells to be the reference category and all the other levels (Q1wells, Q2wells, Q3wells)
to have separate dummy variables. This will be referred to as the quantile analysis.

Our analysis investigates the association of increasing wells/km2 on inpatient prevalence
rates, while allowing for separate associations depending on the magnitude of well/km2. We,
however, recognize that by using quantiles, we lose information and cannot make inference on
explicit changes in well density. Furthermore, while our cut-offs are somewhat arbitrary, the
goal is to determine whether increased well density is positively associated with inpatient prev-
alence rates, which is accomplished by this modeling approach. Overall, the primary predictors
for this set of analyses included Q1wells, Q2wells, Q3wells, and year. We test the overall Wald
test that the coefficients Q1wells = Q2wells = Q3wells = 0.

For all analyses, risk ratios were obtained by taking the exponential of the regression coeffi-
cient estimates. Year is recoded into 2007 = 0, 2008 = 1, 2009 = 2, 2010 = 3, and 2011 = 4. We
model each medical category separately as well as the overall inpatient prevalence rates, for a
total of 26 models per set of analyses. Furthermore, to adjust for multiple comparisons, we use
a Bonferroni correction to adjust for testing 25 different medical categories and overall inpa-
tient prevalence rates in both sets of analyses (52 tests). Using an initial level of significance of

Table 1. Definition of quantiles by wells/km2.

Q0wells Q1wells Q2wells Q3wells

wells/km2 0 (0, 0.168] (0.168, 0.786] >0.786

Quantile (0, 65.97] (65.97, 80] (80, 90.15] (90.15, 100]

Note: (A, B] indicates that A is excluded from the range, and B is included.

doi:10.1371/journal.pone.0131093.t001
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0.05, this means we reject the null hypothesis that wells are not associated with hospitalizations
for p<0.00096.

Sensitivity analyses were also performed to determine if removing a specific zip code with
much higher inpatient prevalence rates or with much higher well density affected inference.
Thus, we removed the specific zip code(s) and recalculated the conditional fixed effects Poisson
models, checking to see if the general inference changed.

All of the data obtained for this study were received anonymized and de-identified from
Truven Health Analytics. The data were provided as summary information, and there were no
unique identifiers. The University of Pennsylvania Committee on the Study of Human Subjects
deemed this work non-human subject research.

Results

Subject Demographics by County
The three Pennsylvania counties chosen for analysis were Bradford, Susquehanna, and Wayne.
These counties were selected given the completeness of health care utilization data from 2007
to 2011. Bradford and Susquehanna Counties also had large increases in active wells over this
time period. Wayne County, which effectively had no active wells from 2007 to 2011, served as
a unique control population whose demographics were comparable to Bradford and Susque-
hanna Counties. The total number of residents as per the most recent census in Bradford, Sus-
quehanna, and Wayne Counties was 157,311. As shown in Table 2, the summary of subject
demographics for the three Pennsylvania counties obtained from US census data was compara-
ble. Even though the statistical analysis is done at the zip code level, a county level demographic
table is an informative summary of the zip codes that are within the counties. Each county is

Table 2. Characteristics Table for PA Counties.

Bradford Susquehanna Wayne

Population 62,622 43,356 51,548

Overall Hospitalizations 2007–2011 39,821 22,559 30,425

Age (median) 43.4 45.1 45.9

Male % 49.5 50.4 52.8

High School Graduate, percent of person age 25+ % 86.6 88.1 87.4

Bachelor Degree or Higher, percent of person age 25+ % 16.4 16.1 18.4

Median Income (2008–2012) $ 44,650 46,815 50,153

Race % White 97.4 98.0 94.7

Black 0.6 0.4 3.5

Asian 0.6 0.3 0.5

Other 1.4 1.3 1.3

Median Number of Wells 2007 0 0 0

2008 1 0 0

2009 13 0 0

2010 81 1 0

2011 149 6 0

Number of Zip Codes with >0 Wells (%) 2007 4 (19) 2 (9) 0 (0)

2008 12 (57) 4 (17) 0 (0)

2009 16 (76) 8 (35) 0 (0)

2010 20 (95) 12 (52) 0 (0)

2011 20 (95) 16 (70) 0 (0)

doi:10.1371/journal.pone.0131093.t002
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one data point, so no formal statistical comparison is possible. There were no striking differ-
ences among the three counties. The subjects were predominantly Caucasian with few people
obtaining higher than a high school diploma. Further, the median income was similar among
the counties. Table 2 also illustrates the growth in hydro-fracking activity from 2007 to 2011
for Bradford and Susquehanna. By 2011, 95% of the zip codes in Bradford had at least one well,
while 70% of the zip codes in Susquehanna had at least one well.

Inpatient Prevalence Rates by Medical Category
Table 3 shows the median inpatient prevalence rates and median inpatient counts, along with
the interquartile range (IQR), for each medical category as well as overall. The median inpatient
prevalence rates and median inpatient counts are to be interpreted at the zip code level. Notably,
there are a number of categories with very low (or zero) median inpatient prevalence rates and
median inpatient counts. Furthermore, cardiology inpatient prevalence rates/inpatient counts
seem to be higher than the other medical categories (excluding overall), with a median cardiol-
ogy inpatient prevalence rate of 1.99 and a median cardiology inpatient count of 18.

Table 3. Median Inpatient Prevalence Rates per 100 people andMedian Inpatient Counts, by Medical
Category.

Medical Category Median Inpatient Prevalence Rate (IQR) Median Inpatient Counts (IQR)

Inpatient total 12.12 (10.05, 14.84) 106 (41, 272)

Cardiology 1.99 (1.42, 2.56) 18 (6, 46)

Dermatology 0.21 (0.09, 0.34) 2 (1, 6)

Endocrine 0.22 (0.01, 0.37) 2 (0.5, 7)

Gastroenterology 1.02 (0.71, 1.43) 10 (3, 27)

General medicine 0.58 (0.32, 0.88) 5 (2, 14)

Generals surgery 0.75 (0.47, 1.01) 6 (3, 19)

Gynecology 0.14 (0, 0.26) 2 (0, 5)

Hematology 0.05 (0, 0.14) 1 (0, 3)

Neonatology 0.12 (0, 0.23) 2 (0, 4)

Nephrology 0.34 (0.18, 0.53) 3 (1, 9)

Neurology 0.58 (0.35, 0.88) 5 (2, 16)

Normal newborns 0.68 (0.41, 0.99) 6 (2, 17)

Ob/delivery 0.84 (0.52, 1.12) 7 (2.5, 21)

Oncology 0.17 (0, 0.29) 2 (0, 6)

Ophthalmology 0 (0, 0) 0 (0, 0)

Orthopedics 1.08 (0.72, 1.42) 10 (4, 26)

Other/ob 0 (0, 0.09) 0 (0, 2)

Otolaryngology 0.08 (0, 0.17) 1 (0, 3)

Psych/drug abuse 0.52 (0.27, 0.85) 5 (2, 16)

Pulmonary 1.18 (0.84, 1.69) 10 (4, 28)

Rheumatology 0 (0, 0.09) 0 (0, 2)

thoracic surgery 0.08 (0, 0.16) 1 (0, 3)

Trauma 0.03 (0, 0.09) 1 (0, 2)

Urology 0.17 (0, 0.27) 2 (0, 5)

Vascular surgery 0.09 (0, 0.19) 1 (0, 3)

Note: Median inpatient prevalence rates/median inpatient counts for each medical category and overall are

presented, along with the interquartile range (IQR). Median inpatient prevalence rates/median inpatient

counts are interpreted at the zip code level.

doi:10.1371/journal.pone.0131093.t003
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Geographic Location of Wells from 2007 to 2011
Given the demand in accessing the Marcellus Shale for UGOD, we next examined the active
wells over time. There was a dramatic increase in the number of active wells from 2007 to 2011
as shown in Fig 1. In Bradford and Susquehanna Counties, there were substantial increases in
the total numbers of wells with two zip codes having the greatest number of wells with 400 and
395, respectively. In Wayne County, there were no active wells from 2007 to 2011. The most
dramatic increases were in Bradford County where wells were acquired more uniformly than
those in Susquehanna County, where active wells were primarily located in the southwest cor-
ner as shown in Fig 1. Gas production tracked with increasing active well numbers from 2007–
2013 as shown in Fig 2. These data suggest that if UGOD continues at the rates observed
between 2007 and 2011, well densities are likely to continue to increase. Within the counties,
there were also profound differences in wells by zip code. For example, in 2011, 31 zip codes
had no wells, but 17 zip codes had at least 100 wells.

Increases in Active Wells Are Associated with Increases in Inpatient
Prevalence Rates
Given the rapid increase in wells, we reasoned that increases in wells were associated with
changes in inpatient prevalence rates. Of the 67 zip codes examined in the three counties, total
inpatient counts from 2007 to 2011 were 92,805. There was marked variation in inpatient prev-
alence rates across zip codes. Specifically, one zip code had a much higher combined inpatient
rate as compared with others as shown in Fig 3. Fig 3 also shows that, within each zip code, the
contribution by year was comparable, suggesting that within each zip code, the inpatient rates
are relatively stable from 2007–2011 Indeed, the average overall inpatient prevalence rates for
2007–2011 are, respectively, 15.18, 15.30, 14.86, 14.00, 14.25. This indicates that on average,
zip code overall inpatient prevalence rates were relatively stable or possibly declining from
2007 to 2011, which mirrors national trends [22]. Fig 4 shows how in 2007, 91% (61/67) of zip
codes had no wells. However, by 2011, only 46% (31/67) of zip codes had no wells while 54% of
zip codes had least 1 well. Notably, many zip codes had a large number of wells by 2011. 28%
(19/67) of zip codes had greater than 0.79 wells/km2, which equates to 79 wells for every 100
km2. Importantly, Fig 4 corresponds to the quantile analysis.

To further understand health consequences by disease category, we modeled the 25 top spe-
cific medical categories and total inpatients, investigating the association between number of
wells and inpatient prevalence rates and the association between well density and inpatient
prevalence rates. Only cardiology inpatient prevalence rates were significantly associated with
number of wells, taking into account our Bonferroni correction (p<0.00096) as shown in
Table 4. While other medical categories did not strictly meet the Bonferroni correction bound-
ary, a positive association of well number with inpatient prevalence rates within dermatology,
neonatology, neurology, oncology, and urology was also evident. Cardiology and neurology
inpatient prevalence rates were also significantly associated with well density as shown in
Table 5. Furthermore, these results suggest an almost monotonic increase in the impact of well
density on cardiology inpatient prevalence rates, considering how the risk ratio increases mov-
ing from quantiles (Q1wells to Q2wells to Q3wells). Evidence also suggests that well density
was positively associated within the medical categories of dermatology, endocrine, neurology,
oncology, urology, as well as overall inpatient prevalence rates (p =< 0.05). Furthermore, for
both sets of analyses, the year variable is significantly and negatively associated with inpatient
prevalence rates, within the medical categories of gynecology and orthopedics.

In both the number of wells analyses and the well density quantile analyses, cardiology inpa-
tient prevalence rates were significantly associated with wells. Under the quantile analyses,
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Fig 2. Gas production (histogram) linearly tracked with well number (open circles) from 2007–2011.

doi:10.1371/journal.pone.0131093.g002
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neurology inpatient prevalence rates were also significantly associated with well density. Also,
both sets of analyses show evidence that dermatology, neurology, oncology, and urology inpa-
tient prevalence rates were positively associated with wells. While only the number of wells
analyses showed evidence of a positive association between wells and neonatology inpatient
prevalence rates, our findings are consistent with other reports suggesting that such illnesses
are linked with hydro-fracking [12].

A quadratic association between number of wells and inpatient prevalence rates was also
explored. A quadratic relationship seemed to fit the data better than a linear relationship
between number of wells and inpatient prevalence rates, within the ophthalmology and neurol-
ogy categories, where the p-value for the quadratic number of wells term was, respectively, 0.04

Fig 3. Total inpatient rates by zip code. Total inpatient prevalence rates by zip code. From 2007 to 2011, within a zip code, inpatient prevalence rates are
relatively stable.

doi:10.1371/journal.pone.0131093.g003
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and 0.004. However, these did not meet the Bonferroni threshold. Furthermore, given Table 3
and the sparsity of ophthalmology inpatient prevalence rates (first three quartiles have no inpa-
tient prevalence rates), it seems unlikely that inference is valid for the ophthalmology models.
Given this weak evidence of a quadratic association, results for the quadratic number of wells
models are not shown.

In our analysis, one particular zip code had extremely high inpatient prevalence rates com-
pared to other zip codes. Thus, a sensitivity analysis was performed (data not shown). This zip
code is located within Wayne County and had no active wells from 2007 to 2011. Removal of
this zip code from the analysis had little effect on either the number of wells or the quantile
analyses, and there was no change in inference and the estimated risk ratios. Next, a zip code in
Bradford had extremely high wells/km2 in 2010 and 2011, 16.9 wells/km2 and 23.4 wells/km2,
respectively. Consequently, we explored both sets of analyses without this zip code to

Fig 4. Well density (quantiles) by year.Number of zip codes by well density (quantiles) is presented for each year. In 2007, the majority of zip codes have
no wells, but by 2011, the majority of zip codes have at least 1 well.

doi:10.1371/journal.pone.0131093.g004
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determine whether removal of this zip code changed inference. Like the first sensitivity analy-
sis, removal of the Bradford zip code had little effect on inference.

Discussion
We posit that larger numbers of active hydraulic fracturing wells would increase inpatient
prevalence rates over time due in part to increases in potential toxicant exposure and stress
responses in residents evoked by increases in the hydraulic fracturing work force and diesel
engine use. We recognize that a five-year observation period may limit our ability to discern a
direct impact on health in the surrounding community but may offer an opportunity to assess
hospital utilization rates over time. We examined over 95,000 inpatient records, and thus our
study, to our knowledge, represents the most comprehensive one to date to address the health
impact of UGOD.

Our data suggests that some but not all medical categories were associated with increases in
number of wells, along with increases in well density. Specifically, cardiology inpatient preva-
lence rates were significantly associated with number of wells and well density, while neurology
inpatient prevalence rates were significantly associated with well density. We are struck by the
finding that these differences were observable within a short period of time from 2007–2011.

Table 4. Poisson Fixed Effects Models: Number of Wells per Zip Code per Year.

Wells RR (p-value) Year RR (p-value)

Inpatient total 1.0003 (0.076) 0.984 (0.128)

Cardiology 1.0007 (0.0007) 0.966 (0.029)

Dermatology 1.0010 (0.039) 0.977 (0.345)

Endocrine 1.0008 (0.086) 0.963 (0.316)

Gastroenterology 1.0003 (0.338) 0.992 (0.749)

General medicine 1.0002 (0.574) 1.037 (0.022)

Generals surgery 1.0000 (0.849) 1.104 (0.213)

Gynecology 1.0002 (0.708) 0.860 (<0.0001)

Hematology 0.9997 (0.657) 1.023 (0.616)

Neonatology 1.0014 (0.018) 0.959 (0.125)

Nephrology 0.9998 (0.461) 1.025 (0.250)

Neurology 1.0006 (0.037) 1.001 (0.948)

Normal newborns 1.0000 (0.969) 0.963 (0.030)

Ob/delivery 1.0002 (0.411) 0.968 (0.411)

Oncology 1.0015 (0.004) 0.956 (0.081)

Ophthalmology 1.0010 (0.593) 1.084 (0.255)

Orthopedics 0.9993 (0.011) 0.970 (<0.0001)

Other/ob 1.0003 (0.727) 0.899 (0.007)

Otolaryngology 1.0000 (0.982) 0.978 (0.614)

Psych/drug abuse 1.0004 (0.073) 1.035 (0.006)

Pulmonary 1.0000 (0.850) 0.989 (0.482)

Rheumatology 1.0014 (0.043) 0.961 (0.227)

thoracic surgery 1.0011 (0.100) 0.989 (0.708)

Trauma 1.0008 (0.174) 1.021 (0.505)

Urology 1.0010 (0.012) 0.983 (0.464)

Vascular surgery 0.9997 (0.539) 0.948 (0.024)

Note: RR = Risk ratio

doi:10.1371/journal.pone.0131093.t004
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We show that from 2011–2013 (Fig 2) the number of active wells continues to rise exponen-
tially. Although we do not have health care utilization data for 2012–2013, if our findings per-
sisted into 2012–2013, it is possible that the association between cardiology inpatient
prevalence rates and wells could only become stronger as a result of the increased number of
wells (relative to 2007–2011).

The precise cause for the increase in inpatient prevalence rates within specific medical cate-
gories remains unknown. Given that our modeling approach cannot account for within zip
code demographic changes over the study period, it is possible that some increases were due to
an increased influx of subjects to a zip code. Since the inpatient prevalence rates were deter-
mined for subjects who resided within a zip code, transient UGOD workers whose address was
not local were excluded. Thus, our data potentially may underestimate hospital use that
excluded those who were not Pennsylvania residents. Further, our data were partitioned into
active wells but it is impossible to associate a specific toxicant exposure to an increase in a spe-
cific disease category requiring hospitalization. Intriguingly, our findings partially support
those of other studies performed in Colorado. Colburn et al. observed that more than 75% of
the chemicals used during natural gas operations may affect skin and respiratory systems, as
well as other organs [23]. Another study in Colorado also supports our findings in

Table 5. Poisson Fixed Effects Models: Quantile Analysis of Wells/km2.

Q1 Wells RR (p-value) Q2 Wells RR (p-value) Q3 Wells RR (p-value) Wald Test of all Q Wells = 0 Year RR (p-value)

Inpatient total 0.979 (0.475) 1.069 (0.044) 1.108 (0.041) P = 0.0058 0.977 (0.013)

Cardiology 1.021 (0.667) 1.142 (0.018) 1.27 (0.001) P = 0.0008 0.957 (0.004)

Dermatology 1.051 (0.572) 1.108 (0.429) 1.454 (0.013) P = 0.0329 0.972 (0.329)

Endocrine 0.975 (0.862) 1.228 (0.045) 1.391 (0.029) P = 0.0068 0.942 (0.039)

Gastroenterology 0.943 (0.369) 1.12 (0.168) 1.105 (0.364) P = 0.1101 0.98 (0.406)

General medicine 0.911 (0.234) 0.993 (0.931) 0.985 (0.872) P = 0.6373 1.037 (0.006)

Generals surgery 0.875 (0.011) 0.921 (0.228) 0.944 (0.424) P = 0.0669 1.015 (0.157)

Gynecology 0.887 (0.300) 0.938 (0.606) 0.967 (0.849) P = 0.7549 0.865 (<0.0001)

Hematology 1.202 (0.365) 1.21 (0.320) 1.221 (0.429) P = 0.7145 0.993 (0.868)

Neonatology 0.994 (0.975) 1.301 (0.152) 1.527 (0.100) P = 0.0745 0.95 (0.052)

Nephrology 1.115 (0.203) 1.143 (0.227) 1.151 (0.211) P = 0.5566 1.004 (0.871)

Neurology 0.922 (0.344) 1.157 (0.048) 1.188 (0.062) P = 0.0003 0.99 (0.542)

Normal newborns 0.949 (0.481) 0.978 (0.764) 0.964 (0.731) P = 0.8980 0.965 (0.064)

Ob/delivery 0.958 (0.524) 1.028 (0.670) 1.029 (0.749) P = 0.4219 0.956 (0.002)

Oncology 1.217 (0.144) 1.415 (0.028) 1.815 (0.002) P = 0.0166 0.938 (0.022)

Ophthalmology 0.717 (0.381) 1.014 (0.976) 1.116 (0.836) P = 0.5215 1.099 (0.263)

Orthopedics 0.996 (0.940) 0.981 (0.740) 0.875 (0.130) P = 0.3591 0.963 (<0.0001)

Other/ob 0.966 (0.885) 1.176 (0.451) 1.264 (0.502) P = 0.7209 0.879 (0.001)

Otolaryngology 1.052 (0.744) 1.194 (0.412) 1.004 (0.988) P = 0.5564 0.966 (0.527)

Psych/drug abuse 0.944 (0.307) 0.927 (0.293) 1.13 (0.145) P = 0.0535 1.039 (0.008)

Pulmonary 1.05 (0.267) 1.097 (0.202) 1.067 (0.572) P = 0.3050 0.981 (0.306)

Rheumatology 1.091 (0.601) 1.432 (0.159) 1.866 (0.034) P = 0.0774 0.94 (0.067)

Thoracic surgery 0.872 (0.391) 1.151 (0.470) 1.13 (0.654) P = 0.0903 0.987 (0.751)

Trauma 0.997 (0.987) 1.057 (0.761) 1.265 (0.222) P = 0.4373 1.02 (0.562)

Urology 0.827 (0.117) 1.105 (0.462) 1.24 (0.215) P = 0.0334 0.977 (0.339)

Vascular surgery 1.103 (0.488) 1.052 (0.788) 0.966 (0.857) P = 0.8116 0.946 (0.030)

Note: RR = Risk ratio

doi:10.1371/journal.pone.0131093.t005
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neonatology. McKenzie et al. estimate that being within 10 miles of a gas well significantly
increased the odds of having a congenital heart defect by 1.3 as well as the odds of having neu-
ral tube defects by two-fold, compared to not being within 10 miles of a gas well [12]. A recent
study by Lanki et al. determined that living close to busy traffic was associated with increased
C-reactive protein (CRP) concentrations, which is a known risk factor for cardiovascular dis-
eases [24]. This supports our results for cardiology, given the increased truck traffic that comes
with increased hydro-fracking activity.

Despite our findings that hospitalization use and active well number are directly associated
within specific medical categories, there are limitations to our study. Our study examined a rel-
atively short time interval. Whether our findings will be validated over longer periods of obser-
vation remains unclear. To have any association within a brief time frame may forebode
greater negative health effects over time. Furthermore, with our limited time frame and data,
the functional relationship for the association between well density and inpatient prevalence
rates was heavily dependent on many extreme values, which make up less than 1% of the total
observations. This motivated the quantile analysis. However, there are clear disadvantages to
this approach. By partitioning a continuous variable, we inherently lose information. Further-
more, while we can make inference on moving among quantile levels, we cannot make infer-
ence for specific increases in well density. The quantile levels were also somewhat arbitrary,
characterized as no wells/km2, a “low” amount of wells/km2, a “medium amount of wells/km2,
and a “high” amount of wells/km2. Another possible limitation is that our analyses only consid-
ered a zip code “exposed” to wells if there were wells within that specific zip code. A zip code
with no wells, however, could neighbor another zip code that has many wells. Accordingly, the
association between wells and inpatient prevalence rates may be underestimated. Future work
will incorporate a spatial aspect, such that the proximity to exposure (wells) is better addressed.
Another limitation is that this study, given that we use hospital discharge data, does not include
any information on morbidity or mortality. However, a future study that assesses the associa-
tion between morbidity/mortality and wells would be interesting to explore.

Despite these limitations, our findings may have a significant impact on the consequences
of UGOD on health care delivery and policy. For the number of wells analyses, it is useful to
consider specific increases in wells, given that the risk ratio associated with the number of wells
predictor is in terms of a one unit increase in number of wells. Specifically, consider an increase
of 25 wells, which is the observed mean number of wells from our data. For example, if some
zip code had an additional 25 wells, we would expect cardiology inpatient prevalence rates to
increase by 2% for that zip code. Considering the quantile analyses, if a zip code went from
having zero wells to having greater than 0.79 wells/km2 (79 wells for each 100 km2), we would
expect cardiology inpatient prevalence rates to increase by 27% for that zip code. If a zip code
went from having no wells to having between 0.17 to 0.79 wells/km2, we then would expect a
14% increase in cardiology inpatient prevalence rates for that zip code. Notably, 18 zip codes
had greater than 0.79 wells/km2, primarily in 2010 and 2011, indicating that each of these zip
codes could have had an excess of 27% in cardiology inpatient prevalence rates for each year
they had greater than 0.79 wells/km2. Furthermore, while dermatology and neonatology were
not strictly significant after using a Bonferroni correction, there is evidence that dermatology
and neonatology inpatient prevalence rates were also positively associated with wells. From the
number of wells analyses, if a zip code had an additional 25 wells, we would expect dermatology
and neonatology inpatient prevalence rates to increase by 3% and 4%, respectively. Similarly,
from the quantile analyses, if a zip code went from having no wells to having greater than 0.79
wells/km2, we would expect dermatology inpatient prevalence rates to increase by 45% for that
zip code.
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For most medical categories and overall, given the non-significant year risk ratios from
Tables 4 and 5, inpatient prevalence rates remained relatively stable between 2007 and 2011.
However, within the medical categories of gynecology and orthopedics, inpatient prevalence
rates are expected to decrease each year by around 13–14% and 3–4%, respectively. Despite
this surprising result, it is unclear why gynecology and orthopedics inpatient prevalence rates
are decreasing each year. It is unlikely that these decreasing rates are related to the increased
hydro-fracking activity.

To put into the context the potential burden of hydro-fracking on cardiology hospitaliza-
tions, consider the zip codes which exceeded 0.79 wells/km2 (Q3wells). In total, from 2007 to
2011, three zip codes had>0.79 wells/km2 in 2009, 10 zip codes had >0.79 wells/km2 in
2010, and 18 zip codes had>0.79 wells/km2 in 2011. Some zip codes had>0.79 wells/km2 in
multiple years, and in total, there were 18 unique zip codes that achieved>0.79 wells/km2 at
least once. Of these 31 year/zip code observations, the mean cardiology inpatient prevalence
rate was 2.17, the mean number of cardiology inpatient visits was 44.74, and the mean popu-
lation was 2190. Given the model results from Table 5, if these same observations had no
wells, we would have expected the mean cardiology inpatient prevalence rate to be 2.17/
1.27 = 1.71. Thus, the expected mean number of cardiology inpatient visits, assuming the
mean population, would be 1.71�2190/100 = 37.46. However, this is a slight simplification,
since each zip code has a different population. We omit the zip code specific populations
to preserve zip code anonymity, but when using zip code specific populations, the expected
mean number of cardiology inpatient visits, if these zip codes had no wells, would be 35.23.
This means that on average, for any year that a zip code exceeded 0.79 wells/km2, we
would expect an excess of 44.74–35.23 = 9.51 cardiology inpatient visits, compared to if
there were no wells. Note that this excess is for a single zip code for a single year in which
the zip code exceeded 0.79 wells/km2 (this occurred 31 times). A similar exercise shows that
for zip codes in the Q2wells range (36 observations total), we would expect on average an
excess of 8.13 cardiology inpatient rates. This again is for a single zip code for a single year
in which the zip code had>0.168 wells/km2 but�0.79 wells/km2. However, from the
model results in Table 5, zip codes with >1 well are in general expected to have increased
cardiology inpatient prevalence rates, relative to having no wells. With an inpatient stay cost-
ing on average $30K, this poses a significant economic health burden to the Commonwealth
of PA.

In summary, hydraulic fracturing as determined by well number or density had a significant
association with cardiology inpatient prevalence rates, while well density had a significant associ-
ation with neurology inpatient prevalence rates. While the clinical significance of the association
remains to be shown, UGOD has just begun in Pennsylvania, and thus observing a significant
association over this short time is remarkable. Further studies are warranted to compare toxicant
exposure to number of wells and inpatient and outpatient studies. Our study also supports the
concept that health care utilization should be factored into the value (costs and benefits) of
hydraulic fracturing over time.

Supporting Information
S1 Table. ICD-9 diagnosis codes and MSDRGs used in this study. These data are partitioned
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There are concerns that prenatal exposure to endocrine-disrupting chemicals increases children’s risk of obesity.
African-American and Hispanic children born in the Bronx or Northern Manhattan, New York (1998–2006), whose
mothers underwent personal air monitoring for polycyclic aromatic hydrocarbon (PAH) exposure during pregnancy,
were followed up to ages 5 (n¼ 422) and 7 (n¼ 341) years. At age 5 years, 21% of the children were obese, as were
25% of those followed to age 7 years. After adjustment for child’s sex, age at measurement, ethnicity, and birth weight
and maternal receipt of public assistance and prepregnancy obesity, higher prenatal PAH exposures were significantly
associated with higher childhood body size. In adjusted analyses, compared with children of mothers in the lowest
tertile of PAH exposure, children of mothers in the highest exposure tertile had a 0.39-unit higher body mass index
z score (95% confidence interval (CI): 0.08, 0.70) and a relative risk of 1.79 (95% CI: 1.09, 2.96) for obesity at age
5 years, and they had a 0.30-unit higher body mass index z score (95% CI: 0.01, 0.59), a 1.93-unit higher percentage of
body fat (95% CI: 0.33, 3.54), and a relative risk of 2.26 (95% CI: 1.28, 4.00) for obesity at age 7 years. The data indicate
that prenatal exposure to PAHs is associated with obesity in childhood.

cohort studies; environment; obesity; pediatrics; polycyclic hydrocarbons, aromatic

Abbreviations: BMI, body mass index; CI, confidence interval; PAH(s), polycyclic aromatic hydrocarbon(s); PM2.5, particulate
matter less than 2.5 lm in diameter.

Childhood obesity clearly has multiple causes, with the lit-
erature identifying proximal, individual-level behavioral risk
factors (e.g., high-fat diets, sedentary behavior) and more distal
societal-level risk factors affecting diet and physical activity
(e.g., suburbanization, automobile dependence, and agricultural
policies) (1–3). However, a provocative emerging hypothesis is
that exposure to environmental endocrine disruptors plays a role
in the obesity epidemic by altering metabolic programming in
early life (4–10). The polycyclic aromatic hydrocarbons (PAHs)
are a family of chemicals created during incomplete combustion
processes and are known human carcinogens that also have
endocrine-disrupting effects (11–13). Hydroxy-PAHs, in partic-
ular, are structurally similar to estrogen and have been shown
to have estrogenic activity in T47D breast adenoma cell lines
(ER-CALUX assay; BioDetection Systems, Amsterdam, the
Netherlands) (14). Likewise, PAH-containing particulate air

pollution has been shown to be estrogenic in the T47D cell
line and BG1Luc4E2 ovarian carcinoma cell line and in
yeast (14–17). Recent murine and human adipocyte cell culture
experiments showed that treatment with benzo[a]pyrene,
a model PAH, inhibits lipolysis, and recent mouse studies found
that benzo[a]pyrene exposure caused gains in fat mass (18).

In the Columbia Center for Children’s Environmental
Health birth cohort study, the Mothers and Children Study in
Northern Manhattan and the South Bronx, we investigated the
effects of prenatal exposure to airborne PAHs on the child’s
body size at ages 5 and 7 years and body composition at age
7 years. Because exposures to airborne PAHs were expected to
be strongly influenced by individual activities, personal air
monitoring was used for exposure assessment (19). Stationary
ambient and indoor monitors cannot integrate exposures across
times and locations experienced by an individual during a day
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in the way that personal monitoring can, and thus personal
monitoring is thought to better characterize exposure. Prior
analyses of these prenatal air monitoring data found that
higher PAH exposures were associated with smaller birth
size for gestational age among African Americans (20) and
lower full-scale intelligence quotient and verbal intelligence
quotient at age 5 years (21).

MATERIALS AND METHODS

Study participants were from a longitudinal birth cohort of
mothers and children that has been described extensively else-
where (22, 23). Nonsmoking pregnant women were recruited
through prenatal clinics at New York-Presbyterian Hospital and
Harlem Hospital Center between 1998 and 2006. The cohort
was restricted towomen aged 18–35 years who self-identified as
either African-American or Dominican and had resided in
Northern Manhattan or the South Bronx in New York City for
at least 1 year prior to pregnancy. A questionnaire, administered
to each woman in her home by a bilingual interviewer during the
third trimester of pregnancy, collected information on demo-
graphic characteristics, history of active and passive smoking,
educational and income levels, receipt of public assistance dur-
ing pregnancy, maternal height, and maternal prepregnancy
weight. Information on infant sex and birth weight was
abstracted from the mothers’ and infants’ medical records
following delivery. Women’s home addresses during preg-
nancy were geocoded, and the physical and sociodemographic
characteristics of their neighborhoods, defined as a 1-km radial
buffer around the home, were characterized as previously
described (24).

As described in detail previously, during the third trimester of
pregnancy thewomenworeasmallbackpackholding apersonal
ambient air monitor; the backpack was worn during the daytime
for 2 consecutive days, and at night thewomen placed it near the
bed (22, 24). A random subset of backpacks contained motion
detectors, and detected motion was consistent with the verbal
reports from the subjects that they were wearing the backpacks
during daytime hours (21, 23). In ambient air, PAHs are found in
vapors and aerosols and are bound to particle matter; particulate
matter less than 2.5 lm in diameter (PM2.5) is of primary health
importance, because fine particles of this size can penetrate
deeply into the lungs (25). The personal air sampling pumps
operated continuously at 4 L/minute, collecting PM2.5 on a pre-
cleaned quartz microfiber filter and collecting volatile and semi-
volatile vapors and aerosols on a polyurethane foam cartridge.
Each personal monitoring result was assessed for accuracy in
flow rate, time, and completeness of documentation. As de-
scribed previously (23), particle bound and volatile and semi-
volatile PAHs were extracted from the filter and polyurethane
foam via a Soxhlet Extractor (Corning, Inc., Corning, New
York), and extracts were assayed by gas chromatography-mass
spectrometry for 8 carcinogenic PAHs: benz[a]anthracene,
chrysene, benzo[b]fluroanthene, benzo[k]fluroanthene,
benzo[a]pyrene, indeno[1,2,3-cd]pyrene, dibenz[a,h]anthracene,
and benzo[g,h,i]perylene. Comparisons between PAH levels
measured in these air samples and levels measured in other
cities have been reported previously (19). A substudy of 84
women was conducted to measure pollutants in residential

indoor air during the last 6–8 weeks of pregnancy (26). Personal
air samples were collected from the mothers over a period of 48
hours during the 32nd week of pregnancy, and then 2-week
integrated indoor residential air samples were collected sequen-
tially for the remaining 6–8 weeks of the pregnancy (26). Per-
sonal and indoor air samples were analyzed for PAHs using the
same methods as in the full study (23).

Personal air monitoring and measurement of PAHs was
completed for 702 women; 511 of the children born to these
women have been followed up to age 5 years, and thus far
(as of 2011) 391 children have been followed up to age 7 years.
Height and weight data were collected from 453 of the chil-
dren at age 5 years and from 371 of the children at age
7 years, and body composition data were collected from
324 of these children. Figure 1 documents follow-up and
attrition.

Weight at age 5 years was measured to the nearest 0.1 kg
using a Detecto Cardinal 750 digital scale (Cardinal Scale
Manufacturing Company, Webb City, Missouri) while the child
was wearing light clothes and no shoes. At age 7 years, weight
(to the nearest 0.1 kg) and body composition were measured
using a Tanita scale (model BC-418; Tanita Corporation of
America, Arlington Heights, Illinois). TheTanita scale reported
percentage of body fat, fat mass, and lean mass using bioimpe-
dance formulas validated in children as young as age 7 years.
Height (to the nearest 0.1 cm) was measured using a SECA
wall-mounted stadiometer (SECA, Hamburg, Germany).

Figure 1. Follow-up of children from a New York City birth cohort at
ages 5 and 7 years and from whom height and weight data were
collected, Mothers and Children Study in Northern Manhattan and
the South Bronx, 1998–2011. Some children who were not followed
up to age 5 years (n ¼ 7) or from whom height and weight data were
not collected at age 5 years (n ¼ 33) were followed up at age 7 years
and were measured for height and weight.
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Data analyses

Concentrations of the 8 PAHs measured in the air samples
were summed and natural log-transformed (21, 23). Log-
transformed personal air PAH levels were compared via t test
across categories of obesity risk factors for the entire cohort
and for children from whom anthropometric data were col-
lected at ages 5 and 7 years. For the indoor air PAH exposure
substudy, intraclass correlation coefficients were calculated to
assess the variability of the integrated indoor air monitoring
data during the last 6–8 weeks of pregnancy. Correlation
coefficients were calculated comparing the mean residential
indoor air PAH exposure calculated from the sequential
2-week indoor air monitoring with the 48-hour personal
air monitoring data.

Children’s body mass index (BMI; weight (kg)/height (m)2)
z scores and percentiles were calculated using the Centers for
Disease Control and Prevention SAS macro (27); children
were classified as obese if their BMI percentile was greater
than or equal to the 95th percentile. Children were assigned to
low, medium, and high maternal prenatal exposure categories
based on tertile cutpoints of the distribution of prenatal PAH
exposure levels. A series of linear regression analyses was
used to determine whether children whose mothers were in
the second (middle) or third (highest) tertile of personal air
exposure to PAHs as compared with the first (lowest) tertile
had higher BMI z scores at ages 5 and 7 years and a higher
percentage of body fat, total fat mass, and fat-free mass at age
7 years. Relative risks of obesity at ages 5 and 7 years by
exposure tertile were estimated using Poisson regression
models (28, 29). All analyses controlled for the child’s sex,
age at anthropometric measurement, ethnicity, and birth
weight and maternal prepregnancy obesity. Measures of the
mother’s socioeconomic status during pregnancy, including
self-reported family income, mother’s educational attainment,
and receipt of public assistance, were assessed as potential
confounders. Receipt of public assistance was found to be
the only predictor of the anthropometric outcomes and was
included in all statistical models.

Additional sensitivity analyses were conducted assessing
prenatal factors that might affect children’s growth trajectories
and are also thought to be related to PAH exposure: season of
monitoring, the mother’s living with a smoker, the mother’s
living in a neighborhood with a high level of automobile traffic,
and neighborhood socioeconomic status. Monitoring periods
were classified as to whether or not they occurred between
October 15 and April 31, the dates when owners of New York
City apartment buildings are required to provide heat, predom-
inantly via oil-fueled furnaces. Questionnaire data were used to
assess whether a mother had lived with a smoker during her
pregnancy. As a measure of exposure to automobile traffic,
street density (linear distance of streets/area of neighborhood)
within a 1-km radial buffer around the mother’s residence dur-
ing pregnancy was measured. Neighborhood socioeconomic
status was measured using 2000 US Census block group data
on poverty and median household income aggregated to the
1-km radial neighborhood buffers using aerial weighting
interpolation (24, 30). As described in prior work, for analyses
that included neighborhood-level variables, linear regression
generalized estimating equations with robust standard error

calculations were used to account for clustering of subjects
within New York City Community District neighborhoods
(24, 31). In addition, analyses were conducted using in-
verse probability weights for successful follow-up and
complete data collection to assess the effects of incomplete
follow-up and missing data on effect estimates (32–34). These
analyses are described in detail in the Web Appendix (http:/
aje.oxfordjournals.org/).

All study procedures used at enrollment and at ages 5 and
7 years were approved by the Columbia University Institu-
tional Review Board. Informed consent was obtained from
all participating women, and assent was provided by the
children at age 7 years.

RESULTS

Table 1 shows the geometric mean levels of PAH exposure
overall and by categories of obesity risk factors for the entire
cohort and for children at ages 5 and 7 years. For the cohort
overall, mothers receiving public assistance had significantly
higher exposure levels, and for children followed up to age
5 years, mothers of African-American children had higher ex-
posure levels than mothers of Dominican children. In the indoor
air monitoring substudy, the intraclass correlation coefficient
for the consecutive 2-week indoor air sampling periods was
0.65 during the last 6–8 weeks of pregnancy. Estimates of pre-
natal PAH exposure based on individual 48-hour personal air
monitoring and based on the mean of the consecutive 2-week
integrated indoor air monitoring periods were significantly
correlated (r ¼ 0.58, P < 0.001).

Complete data for outcomes and key covariates (sex, ethnic-
ity, receipt of public assistance during pregnancy, birth weight,
and maternal prepregnancy obesity) were available from 422 of
the 453 children followed to age 5 years for anthropometric
outcomes and from 341 of the 371 children followed to age
7 years. Data on body composition and key covariates were
available for 297 children. The primary missing data element
was maternal prepregnancy weight. Table 2 presents descrip-
tive statistics for the sociodemographic characteristics and risk
factors for all cohort children at baseline and for those followed
up. At age 5 years, 21% of the children were obese, and at age
7 years, 25% were obese; themean percentage of body fat at age
7 years was 24.1% (7.2 kg of fat mass). As expected, for the 331
children from whom anthropometric data were available at
ages 5 and 7 years, obesity at age 5 was strongly predictive
of obesity at age 7 (j¼ 0.67, P< 0.001; relative risk¼ 8.39,
95% confidence interval (CI): 5.63, 12.50).

In unadjusted analyses, compared with children whose
mothers were in the first tertile of prenatal PAH exposure, at
age 5 years the BMI z score was 0.33 units higher (95% CI:
0.02, 0.65) for children of mothers in the second exposure
tertile, and it was 0.43 units higher (95% CI: 0.12, 0.75) for
children of mothers in the third exposure tertile. Similar effects
were seen at age 7 years; compared with the first tertile, the
second tertile of exposure was associated with a 0.17-unit
higher BMI z score (95% CI:�0.14, 0.48), and the third tertile
of exposure was associated with a 0.32-unit higher BMI z score
(95% CI: 0.01, 0.62).

Table 3 shows the multivariate associations between
model covariates and categories of maternal PAH exposure
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and BMI z score and body composition measures. After control
for the model covariates, the highest tertile of prenatal PAH
exposure was significantly associated with higher BMI z score
at both age 5 years and age 7 years. In addition, at age 7 years,
higher prenatal PAH exposure was significantly associated
with increased percentage of body fat and fat mass but not
with variation in lean mass (e.g., organs, bone, and muscle).
Figure 2 shows the covariate-adjusted mean BMI z scores
(and 95% confidence intervals) at ages 5 and 7 years by tertile
of prenatal PAH exposure. To place the results in context, for
a 5-year-old boy with a weight of 21 kg and a height of 115 cm
(BMI z score¼ 0.37, BMI percentile¼ 64.5—median values
for the study population), an increase of 0.39 z-score units
equates to a 0.7-kg increase in weight and a 13-unit increase
in BMI percentile. Similarly, for a 7-year-oldboy with a weight
of 27 kg and a height of 126 cm (BMI z score ¼ 0.86, BMI
percentile¼ 80.5), an increase of 0.30 z-score units equates to
a 1.11-kg increase in weight and places the child at the 87.7th
BMI percentile. Being in the third tertile of prenatal PAH
exposure as compared with the first was associated with
1.1-kg higher fat mass. Table 4 shows that the second and
third tertiles of maternal PAH exposure were associated
with higher relative risks of obesity at ages 5 and 7 years.

We conducted further analyses to assess the sensitivity of the
results to additional model specifications and adjustment for
other covariates. Neighborhood socioeconomic status repre-
sents a potential confounding factor; however, further control
for neighborhood poverty rate or median household income did
not alter the results. In regards to factors hypothesized to be
associated with higher ambient air PAH levels, PAH levels were
not associated with the mother’s reporting that a smoker lived in
the home or with neighborhood socioeconomic status. Air mon-
itoring samples collected during heating months showed 47%
higher PAH levels (95% CI: 29, 67) than samples collected
during the nonheating months, and higher PAH levels were

associated with higher street density within a 1-km radius of
the home (2.94% higher per linear kilometer of street; 95% CI:
0.20, 5.65). However, season of sampling and neighborhood
street density did not predict BMI z score at age 5 or 7 years
or body composition at age 7 years, and adjustment for these
variables did not alter the analytical results.

Weighting the data by the inverse probability of follow-up
and complete data collection at age 5 years only slightly reduced
the estimated effect of the third tertile of PAH exposure on BMI
z score (weighted estimate ¼ 0.34 BMI z-score units; 95% CI:
0.02, 0.66) and did not alter the effect estimate for the second
tertile of exposure. However, inverse probability-weighted anal-
yses for BMI z score at age 7 years suggested that the initial
analyses were biased toward the null value. Compared with the
first tertile of PAH exposure, the covariate-adjusted weighted
b coefficient for the second tertile of exposure was 0.28 BMI
z-score units (95% CI: �0.01, 0.58), while in the unweighted
analyses the covariate-adjusted coefficient was 0.17 units (95%
CI: �0.12, 0.46). For comparisons between the third and first
tertiles of exposure, the covariate-adjusted weighted b coeffi-
cient was 0.40 BMI z-score units (95% CI: 0.11, 0.69), while the
corresponding covariate-adjusted coefficient in the unweighted
analyses was 0.30 BMI z-score units (95% CI: 0.01, 0.58).

DISCUSSION

Prenatal exposure to ambient PAHs was found to predict
higher BMI z score and obesity at age 5 years and higher
BMI z score, obesity, and fat mass at age 7 years. The observed
effect of prenatal exposure to PAHs on children’s body size
appears to be due to the accumulation of fat mass and not to
differences in lean mass. In our analyses, we considered possi-
ble confounding by measures of socioeconomic status and by
prenatal exposure to sources of PAHs and found that adjustment

Table 1. Geometric Mean Levels (ng/m3) of Polycyclic Aromatic Hydrocarbons in Prenatal Personal Air Monitoring Samples in the Mothers and

Children Study in Northern Manhattan and the South Bronx, 1998–2011

Characteristic
Total Enrolled

Cohort (n 5 702)
Children With Anthropometric

Measures at Age 5 Years (n 5 453)
Children With Anthropometric

Measures at Age 7 Years (n 5 371)

Overall 2.39 (2.12)a 2.34 (2.05) 2.53 (2.03)

Child’s sex

Girls 2.34 (2.08) 2.34 (1.99) 2.53 (1.97)

Boys 2.44 (2.18) 2.32 (2.14) 2.53 (2.10)

Child’s ethnicity

African-American 2.53 (2.01) 2.53 (1.90) 2.69 (1.92)

Dominican 2.29 (2.18) 2.20 (2.16)* 2.44 (2.10)

Maternal prepregnancy obesity

No 2.39 (2.23) 2.29 (2.14) 2.53 (2.08)

Yes 2.36 (1.93) 2.56 (1.92) 2.69 (1.93)

Maternal receipt of public
assistance during pregnancy

No 2.25 (2.14) 2.25 (2.08) 2.44 (2.03)

Yes 2.53 (2.08)* 2.46 (2.05) 2.66 (2.03)

* P < 0.05 (by t test).
a Numbers in parentheses, standard deviation.
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for these factors did not alter the results. Similar to a prior report
using data from midway through cohort recruitment, the
mother’s report of a smoker living in the home did not predict
PAH levels in the prenatal air monitoring samples (19). Season
of monitoring and neighborhood street density did predict
PAH levels, but not body size at ages 5 and 7 years. These
results provide the first evidence that childhood obesity can be
influenced by prenatal exposure to PAHs.

These results are consistent with past laboratory experiments
showing PAH and particulate air pollution effects on lipolysis
and fat accumulation. Murine and human adipocyte experi-
ments showed that treatment with benzo[a]pyrene, a model
PAH, suppressed the normal release of free fatty acids by adi-
pocytes upon exposures to b1, b2, and b3-adrenoreceptor-
specific agonists (18). Similarly, C57B1/6J mouse experiments

showed that benzo[a]pyrene treatment inhibited epinephrine-
induced release of free fatty acids, and 15 days of chronic
exposure caused weight gain due to accumulation of fat
mass (18). A second study found that starting at week 3 of
life, 10 weeks of exposure to a PM2.5 particle mixture
representative of the northeastern region of the United
States caused weight gain in C57Bl/6J mice due to in-
creases in subcutaneous and visceral fat mass, although
PM2.5 exposure concentrations were 10-fold higher than
ambient levels (35, 36). Cigarette smoke is a source of
PAHs, and maternal smoking during pregnancy has con-
sistently been found to be associated with higher body
weight in the child during childhood and adolescence
and into adulthood (37, 38). While the literature on mater-
nal smoking during pregnancy tends to ascribe smoking’s

Table 2. Sociodemographic and Anthropometric Characteristics of the Cohort at Baseline and During Follow-up, Mothers and Children Study in

Northern Manhattan and the South Bronx, 1998–2011

Characteristic

Total Enrolled
Cohort (n 5 702)

Children With Anthropometric
Measures at Age 5 Years (n 5 453)

Children With Anthropometric
Measures at Age 7 Years (n 5 371)

No. % Mean (SD) No. % Mean (SD) No. % Mean (SD)

Child’s sex

Female 352 50 240 53 200 54

Male 335 48 213 47 171 46

Unknown 15 2 0 0

Child’s ethnicity

African-American 256 37 185 41 160 43

Dominican 446 63 268 59 211 57

Child’s birth weight, g 3,369 (477) 3,380 (480) 3,406 (486)

Maternal prepregnancy obesity

No 499 71 330 73 269 73

Yes 166 24 101 22 81 22

Unknown 37 5 22 5 21 6

Maternal receipt of public
assistance during pregnancy

No 402 57 255 56 211 57

Yes 294 42 194 43 156 42

Unknown 6 1 4 1 4 1

Mother’s years of education
at time of pregnancy

12 (2) 12 (2) 12 (2)

% of residents living in poverty
in the mother’s neighborhood

36 (5) 35 (5) 35 (4)

Annual household income
in the mother’s
neighborhood, dollars

22,661 (3,621) 22,489 (3,430) 22,517 (3,285)

Geometric mean PAH level in
personal air monitoring
samples, ng/m3

2.38 (2.13) 2.34 (2.06) 2.54 (2.03)

Body mass indexa z score NA 0.64 (1.37) 0.82 (1.15)

Childhood obesity

No NA 356 79 277 75

Yes NA 97 21 94 25

Mean % of body fat (n ¼ 324) NA NA 24 (6)

Abbreviations: NA, not applicable; PAH, polycyclic aromatic hydrocarbon; SD, standard deviation.
a Weight (kg)/height (m)2.
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Figure 2. Covariate-adjusted mean body mass index (BMI; weight (kg)/height (m)2) z scores according to tertile of prenatal ambient air polycyclic
aromatic hydrocarbon (PAH) exposure for children at ages 5 and 7 years, Mothers and Children Study in Northern Manhattan and the South Bronx,
1998–2011. Median PAH exposure levels for tertile categories: first tertile, 1.19 ng/m3; second tertile, 2.30 ng/m3; third tertile, 4.68 ng/m3. Bars,
95% confidence interval.

Table 4. Risks of Obesity at Ages 5 and 7 Years According to Prenatal Exposure to Polycyclic Aromatic

Hydrocarbons and Sociodemographic and Early-Life Characteristics Among Children in the Mothers and Children

Study in Northern Manhattan and the South Bronx, 1998–2011

Obesity at Age 5 Years Obesity at Age 7 Years

RRa 95% CI RRa 95% CI

Birth weight (per 100 g) 1.04 1.00, 1.08 1.02 0.98, 1.06

Ethnicity

Dominican 1 Reference 1 Reference

African-American 0.68 0.45, 1.01 0.72 0.49, 1.06

Maternal receipt of public assistance during pregnancy

No 1 Reference 1 Reference

Yes 0.94 0.65, 1.36 0.78 0.54, 1.13

Child’s sex

Female 1 Reference 1 Reference

Male 1.01 0.70, 1.44 1.28 0.90, 1.82

Maternal prepregnancy obesity

No 1 Reference 1 Reference

Yes 1.39 0.93, 2.08 2.01 1.39, 2.92

Child’s age at measurement, months 1.05 1.00, 1.10 1.04 0.97, 1.11

Tertile of prenatal PAH exposure

First (<1.73 ng/m3) 1 Reference 1 Reference

Second (1.73–3.07 ng/m3) 1.79 1.08, 2.98 2.25 1.27, 4.01

Third (�3.08 ng/m3) 1.79 1.09, 2.96 2.26 1.28, 4.00

Abbreviations: CI, confidence interval; PAH, polycyclic aromatic hydrocarbon; RR, relative risk.
a All relative risks were mutually adjusted for other variables in the table.
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effects on children’s weight to nicotine exposure, it is pos-
sible that it is the PAH component of cigarette smoke that
affects the children’s growth trajectory (37).

Recently, substantial attention has been focused on the hy-
pothesis that prenatal and early-life exposure to environmental
estrogens causes obesity (7–10, 39). Studies with CD-1 mice
have shown that treatment during the neonatal period with di-
ethylstilbestrol, a model estrogenic compound, causes increased
weight gain (8). Although PAHs have been referred to as xeno-
estrogens, both estrogenic and antiestrogenic effects have been
documented, with the primary endocrine effect relating to in-
terference with estrogen signaling (11, 12). The effects of PAHs
on estrogen receptor-mediated signaling have been shown to be
compound-specific and cellular model-dependent (12). How-
ever, studies have shown that PAHs induce estrogen-dependent
cell proliferation and estrogen receptor-mediated reporter gene
expression and that they induce uterine growth in Wistar rats
(12, 40, 41). Hydroxy-PAHs, in particular, have structural sim-
ilarities to estrogen, and invitro test systems have shown them to
have estrogenic activity; in addition, PAH-containing particu-
late air pollution has been shown to have estrogenic effects in
estrogen-responsive carcinoma cell lines and in yeast models
(14–17). PAHs may also alter estrogen signaling through cross-
talk between the estrogen receptor and the aryl hydrocarbon
receptor, for which PAHs are a ligand (42). In human breast
tissue, we have shown that levels of PAH-DNA adducts in breast
tumors are significantly correlated with estrogen receptor ex-
pression (43). However, data are not available for testing
whether weight gain associated with PAH exposure is mediated
via an estrogen receptor agonist-based mechanism.

Several caveats must be considered when interpreting
these results. Firstly, the study was restricted to nonsmoking
women and so may not be generalizable to women who
smoke during pregnancy. The personal air monitoring was
conducted for only 48 hours in the third trimester, and PAH
levels detected during this short duration of monitoring may
not be representative of longer-term exposures incurred dur-
ing pregnancy. However, the indoor air monitoring substudy
showed that residential indoor PAH exposure levels were
fairly stable during the last 6–8 weeks of pregnancy and that
home indoor PAH levels were correlated with those in the
personal air monitoring samples. Secondly, we were not
able to adjust for ambient air PAH exposures in early child-
hood prior to age 5 years, which may be correlated with the
mother’s exposures during pregnancy. Thus, it is not abso-
lutely clear that pregnancy is the critical exposure window,
and we may be indirectly observing the effects of early child-
hood exposures on subsequent growth trajectories. Body
composition was measured using Tanita bioimpedance tech-
nology and a 2-compartment model of the body, which, while
it has been validated (44–48), still represents a clinical stan-
dard rather than a gold-standard, 4-compartment measure of
body composition. Additionally, the Tanita bioimpedance
technology is not recommended for assessing body compo-
sition in children before age 7 years; thus, fat and lean mass
data were not gathered at age 5 years. Lastly, follow-up was
not complete, particularly to age 7 years, and it was associ-
ated with several predictors of body size. However, reanalysis
of the data using inverse probability weighting for successful
follow-up suggested that incomplete follow-up did not bias

the age 5 results and that it caused a bias toward the null for
the age 7 results (32, 33).

In conclusion, this study suggests that prenatal exposure
to PAHs causes increased fat mass gain during childhood
and a higher risk of childhood obesity. The strengths of this
study include the use of personal air monitoring to measure
exposure to PAHs during pregnancy, the prospective cohort
design, and the use of body composition data to demonstrate
specific effects on fat mass. These results provide further
data on the negative health consequences of air pollution
and suggest that prenatal exposure to endocrine-disrupting
chemicals contributes to obesity risk.
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46. Xie X, Kolthoff N, Bärenholt O, et al. Validation of a leg-to-leg
bioimpedance analysis system in assessing body composition
in postmenopausal women. Int J Obes Relat Metab Disord.
1999;23(10):1079–1084.
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Executive Summary  
 

How does hydro-fracking affect the rural communities at the epicenter of drilling activity? A rich body of 
literature on the human impacts and lore exists from the Mountain West: of boomtowns and bar fights, 
and rising rents and rising crime that accompanied oil and gas development in Wyoming and Colorado in 
the 1980s and 1990s, and more recently in North Dakota shale oil fields.  

Considerable evidence indicates that shale development has followed a similar trajectory in Pennsylvania. 
Work from academic researchers and advocacy groups such as Food and Water Watch, and our own in-
depth examination of two high-intensity Pennsylvania drilling counties (Greene and Tioga) document 
increased traffic, damaged roads, rising rents, and intensified demands on police and local first 
responders. 

These impacts are in addition to the growing environmental and public health impacts associated with 
hydro-fracking, from greater incidence of childhood asthma in Texas, to water contamination in 
Pennsylvania, to seismic activity in Ohio and Oklahoma. 

In many states, regulation of drilling activity is controlled by state officials, leaving local officials with 
few options except to manage the consequences.  A better understanding of the nature and timing of likely 
impacts can help local governments and residents anticipate, plan for, or avoid the inevitable negative 
consequences of shale development. 

In this report, the Multi-State Shale Research Collaborative examined potential shale-related impacts 
identified in our prior work and that of others to further identify impacts and determine at what point their 
effects became evident. We looked at three states: Pennsylvania, Ohio, and West Virginia, dividing 
drilling counties in those states into three groups based on the level of drilling activity in order to better 
understand the relationship between the density of drilling and the severity of impacts. We used non-
drilling rural and non-drilling urban counties as control groups, in order to account for relevant factors 
unrelated to shale development. Our analysis found impacts on housing, crime, traffic fatalities, and 
sexually transmitted diseases in communities with high levels of drilling. Although the impact of drilling 
is often localized within counties, data limitations necessitate use of county-level data (and, in the case of 
housing, multi-county data). As a result of this incongruity between the geography of drilling’s impact 
and publicly available data sources, the impacts on crime, sexually transmitted diseases, traffic fatalities, 
and rents are likely to be underestimated. 

Based on our analysis, we hypothesize that significant impacts emerge when the number of wells drilled 
in a given county exceeds 400 within a period of five to eight years.  

Our main findings follow. 

Drilling, Employment, and Population Trends  

County Drilling Trends 

Shale development is not evenly distributed across the states, nor across counties. Whether we see broad-
based impacts depends on the level and concentration of drilling. Our analysis covered the 210 counties in 



4 
 

Pennsylvania, Ohio, and West Virginia. We divided these counties into five groups: low-, moderate--, and 
high-drilling counties; non-drilling rural counties; and non-drilling urban counties. 

 Six Pennsylvania counties with more than 400 wells drilled were classified as high-drilling: 
Bradford, Tioga, Washington, Lycoming, Susquehanna, and Greene. As a group, they account for 
52% of, or 4,515 of 8,634, new shale oil and gas wells drilled in Pennsylvania, West Virginia, 
and Ohio between 2005 and 2012. 

 Ten West Virginia counties, one Ohio county, and six Pennsylvania counties, each with between 
100 and 399 wells, were designated moderate-drilling counties. The 10 West Virginia counties 
account for 67% of the state’s total shale oil and gas wells drilled between 2005 and 2012 
(Kanawha, Logan, Ritchie, Harrison Doddridge, Boone, Upshur, Jackson, Wetzel, and Lincoln). 
Carroll County is the only Ohio county having more than 100 wells drilled; by 2013, 49% of all 
the unconventional wells in Ohio were located in Carroll County. Across all three states, the 17 
moderate--drilling counties account for 30% of wells drilled from 2005 to 2012. 

Employment  

Consistent with our prior research (Mauro et al, 2013), we found modest employment growth in 
Pennsylvania, West Virginia, and Ohio from 2005 to 2012, particularly when measured as a share of total 
employment.  

The bulk of employment impacts were found in the six high-drilling counties, where mining and natural 
resources employment rose by 138% (7,121 jobs) from 2005 to 2012 (compared to a decline of 2% from 
1998 to 2005), and total employment across all industries grew by 10.3% (or 18,932 jobs).  

In the remaining moderate- and low-drilling counties we found no statistically significant impact on total 
covered employment from drilling. In moderate-activity counties, mining and natural resources 
employment grew by 8% (1,126 jobs). Total employment actually declined in these counties, driven by a 
1% total employment decline in moderate-drilling West Virginia counties that outweighed a 0.3% total 
employment increase in moderate-drilling Pennsylvania counties and a 6.4% employment growth in the 
one moderate-drilling Ohio county.. Carroll County employment trends and recent drilling activity are 
more similar to the six Pennsylvania high-drilling counties than to other moderate-drilling counties. In all 
three states, as a result of the Great Recession, total employment was down from 2005 to 2012 in both 
rural and urban non-drilling counties. 

 

Population  

We found little evidence in our data of significant population growth resulting from drilling.  

The six high-drilling counties had a small population increase of 0.4%, or 2,040 people, between 2005 
and 2012, reversing a small (0.3%) population decline during the prior seven-year period. The moderate-
drilling counties in all three states have experienced a small decline in population since 2005 (0.9% in 
PA, 0.3% in WV, and 1.8% in OH). By contrast, since 2005, the population in non-drilling urban and 
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rural counties in all three states actually grew by about 3%.1   Across county-level population data for 
West Virginia, Pennsylvania, and Ohio, we found that drilling did not have a positive and statistically 
significant impact on population growth for any grouping, including high-drilling counties.   

Social and human impacts 

Given the drilling, employment, and population trends described above, we would expect to observe 
social and human impacts (crime, traffic fatalities, sexually transmitted disease and rising rents) in high-
drilling counties. In fact, across the counties studies, significant increases in the rates of crime, sexually 
transmitted diseases, motor vehicle fatalities, and increased housing costs were almost exclusively limited 
to the six high-drilling Pennsylvania counties. 

Crime 

 Violent crime 
o There was a statistically significant increase in violent crime of 17.7% in high-drilling 

counties; this increase corresponds to about 130 more violent crimes in these six counties 
in 2012. During this same period, the violent crime rate was down in both urban and rural 
non-drilling communities. 

o In moderate-drilling counties in Pennsylvania, West Virginia, and Ohio, we did not 
observe any statistically significant increases in violent crime or property crime over the 
period of this study. Carroll County, Ohio, which experienced a rapid increase in drilling 
only in the final year of this study (2012), will, if drilling continues apace, provide an 
important test of whether the increased crime rates observed in high-drilling counties in 
Pennsylvania also occur in other states with similar levels of drilling.    
 

 Property Crime 
o We observed a statistically significant increase in property crime of 10.8% in high-

drilling counties. 
o For the most part, we did not observe a statistically significant increase in violent crime 

and property crime in moderate- and low-drilling counties in West Virginia, 
Pennsylvania, and Ohio.2  
 

 Drug and alcohol crime  
o Between 2005 and 2012, drug abuse rates rose 48% in the high-drilling counties in 

Pennsylvania, representing an annual increase of about 600 cases. In these same counties, 
DUI offenses were up 65%, compared to 42% in non-drilling rural areas, and little or no 
increase elsewhere across the state. The gap between the 65% and 42% increases 
amounts to an additional 400 cases per year across the six high-drilling counties. 

                                                            
1 Some population trends in drilling areas led us to wonder whether year-to-year population statistics fully capture 
all of the out-of-state influx of people triggered by drilling, some of which could be temporary. Since our 2005-12 
period includes data from the 2010 Census, it is unlikely that our drilling-area population estimates are substantially 
undercounted, but we are nonetheless consulting further with state demographers. 
2 We did, however, observe a statistically significant increase in violent crime in low-drilling counties. 
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Interestingly, drug abuse and DUI offenses did not increase substantially, and in some 
cases fell, in moderate- and low-drilling counties.  

Sexually Transmitted Diseases 

 Between 2005 and 2012, there was a statistically significant increase of 24% to 27% in rates of 
infection for chlamydia across all drilling counties (high-, moderate-, and low-) across all three 
states. There also was an increase in gonorrhea infection rates across all counties, but it was no 
higher in drilling counties than in non-drilling ones.  

Motor Vehicle Fatalities  

 There was a statistically significant increase of 27.8% in truck-involved motor vehicle fatalities in 
the high- drilling counties.  In terms of all traffic fatalities (not just those involving trucks) 
Pennsylvania’s six high-drilling counties also had about 35 more traffic fatalities in 2012 than if 
the number had followed the statewide trend. However this increase in overall motor vehicle 
fatalities between 2005 and 2012 was not statistically significant.  

 We observed no increase in motor vehicle fatalities overall or in truck-involved fatalities in 
moderate-drilling counties in West Virginia, Pennsylvania, and Ohio.3   

Rental Housing Markets4 

Some of the most widely reported impacts of shale oil and gas development relate to housing shortages 
and rapidly rising rents.  

 In high-drilling counties, we observed statistically significant increases in median, low (20th 
percentile) and high (80th percentile) rents of 10.2%, 7.6% and 12.3%, respectively.  We observed 
no statistically significant impacts for moderate- or low-drilling counties.  

 There is a clear pattern of rising rents in the middle and near the top (80th percentile) of the rental 
market in high-drilling areas.  

o Median rents rose by the indicated rates in the following groups of Pennsylvania counties 
(bold italics denote heavy-drilling counties): 16.5% in Bradford, Sullivan & Tioga; 9.4% 
in Greene and Washington; and 13.9% in Pike, Susquehanna, and Wayne.  

 In Ohio, low and median rents were up 3.2% and 1.7%, respectively, in Carroll County (112 
wells drilled) and Stark County (7 wells drilled). 

With respect to changes in the incomes of renters, in high-drilling counties we observed a statistically 
significant increase in renter incomes only at the 80th percentile.  By contrast, in medium- and low-drilling 
counties we observed declines in the incomes of renters at the 20th percentile.  With rising rents and no 
change in incomes for low- (20th percentile) and median- income renters in high-drilling counties, there 
was  a statistically significant 14% increase in the number of renters paying 30% or more of their income 
in rent (a measure of housing affordability). It is also of note that, although there were rising median and 

                                                            
3 We did observe a decline of 11% in low-drilling counties in motor vehicle fatalities overall. 
4 Note that we are hampered in this analysis by having to rely on data for “county groups” rather than individual 
counties. Grouping heavy-drilling Bradford, Tioga, and Greene counties with other counties likely masks bigger 
impacts of drilling on housing variables in those individual counties. 
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high rents in high-drilling counties, we found no evidence of an increase in new residential housing 
construction over the 2005-2012 period.  

Conclusion 

One challenge for the future is to improve data sources to get a better match between the area where 
drilling is occurring and the information available on human and social service impacts. 

What do we know from analyzing the data that are currently available as well as our prior case studies? 
Summing up, our case studies of two high-drilling Pennsylvania counties, Tioga and especially Greene, 
revealed some positive employment and income benefits of shale development. Our assessment of the 
human and social impacts in this report reveals the other side of this positive-economic impacts coin: The 
heaviest drilling counties, as measured by number of wells and by industry and total employment impacts, 
also experience negative impacts. These include higher rates of crime, sexually transmitted disease, and 
traffic fatalities, and higher rents. 

In a sense, these findings echo the old saying that “there’s no free lunch.” The communities in which the 
scale of shale development is sufficient to move the needle on total employment and income are also the 
communities likely to be faced with social challenges. Communities with shale resources where drilling 
has not yet occurred should understand this trade-off so that they may weigh their options in an informed 
way and prepare for the social impacts if drilling is undertaken.  



8 
 

 

Introduction 
Unconventional shale oil and gas extraction is a high-impact industrial process, especially when 
considered relative to conventional oil and gas extraction, which has been present in Pennsylvania, Ohio, 
and West Virginia since the discovery of oil in the 19th century. Some economic and social impacts of 
shale development result directly from drilling itself, e.g., traffic- and road-related impacts. Other impacts 
result from an influx of people and income directly or indirectly associated with industry development, 
such as increases in crime, sexually transmitted diseases and housing costs. Because we anticipate that 
drilling-related social impacts are associated with the amount of drilling and with changes in industry 
employment, total employment, and population, we begin our analysis in Chapter 1 with a summary of 
county-level trends in the number of wells drilled, total employment, and population trends in each state.  

Based on this analysis, we find that six Pennsylvania counties— each with more than 400 wells drilled—
stand far above all the others studied for the amount of drilling and also for industry employment growth. 
We define these as high-drilling counties. No county in Ohio has had more than 112 wells drilled, and no 
county in West Virginia has had more than 200 wells drilled. To permit analysis of drilling’s human 
service impacts in all three states, we created a second group of medium-drilling counties with between 
100 and 399 wells drilled. In addition to these two categories, we also look in subsequent chapters for 
drilling impacts in counties with 1 to 99 wells (low-drilling) and in two control groups, rural counties 
without drilling and urban counties without drilling.5 

Map 1.1, Map 1.2, and Map 1.3 in Chapter 1 identify the counties that fall into each of these categories in 
Pennsylvania, West Virginia, and Ohio. When possible, we examine trends in our social and economic 
variables prior to drilling and also present trends in these same variables in the non-drilling rural and 
urban portions of New York, Maryland, and Virginia. 

Using these groupings, we explore in each state whether the counties with the most drilling have seen 
changes in job growth (Chapter 2) and population (Chapter 3) above and beyond that found in control 
areas.6  

In the remaining chapters we explore trends in crime (Chapter 4), sexually transmitted diseases (Chapter 
5), and traffic fatalities (Chapter 6).   

In Chapter 7 we examine trends in rents, renter income, rental housing affordability, home values, and 
homeowner incomes. Data limitations imposed by our use of the American Community Survey for these 
analyses mean that observations from high-drilling counties are pooled with those from counties much 
less drilling, likely resulting in the underestimation of the impact of heavy drilling.   

 

                                                            
5 Whenever possible in the subsequent chapters we also present trends in the rural and urban portions of New 
York, Virginia, and Maryland. These are the other states in the region that may have shale oil and gas.  
6 In an Online Technical Appendix we also present county‐by‐county trends in each of the areas we study for 
counties with 100 or more wells drilled.  
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In Chapter 8 we expand our analysis to four additional potential human service impact areas: early 
intervention for children with developmental delays or disabilities, foster care, and emergency room 
visits. Since data in these areas are not uniform across states, we restrict our analysis to Pennsylvania, the 
state with the most drilling over the period studied. 

  

Box 1. Online Technical Appendix 
Find online at http://keystoneresearch.org/MSSRC/tech_app Excel files of the tables printed in this 
document, as well as supplementary tables with individual county-level outcomes for each of the 
topics covered in this report.   

Researchers interested in exploring the strength of the relationships between drilling intensity and 
the topics covered in this report can also find here Stata datasets containing the variables 
summarized in this study. 
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Chapter 1: State and County Trends in Drilling 
To better understand the human and social impacts of drilling in Pennsylvania, West Virginia and Ohio, 
we need to explore where and when that drilling created changes in employment and population. 

We start the process by looking at the timeline of drilling at the state level—the number of wells drilled 
each year in our three states (Figure 1.1). Three points stand out from this figure. First, Pennsylvania 
accounts for much more drilling than West Virginia and Ohio, with 72% of total wells drilled across all 
three states from 2005 to 2012. Second, drilling started in earnest first in West Virginia, peaking in 2008 
at only one quarter the peak drilling level in Pennsylvania. Third, drilling in Ohio does not begin until 
2011, and only exceeds 35 wells in 2012, the final year of this study. 

Figure 1.1 

 

Table 1.1 examines the amount of drilling by county for all counties in the three states with at least 100 
wells drilled from 2005 to 2012. This table reveals that the top six Pennsylvania drilling counties, each 
with at least 517 wells drilled, had more than two-and-a-half times as many wells drilled as any West 
Virginia county and nearly five times as many as any Ohio county. These six counties accounted for more 
than half (52%) of all wells drilled in the three states from 2005 to 2012. The table further reveals that the 
top two counties for total wells drilled (Bradford and Tioga in Pennsylvania) are also the top two counties 
for wells drilled per capita. The fifth- and sixth-ranked counties for wells drilled (Susquehanna and 
Greene in Pennsylvania) also ranked fifth and sixth for wells drilled per capita. The third- and fourth-
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place counties for wells drilled (Washington and Lycoming in Pennsylvania) are more urban and 
therefore rank lower for wells drilled per capita. Meanwhile, the third- and fourth-place counties 
measured by wells drilled per capita are sparsely populated Doddridge and Ritchie in West Virginia, with 
only 16 and 12 wells drilled over the 2005-2012 period, respectively. In sum, based on drilling intensity 
alone, we should expect to see human and social service impacts in the top six Pennsylvania drilling 
counties, and especially in the four less populous of those counties because they rank in the top six BOTH 
for total number of wells drilled and for wells drilled per capita.  

Table 1.1 
The amount of drilling activity by county in Pennsylvania, West Virginia, and Ohio counties with at 
least 100 wells drilled from 2005 to 2012 

State county total wells 
drilled 

total wells 
drilled rank 

wells drilled 
per capita 

wells drilled 
per capita 

rank 
Pennsylvania Bradford 1126 1 0.018 2 
Pennsylvania Tioga 811 2 0.019 1 
Pennsylvania Washington 755 3 0.004 16 
Pennsylvania Lycoming 662 4 0.006 8 
Pennsylvania Susquehanna 646 5 0.015 5 
Pennsylvania Greene 517 6 0.014 6 
Pennsylvania Fayette 230 7 0.002 20 
Pennsylvania Westmoreland 230 8 0.001 23 
West Virginia Kanawha 194 9 0.001 21 
West Virginia Logan 191 10 0.005 9 
Pennsylvania Butler 174 11 0.001 22 
West Virginia Ritchie 163 12 0.016 4 
West Virginia Harrison 156 13 0.002 17 
Pennsylvania Clearfield 147 14 0.002 19 
Pennsylvania Armstrong 146 15 0.002 18 
West Virginia Doddridge 137 16 0.017 3 
West Virginia Boone 122 17 0.005 12 
West Virginia Upshur 122 18 0.005 11 
West Virginia Jackson 121 19 0.004 13 
West Virginia Wetzel 115 20 0.007 7 
Ohio Carroll 112 21 0.004 15 
Pennsylvania Wyoming 112 22 0.004 14 
West Virginia Lincoln 111 23 0.005 10 
Source. Multi-State Shale Collaborative based on Ohio Department of Natural Resources, 
Pennsylvania Department of Environmental Protection, West Virginia Geological and Economic 
Survey, and Bureau of Economic Analysis data. 
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Table 1.2 
Share of total wells drilled each year for the top six drilling counties in Pennsylvania 

Year 
Pennsylvania 
(Number of 

Wells Drilled) 

Brad-
ford  Tioga Wash-

ington 
Lycom-

ing  
Susque-
hanna   Greene  

Six 
county 
share of 
PA total 

2002 1 0% 0% 100% 0% 0% 0% 100% 
2003 4 0% 0% 25% 0% 0% 0% 25% 
2004 2 0% 0% 0% 0% 0% 0% 0% 
2005 8 13% 0% 63% 0% 0% 0% 75% 
2006 37 5% 3% 51% 0% 3% 5% 68% 
2007 115 2% 0% 39% 4% 2% 12% 59% 
2008 335 7% 4% 20% 4% 10% 20% 65% 
2009 817 19% 15% 12% 3% 11% 12% 73% 
2010 1607 23% 17% 10% 7% 8% 6% 73% 
2011 1968 20% 14% 8% 15% 10% 6% 74% 
2012 1358 12% 9% 14% 15% 14% 8% 72% 

Total wells drilled 6252 18% 13% 12% 11% 10% 8% 72% 
Source. Multi-State Shale Collaborative based on Pennsylvania Department of Environmental Protection 
(DEP) data. 
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In the six top-drilling counties, Table 1.2 shows the timeline of drilling. Drilling from 2006 to 2008 was 
concentrated in Washington and Greene counties in the southwest corner of Pennsylvania. Drilling then 
expanded rapidly in the four northeast Pennsylvania counties, Bradford, Tioga, Lycoming, and 
Susquehanna.  

 

In West Virginia, the 10-top drilling counties composed 67% of the state’s total unconventional drilling 
during the 2002-12 period (Map 1.2). Table 1.3 shows that the locus of drilling within West Virginia has 
shifted over time, from the southwest to the northwest (Doddridge, Harrison, Upshur, and Wetzel 
counties).  Table 1.3 show that drilling dropped off by more than two-thirds from 2008 to 2012. Thus, 
based on the lack of sustained drilling intensity in any part of the state, there is a question whether West 
Virginia should expect significant human and social impacts from drilling.  
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Table 1.3 
Wells drilled as a share of total wells for the top ten drilling counties in West Virginia 

County 
year Share of total 

since 2004 2004 2005 2006 2007 2008 2009 2010 2011 2012 
Kanawha  17% 6% 18% 11% 15% 4% 0% 0% 0% 9% 
Logan  0% 37% 18% 19% 5% 0% 0% 0% 0% 9% 
Ritchie  0% 4% 13% 15% 7% 3% 1% 3% 3% 8% 
Harrison  0% 0% 0% 0% 3% 8% 17% 19% 22% 7% 
Doddridge  0% 0% 0% 0% 7% 19% 21% 1% 12% 6% 
Boone  25% 13% 13% 8% 5% 0% 1% 0% 0% 6% 
Upshur  0% 0% 0% 2% 3% 10% 19% 11% 5% 6% 
Jackson  0% 4% 1% 13% 10% 4% 2% 0% 0% 6% 
Wetzel  0% 0% 0% 1% 3% 18% 12% 8% 10% 5% 
Lincoln  0% 0% 12% 8% 8% 3% 0% 0% 0% 5% 
statewide total 12 89 326 392 492 178 227 270 146 2132 
Source. Multi-State Shale Collaborative based on the West Virginia Geological and Economic Survey 
(WVGES) data. 
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Significant drilling started in Ohio in 2011, with 35 new 
wells, and then jumped to 229 new wells in 2012. That was 
83 more wells than were drilled in West Virginia that same 
year but only about one-sixth the number of wells drilled in 
Pennsylvania in 2012. Drilling in Ohio, so far, is concentrated 
near the eastern border with West Virginia, with only one 
county (Carroll) having more than 100 wells drilled (See 
Table 1.4 and Map 1.3). Carroll County had more wells 
drilled in 2010 (94 wells) than any one West Virginia county 
has had drilled in a single year. Within all three states from 
2005 to 2012, Carroll County’s drilling activity in 2012 has 
only been exceeded in any single year by the six 
Pennsylvania high-drilling counties. 

 

  

Table 1.4 
Wells drilled in Ohio and Carroll County, 
Ohio 

Year Ohio total Carroll 
2006 1 0% 
2007 0 0% 
2008 0 0% 
2009 1 0% 
2010 4 0% 
2011 35 51% 
2012 229 41% 

Total Wells 
Drilled 270 41% 

Source. Multi-State Shale Collaborative 
based on the Ohio Department of Natural 
Resources (DNR).  
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Chapter 2: Job Growth 
Next we consider whether drilling in individual counties translated into an impact on jobs and population. 
We know from our prior research that across ALL drilling counties, the relationship between drilling and 
employment is a weak one (Mauro et al 2013). For the heaviest drilling counties, however, this 
relationship could be stronger. For example, the Census Bureau (2013) finds the fastest growing 
communities in the country are those undergoing energy natural resource extraction booms.   

In examining employment and population (discussed in detail next chapter) trends, we compare changes 
in the seven-year period after drilling picked up (2005-2012) with a seven-year period ending in 2005 
(1998-2005) (see Table 2.1). The period from 1998 to 2005, including the 2001 recession, measures 
employment change roughly from peak to peak of the business cycle. The period from 2005 to 2012 
includes the Great Recession and ends in a year when employment remained closer to the trough of the 
business cycle. Thus, unless shale-specific factors (or other local factors) outweigh the impact of the 
national economy, we would expect total employment gains from 1998 to 2005 but flat or declining 
employment from 2005 to 2012.7  

Table 2.1 shows changes in industry employment, total employment, and population in each of the 
counties with at least 100 wells drilled across all three states. (We measure industry employment using 
“mining and natural resources employment” because narrower industry definitions are not available for 
all counties8). Four of the Pennsylvania high-activity drilling counties have industry employment 
increases of over a 1,000 jobs (three have increases of over 1,700 jobs); a fifth high-activity county, 
Tioga, also has a big mining and natural resources employment increase in percentage terms (376%). 
Only one county outside the “big six” has an industry employment increase of over 300% —Carroll 
County in Ohio.9  

Tables 2.2 and 2.3 show industry (natural resources and mining) and total employment changes for our 
county groups, starting with the six Pennsylvania counties with 400 or more wells drilled (what we 
previously defined as high-activity). Table 2.2 shows that the high activity Pennsylvania counties saw 
industry employment increases of 138%, over two-and-a-half times greater than any other grouping 
except for Carroll County (in a group by itself). These six counties also saw an increase in employment 
between 2005 and 2012 of 10.3% (or 18,932 jobs), while both rural and urban Pennsylvania counties 
without drilling saw employment decline by 1.5% and 0.8%, respectively. Washington and Greene 
counties together account for 13,579 (71%) of the job gains in the high-drilling counties. As discussed in 
Chapter 1, these two southwestern counties accounted for a third of the wells drilled in Pennsylvania 
since 2005. Thus, total employment gains in Greene and Washington appear to reflect growth in both 

                                                            
7 For the purposes of this paper, we will briefly focus on changes in total covered employment (hereafter referred 
to as employment) as measured in the Quarterly Census of Employment and Wages between 1998 and 2012.  
8 The use of this broader definition means that in some counties trends in non‐shale employment, including coal 
mining, may drive the numbers. This may particularly impact Greene and Fayette counties in Pennsylvania and 
some West Virginia counties. 
9 With 93 new jobs, an increase of 291% in Wetzel County, West Virginia, just misses the 300% cutoff.  
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drilling and non-drilling sectors.10 In the remaining top-six drilling counties, employment gains were 
modest, ranging from 4% to 8%. 

Table 2.2 
Mining and natural resources employment change from 1998 to 2012 in counties grouped by the 
amount of drilling 

Wells drilled/region Employment 
2012 

1998 to 2005 2005 to 2012 Total wells 
drilled 
2005 to 

2012 
Change Percent 

Change Change Percent 
Change 

PA, 400 or more wells 12,284 -108 -2% 7,121 138% 4,515 
PA, 100 to 399 wells 5,298 -499 -10% 971 22% 1,036 
PA, 1 to 99 wells 15,632 -200 -2% 5,442 53% 693 
PA, Rural* 5,158 -48 -1% 482 10% 0 
PA, Urban* 16,098 2,540 17% -1,184 -7% 0 
WV, 100 to 399 wells 10,094 1,869 23% 21 0.2% 1,427 
WV, 1 to 99 wells 20,704 -115 -1% 5,978 41% 693 
WV, Rural* 115 -80 -34% -40 -26% 0 
WV, Urban* 736 -91 -12% 74 11% 0 
OH, 100 to 399 wells 
(Carroll, OH) 173 -46 -54% 134 344% 112 

OH, 1 to 99 wells 7,210 439 7% 694 11% 158 
OH, Rural* 9,359 -1,825 -17% 148 2% 0 
OH, Urban* 6,197 -815 -11% -508 -8% 0 
MD, Rural* 3,711 248 7% 116 3% 0 
MD, Urban* 1,861 241 13% -169 -8% 0 
NY, Rural~ 19,410 2,573 17% 1,250 7% 21 
NY, Urban* 7,736 -80 -1% -84 -1% 0 
VA, Rural~ 17,148 -1,901 -10% -40 -0.2% 93 
VA, Urban* 2,972 -27 -1% -338 -10% 0 
*The figures here represent employment in rural and urban counties with no wells drilled between 
2002 and 2012.   A county or county group is defined as rural if the 2005 population per square mile 
is below its corresponding statewide total population per square mile.  What follows is the 
population per square mile for each state in this study: Pennsylvania (278); West Virginia (75); 
Maryland (576); New York (405); Ohio (280); Virginia (191).  

~ There were 93 wells drilled in rural Virginia counties and 22 wells drilled in rural New York 
counties between 2002 and 2012. 

Source. Multi-State Shale Collaborative based on Quarterly Census of Employment and Wages 
data. 

  

                                                            
10 For instance, in this period coal production was increasing in Greene County, and casino gaming was expanding 
in Washington County.  
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Table 2.3 
Employment change 1998 to 2012 in counties grouped by the amount of drilling. 

Wells drilled/region Employment 
2012 

1998 to 2005 2005 to 2012 Total wells 
drilled 
2005 to 

2012 
Change Percent 

Change Change Percent 
Change 

PA, 400 or more wells 202,596 9,489 5.4% 18,932 10.3% 4,515 
PA, 100 to 399 wells 314,582 21,437 7.3% 997 0.3% 1,036 
PA, 1 to 99 wells 1,507,614 6,510 0.4% -11,284 -0.7% 693 
PA, Rural* 328,950 30,027 9.9% -5,035 -1.5% 0 
PA, Urban* 3,096,180 123,344 4.1% -25,371 -0.8% 0 
WV, 100 to 399 wells 187,367 -494 -0.3% -1,898 -1.0% 1,427 
WV, 1 to 99 wells 329,723 12,379 4.0% 10,242 3.2% 693 
WV, Rural* 14,171 494 3.4% -955 -6.3% 0 
WV, Urban* 156,232 3,678 2.4% -306 -0.2% 0 
OH, 100 to 399 wells 
(Carroll, OH) 5,950 -871 -13.5% 359 6.4% 112 

OH, 1 to 99 wells 617,112 -6,987 -1.0% -45,585 -6.9% 158 
OH, Rural* 1,017,375 7,749 0.7% -71,910 -6.6% 0 

OH, Urban* 3,321,113 -25,367 -0.7% 
-

187,080 -5.3% 0 
MD, Rural* 608,634 98,081 19.6% 9,390 1.6% 0 
MD, Urban* 1,841,543 135,958 7.9% -12,365 -0.7% 0 
NY, Rural~ 1,368,950 65,329 4.9% -30,245 -2.2% 21 
NY, Urban* 7,053,753 196,580 3.0% 235,857 3.5% 0 
VA, Rural~ 806,703 41,373 5.2% -25,261 -3.0% 93 
VA, Urban* 2,738,630 301,631 12.7% 52,700 2.0% 0 
*The figures here represent employment in rural and urban counties with no wells drilled between 
2002 and 2012.  A county or county group is defined as rural if the 2005 population per square mile is 
below its corresponding statewide total population per square mile.  What follows is the population 
per square mile for each state in this study: Pennsylvania (278); West Virginia (75); Maryland (576); 
New York (405); Ohio (280); Virginia (191).  

~ There were 93 wells drilled in rural Virginia counties and 22 wells drilled in rural New York 
counties between 2002 and 2012. 
Source. Multi-State Shale Collaborative based on Quarterly Census of Employment and Wages data 

 

In West Virginia, drilling does not appear to have been extensive enough to drive overall employment 
trends. Counties with 100 to 399 wells (medium-activity), which account for 67% of the state’s new 
unconventional oil and gas wells, experienced a decline in total employment of 1% since 2005 (Table 
2.3). Counties with less drilling (between 1 and 99 wells or low-activity) saw employment climb 3.2%. In 
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rural West Virginia counties without drilling, employment fell 6.3%, and in urban West Virginia counties 
without drilling, it fell 0.2%.11  

In Ohio, only Carroll County had more than 100 wells drilled (no other Ohio county had more than 32 
wells drilled) between 2002 and 2012, with total employment growing by 6.4%, or 359 jobs, since 2005 
(Table 2.3). The employment picture in the rest of Ohio was grim before and after 2005. 

Panel regression on employment 
Using our annual data set (1998 to 2012) of total covered employment and employment in mining and 
natural resources (expressed in logs), we estimated using a fixed effects panel regression the relationship 
between employment and the amount of drilling activity by county in West Virginia, Pennsylvania and 
Ohio.  We included three indicator variables set to 1 for counties between 2005 and 2012 (the period in 
which drilling occurred) that also had high-activity (400 or more wells drilled over the period), medium-
activity (100 to 399 wells drilled over the period) and low-activity(1 to 99 wells drilled over the period) 
and zero otherwise.12    In terms of total covered employment, we found a positive and significant 
elasticity for high-activity counties, implying an increase in total covered employment of 10.5%. For 
medium-activity counties we failed to find a statistically significant coefficient. In low-activity counties 
the coefficient is negative and statistically significant. The relationship between drilling and employment 
in natural resources and mining is stronger across all counties with an elasticity ranging from .203 in low-
activity counties to 1.085 in high-activity counties. Consistent with our prior work the only places to see 
significant employment impacts are those six high-activity counties in Pennsylvania.  

  

                                                            
11 Some individual counties (Kanawha, Logan, and Harrison) did in relative terms have stronger employment 
growth since 2005 than prior (see the Online Technical Appendix, Appendix B, Table B1 for a county‐by‐county 
breakout of employment gains in each state with 100 or more wells drilled). 
12 As reflected in the absence of a full set of controls, our intent here is not to fully explain differences in 
employment across counties but to assess the relationship between drilling and employment. Researchers interested 
in exploring the robustness of this relationship can find this dataset in the Online Technical Appendix, Chapter 2, 
AppendixB.dta (stata). 
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Table 2.4 
Employment in West Virginia, Pennsylvania and Ohio by high-, 
medium- and low-drilling activity 

Independent 
variables 

Dependent variable = 
natural log of total 

covered employment 

Dependent variable = 
natural log of natural 
resources and mining 

employment 

b/se b/se 
High-activity 0.105*** 1.085*** 
  (0.026) (0.209) 
Medium-activity 0.016 0.322** 
  (0.014) (0.130) 
Low-activity -0.017** 0.203*** 
  (0.008) (0.046) 
Constant 9.879*** 5.623*** 
  (0.000) (0.001) 
R-sqr-overall 0.001 0.011 
N 3,149 2,688 
Notes. *, ** and *** indicate significance at the 10, 5 and 1 percent 
levels. Standard error estimates are robust to disturbances being 
heteroscedastic. 
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Chapter 3: Population  
We now turn to population. As a group high-activity counties (those with 400 or more wells) in 
Pennsylvania saw their population increase by 0.4%, or 2,040 people, after 2005, whereas prior to 2005 
these same counties experienced a population decline of 0.3%.13 (Recall that Table 2.1 had individual 
county population changes for counties with 100 or more wells drilled). Since 2005, the population in 
urban and rural Pennsylvania counties without drilling grew by 4.4% and 3.4%, respectively. (See the 
Online Technical Appendix, Chapter 3, Table C1 for a county-by-county breakout of population trends in 
counties with 100 or more wells drilled).14  

Considered as a group, the heaviest drilling counties in West Virginia, those with between 100 and 399 
wells (medium-activity), experienced a decline in population since 2005 of 1,365 people, or 0.3%, 
compared to a decline of 2.9% from 1998 to 2005.15 In comparison, urban and rural West Virginia 
counties without drilling grew by 6.3% and 2.6%, respectively. In Carroll County, Ohio, despite recent 
gains in total employment, the county population is down by 531 people, or 1.8%, since 2005.16 

Using data from the 2000 Census and the 2008-2012 American Community Survey, we also examined 
the population share of males ages 15 to 39 by county in West Virginia, Pennsylvania and Ohio.  
Reflecting broader demographic trends, the share of males ages 15 to 39 fell across all three states, and 
we could identify no clear pattern by the level of drilling activity. (See the Online Technical Appendix, 
Chapter 3, Table C2 and Table C3, for a county-by-county breakout of the change in the share of males 
ages 15 to 39 in counties with 100 or more wells drilled). 

We interviewed demographers at the Penn State Data Center who acknowledged that local officials in 
drilling communities in Pennsylvania expressed some concern that the 2010 Census did not confirm as 
much population growth as they were expecting, given reports of increasing rents and shortages of local 
hotel rooms. To the extent that drillers use out-of-state workers, those workers may not necessarily report 
that they reside in the states studied here. Thus these workers would not show up in the population data 
summarized here. Similarly, a sizable share of employment generated by drilling is in the construction 
sector where it is in the nature of the industry for workers to travel long distances to find work, and this is 
especially true in rural regions.    

                                                            
13 As a group, these Pennsylvania counties account for 72% of the 6,245 wells drilled in Pennsylvania since 2005. 
14 See Table C4 in Chapter 3 of the Online Technical Appendix for the results of a fixed‐effects panel regression on 
population (expressed in logs) by county from 1998 to 2012 in West Virginia, Pennsylvania and Ohio.  The model 
included no other independent variables than three indicator variables set to 1 for every year from 2005 to 2012 in 
high‐activity counties (those with 400 or more wells), medium‐activity counties(100 to 399 wells), and low‐activity 
counties (1 to 99 wells) and 0 otherwise.  None of the coefficients on the indicator variables were statistically 
significant for any level of drilling. If there were population impacts from drilling they were too small to be 
detectable in county‐level population data. 
15 As a group, these West Virginia counties account for 67% of that state’s 2,120 unconventional oil and gas wells. 
16 The population in Carroll County in 2012 was down by 213 individuals compared to its 2010 level. 
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Table 3.1  
Population change 1998 to 2012  by state and by number of wells drilled 

Wells drilled/region 2012 
1998 to 2005 2005 to 2012 Total wells 

drilled 2002 
to 2012 Change Percent 

Change Change Percent 
Change 

PA, 400 or more Wells 512,034 -1,698 -0.3% 2,040 0.4% 4,515 
PA, 100 to 399 Wells 861,743 -7,972 -0.9% -7,750 -0.9% 1,036 
PA, 1 to 99 Wells 3,362,037 -92,214 -2.7% -12,135 -0.4% 693 
PA, Rural* 1,020,081 64,707 7.0% 33,661 3.4% 0 
PA, Urban* 7,007,641 241,495 3.7% 297,730 4.4% 0 
WV, 100 to 399 Wells 432,140 -12,856 -2.9% -1,365 -0.3% 1,427 
WV, 1 to 99 Wells 938,401 -8,493 -0.9% 10,258 1.1% 693 
WV, Rural* 77,072 4,457 6.3% 1,947 2.6% 0 
WV, Urban* 407,800 21,775 6.0% 24,081 6.3% 0 
OH, 100 to 399 Wells (Carroll, 
OH) 28,587 481 1.7% -531 -1.8% 112 
OH, 1 to 99 Wells 1,718,010 17,729 1.0% -5,851 -0.3% 158 
OH, Rural* 2,938,175 78,777 2.8% 16,503 0.6% 0 
OH, Urban* 6,859,453 54,797 0.8% 70,784 1.0% 0 
MD, Rural* 1,710,001 180,039 12.5% 87,855 5.4% 0 
MD, Urban* 4,174,562 207,876 5.5% 204,329 5.1% 0 
NY, Rural~ 3,822,058 62,491 1.7% 10,026 0.3% 21 
NY, Urban* 15,748,203 314,213 2.1% 427,625 2.8% 0 
VA, Rural~ 2,393,746 124,590 5.7% 86,762 3.8% 93 
VA, Urban* 5,792,121 551,597 11.7% 522,000 9.9% 0 
*The figures here represent employment in rural and urban counties with no wells drilled between 2002 
and 2012.   

~ There were 93 wells drilled in rural Virginia counties and 22 drilled in rural New York counties between 
2002 and 2012. 

Note. A county or county group is defined as rural if the 2005 population per square mile is below its 
corresponding statewide total population per square mile. What follows is the population per square mile 
for each state in this study: Pennsylvania (278); West Virginia (75); Maryland (576); New York (405); 
Ohio (280); Virginia (191).  

Source. Multi-State Shale Collaborative based on Bureau of Economic Analysis data 
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Chapter 4: Crime 
Natural resource extraction booms tend to lead 
to an influx of out-of-state workers, including 
transient young men making higher-than-
average wages. With this influx and the 
extraction activity, traffic increases, local bars 
and restaurants fill up, and small town life 
changes. Numerous studies have found that 
this influx corresponds to an increase in crime 
and a greater demand on emergency services.  

Several studies have documented that rising 
crime accompanies unconventional gas booms. 
Murray and Ooms (2008) found increases in 
population and crime during the height of gas 
extraction in Denton city and Wise County, 
Texas, and in Faulkner and White counties, 
Arkansas. Similar trends were found in 
Sublette County, Wyoming, where increases in 
population led to rising crime and the need for more law enforcement. Another study of Sublette County 
documented that arrests grew faster than the population between 1995 and 2004 and showed links 
between the growth in gas drilling and the growth in the crime rates (Jacquet 2005).   

Research in Sweetwater County, Wyoming, revealed a sharp increase in crime, which coincided with the 
boom in oil and gas extraction. The county saw a particularly high increase in drug-related arrests, which 
increased from 90 in 2002 to 450 in 2006 (Headwaters Economics 2009). 

In Pennsylvania, the influx of well-paid young men who work in (or are connected to) the gas industry 
has led to reports of increases in drunk-driving, assaults, domestic disturbances and prostitution (Levy 
2011). In Williston, North Dakota, there has been an increase in reported rape (about one complaint each 
week, most often of date rape, say local police). Police rarely got these types of complaints before the gas 
boom (Ellis 2011). 

Case Study Findings 
In the spring and summer of 2013 researchers from the Multi-State Shale Research Collaborative 
conducted interviews with local stakeholders in Tioga and Greene Counties, Pennsylvania; Wetzel 
County, West Virginia; and Carroll County, Ohio, to examine the social and human service impacts of 
gas drilling on these local communities.  

In Greene County, Pennsylvania, arrests and calls to police increased during the height of the gas boom. 
The police in Cumberland Township, a center of heavy drilling, reported that calls doubled between 2008 
and 2011, and arrests rose for driving under the influence (DUIs), theft, bar fights, assaults, and 
prostitution. Serious crime17 rose in Greene County by 31% between 1999-2001 and 2010-12, while 

                                                            
17 The Pennsylvania State Police include murder, forcible rape, robbery, aggravated assault, burglary, larceny, 
motor vehicle theft, and arson as serious crime. 

The Long‐Term Link between Natural Resource 

Extraction and Crime: 

In Long‐term effects of income specialization in oil 

and gas extraction: the U.S. West, 1980‐2011, 

researchers observed that counties in the American 

West that derive more of their income from oil and 

gas extraction for a longer period of time 

experienced higher violent and property crime 

rates than other counties in the region (page 13 

bottom). 

To read more: 

http://headwaterseconomics.org/wphw/wp‐

content/uploads/OilAndGasSpecialization_Manuscr

ipt_2013.pdf  
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Pennsylvania’s crime rate fell by 6%. This increase was concentrated in two main areas—burglary and 
larceny. Escorting wide-load tractor-trailers and handling traffic-related accidents, including minor things 
like knocked over side mirrors and mailboxes, also increased demand on police (Herzenberg, Polson, and 
Price 2014).  

In Tioga County, Pennsylvania, drilling was associated with increased crime and increased demands on 
emergency service personnel. Serious crime rose 13% in Tioga County between the period 1999-2000 
and 2011-12, while across Pennsylvania serious crime declined by 6%. Tioga County’s rise in crime was 
driven by increases in aggravated assault, larceny, burglary, and motor vehicle theft. DUIs increased 40% 
in Tioga compared to an increase of 28% statewide between 1999-2001 and 2010-12. Higher crime has 
meant higher costs to the county as the number of new criminal cases jumped 25% between 2010 and 
2011 at the height of the gas boom.  

Mansfield and Wellsboro, Tioga County’s two population hubs, also saw calls to police and arrests 
increase with the gas boom. Between 2009 and 2011, calls to the Mansfield Police Department tripled. 
Wellsboro saw a spike in traffic and other citations. Misdemeanor arrests rose 82% from 2009 to 2011. 
One sexual assault victim resource organization in Tioga reported seeing rises in the number of sexual 
assaults (some with the use of date rape drugs) and women seeking domestic violence services during the 
height of the boom (Ward, Polson, Price 2014).  

In Wetzel County, West Virginia, interviewees did not report increases in crime or 911 calls (although 
data below do show an increase in violent crime, property crime, and non-serious criminal offenses 
between 2009 and 2012). The Sherriff’s office noted a slight increase in DUI arrests and an increase in 
traffic citations for speeding and driving left-of-center. County commissioners reported complaints from 
citizens about increased traffic and hazardous driving by trucking companies. (Corroborating this claim, 
vehicle accidents increased from 194 in 2007 to 310 in 2012 [O’Leary 2014)). 

Interviewees in Ohio reported a quadrupling of calls to the sheriff between 2011 and 2013; those calls, 
plus a doubling of traffic accidents primarily involving heavy trucks, had reportedly increased the 
workload for the sheriff’s office (Woodrum 2014).  

Notes on Crime Data 
In this chapter we used county-level crime data to more rigorously examine changes in crime by county in 
Pennsylvania, West Virginia, and Ohio, paying special attention to trends in counties by the number of 
wells drilled. Because levels of crime vary with the size of the local population, we analyzed crime per 
100,000 individuals to facilitate comparisons of the crime rate by county. Our analysis in this chapter 
focused on reported offenses for violent and property crime. Violent crime is defined as reported offenses 
for murder, negligent manslaughter, rape, robbery, and aggravated assault. Property crime is defined as 
reported offenses for burglary, larceny, motor vehicle theft, and arson. We relied on data on criminal 
offenses through 2012 published by the Pennsylvania State Police (starting in 1999), the West Virginia 
State Police (starting in 2002), and the Ohio Department of Public Safety (starting in 2000). Reflecting 
the data available, we also present crime rates for lesser criminal offenses for Pennsylvania and West 
Virginia.  
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Pennsylvania:  
Figure 4.1 

 

As illustrated in Figure 4.1 (see also the Online Technical Appendix, Chapter 4, Table D6), violent crime 
rates were rising between 2001 and 2005 in counties that would eventually see the biggest expansion of 
drilling, a pattern similar to the rest of the state. However, since 2005 the violent crime rate in the heaviest 
drilling counties has climbed by 16%, while crime rates have for the most part held steady or fallen in the 
rest of the state’s counties (including those with fewer wells and those in urban and rural communities 
without wells). This rise in violent crime in the heaviest drilling counties resulted mainly from an increase 
in aggravated assaults.18  

Table 4.1 presents the violent crime rate in Pennsylvania counties with 100 or more wells drilled as well 
as the crime rate in rural and urban counties with no wells drilled (See Map 1.1 in Chapter 1). Since 2005, 
violent crime was up in every county with more than 400 wells. The violent crime rate fell in all but two 
(Westmoreland and Clearfield) of the counties with between 100 and 399 wells. The violent crime rate 
was down in both urban and rural communities without wells drilled. Besides aggravated assault, the 
other quantitatively important major violent crime category is robbery-theft; this has not shown a 

                                                            
18 Aggravated assault is one of the two largest components of violent crime, accounting for more than half of the 
violent criminal offenses (see the Online Technical Appendix, Chapter 4, Table D7). Between 2005 and 2012, 
aggravated assault has risen by 13% in counties with 400 or more wells (see the Online Technical Appendix, 
Chapter 4, and Table D12). 
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significant increase in any of the drilling areas since the emergence of major fracking activity in 2005. 
(The remaining violent crime categories—murder, negligent manslaughter, and rape—do not represent a 
large share of violent crime and have seen minimal to zero growth.) 

Table 4.1 
Violent crime in Pennsylvania counties with 100 or more wells drilled and in urban and 
rural counties with no wells  

Wells 
drilled/region 

Violent 
crime per 
100,000 
people in 

2012 

1999 to 2005 2005 to 2012 Total wells 
drilled 2005 to 

2012 
Change Percent 

change Change Percent 
change 

Urban, no wells 444 -10 -2% -87 -16% 0 
Rural, no wells 208 20 10% -14 -6% 0 
Bradford 145 -57 -33% 31 28% 1126 
Tioga 113 -12 -19% 62 123% 811 
Washington 184 4 2% 10 6% 755 
Lycoming 181 7 4% 7 4% 662 
Susquehanna 126 -48 -31% 18 16% 646 
Greene 184 -74 -45% 93 103% 517 
Westmoreland 154 -26 -15% 1 1% 230 
Fayette 254 110 58% -45 -15% 230 
Butler 114 50 35% -83 -42% 174 
Clearfield 304 -18 -8% 94 45% 147 
Armstrong 96 43 50% -34 -26% 146 
Wyoming 100 50 59% -35 -26% 112 
Note. Violent crimes are reported offenses for murder, negligent manslaughter, rape, 
robbery, and aggravated assault. 

Source. Multi-State Shale Collaborative based on Pennsylvania State Police and Bureau of 
Economic Analysis data. 
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Property Crime in Pennsylvania:  
Figure 4.2 

 

The property crime rate also rose between 2001 and 2005 in counties with 400 or more wells drilled. 
Since 2005, property crime increased another 21% in counties with 400 or more wells (Figure 4.2 and 
Online Technical Appendix, Chapter 4, Table D8). Over the same period the rate of property crime was 
down in urban counties with no wells as well as counties with fewer than 400 wells.19 Rural Pennsylvania 
counties without wells, however, saw the rate of property crime climb over the period by 16%, not far 
below the increase for high-drilling counties. As with violent crime, all six counties that had 400 or more 
wells experienced an increase in property crime. The most abrupt increases were seen in the two heaviest-
drilling counties, Bradford and Tioga, with 83% and 54% increases, respectively, and in Greene County, 
which experienced the biggest total employment increase (Table 4.2).  

Larceny thefts represent the bulk of property crime (69% to 73% of property crimes between 1999 and 
2012), and the rate of larceny theft in Pennsylvania has increased 25% in counties with 400 or more wells 
(see the Online Technical Appendix, Chapter 4, Table D9 and Table D10). The rate of larceny theft was 

                                                            
19 The estimated number of property crimes decreased by 9% in counties with 100‐399 wells, 8% in counties with 
1‐99 wells, and 5% in urban counties with no drilling activity. 
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also up 21% in rural counties with no drilling activity. The rate of larceny theft fell in drilling counties 
with fewer than 400 wells as well as in urban counties with no wells.20  

 

Table 4.2 
Property crime in Pennsylvania counties with 100 or more wells drilled and in urban and 
rural counties with no wells  

Wells 
drilled/region 

Property 
crime per 
100,000 
people in 

2012 

1999 to 2005 2005 to 2012 Total wells 
drilled 2005 

to 2012 
change percent 

change change percent 
change 

Urban, no wells 2425 -421 -14% -126 -5% 0 
Rural, no wells 1766 10 1% 244 16% 0 
Bradford 1965 -630 -37% 890 83% 1126 
Tioga 1444 -266 -22% 509 54% 811 
Washington 1707 -147 -9% 144 9% 755 
Lycoming 2170 -349 -15% 201 10% 662 
Susquehanna 1204 -234 -17% 86 8% 646 
Greene 2001 39 3% 694 53% 517 
Westmoreland 1472 219 16% -133 -8% 230 
Fayette 2488 931 61% 34 1% 230 
Butler 1281 112 7% -409 -24% 174 
Clearfield 2268 455 25% 15 1% 147 
Armstrong 931 169 18% -158 -15% 146 
Wyoming 1419 55 4% 48 3% 112 
Note: Property crimes are reported offenses for burglary, larceny, motor vehicle theft, and 
arson. 

Source. Multi-State Shale Collaborative based on Pennsylvania State Police and Bureau 
of Economic Analysis data. 

 

  

                                                            
20 Burglary, another subcategory making up 19% of property crime on average, has also shown an increase in 
heavily drilled counties. In areas with the most drilling activity, there has been a 30% increase in burglary from 
2005 to 2012, compared to a 13% decline between 1999 and 2005. Motor vehicle theft, which composes about 9% 
of property crime in Pennsylvania, has continued to plummet in counties with drilling. Arson has seen virtually no 
change since 1999. 
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Other Categories of Crime in Pennsylvania:  
In addition to 
violent and 
property crime, the 
Pennsylvania State 
Police also track 
18 other categories 
of less serious 
criminal 
offenses.21 Of 
these 18 crimes, 
just six 
(vandalism, other 
assaults, DUI, 
disorderly conduct, drug abuse, and all other offenses) represent more than 80% of these less serious 
criminal offenses. Among these offenses, the changes in the crime rate for drug abuse and DUIs stand out 
in counties with 400 or more wells.22 Prior to the start of drilling, the period from 1999 to 2005, the rate 
of reported criminal offenses for drug abuse rose 27% in counties that would see the biggest increase in 
drilling (Table 4.3 and Figure 4.3). Between 2005 and 2012 the crime rate for drug abuse rose 48% in the 
heaviest drilling counties, it rose 25% in rural areas without wells and just 1% in urban areas without 
wells . DUI offenses were up 65% since 2005 in the heaviest drilling counties in Pennsylvania. DUI 
offenses were up 42% over the same period in the rural counties without wells and up just 5% in urban 
counties without wells.  

Table 4.4 
DUI offenses in Pennsylvania by the number of wells drilled 

Wells drilled/region 
DUI cases per 

100,000 
people in 2012 

1999 to 2005 2005 to 2012 Total wells 
drilled 
2005 to 

2012 
Change Percent 

change Change Percent 
change 

400 or more wells 543 -60 -15% 214 65% 4517 

100 to 399 wells 408 49 14% 2 0% 1039 

1 to 99 wells 398 37 11% 22 6% 695 

No wells, rural 445 -17 -5% 133 42% 0 

No wells, urban 400 73 24% 21 5% 0 
Source. Multi-State Shale Collaborative based on Pennsylvania State Police and Bureau of 
Economic Analysis data. 

 

                                                            
21 These include reported offenses for other assaults, forgery, fraud, embezzlement, stolen property, vandalism, 
weapons (carrying, possession, etc.), prostitution, sex offenses, drug abuse, gambling, family offense, DUIs, liquor 
law violations, drunkenness, disorderly conduct, vagrancy, and all other offenses. 
22 In the remaining categories in the heaviest drilling areas, there was little change in the number of reported 
offenses over the period studied. 

Table 4.3 
Drug abuse in Pennsylvania by the number of wells drilled 

Wells drilled/region 

Drug 
abuse per 
100,000 
people in 

2012 

1999 to 2005 2005 to 2012 Total 
wells 

drilled 
2005 to 

2012 
Change Percent 

change Change Percent 
change 

400 or more wells 360 52 27% 116 48% 4517 
100 to 399 wells 247 148 92% -63 -20% 1039 
1 to 99 wells 403 98 39% 51 14% 695 
Rural, no wells 281 56 33% 56 25% 0 
Urban, no wells 463 60 15% 3 1% 0 
Source. Multi-State Shale Collaborative based on Pennsylvania State Police and Bureau 
of Economic Analysis data. 
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Box	4.1:	Drug	Abuse	and	Drilling	
As drilling has expanded in West Virginia and Pennsylvania, local concerns that the employment 

boom benefited out‐of‐state workers have, at times, been rebuffed with claims that the local 

workforce was plagued by rampant drug abuse, which severely limited the pool of labor 

available to drillers. For example, in the city of Williamsport (Lycoming County) a recent article 

on the region’s struggle with drug abuse led a local chamber of commerce official to note:   

The unemployment rate has gone down thank to jobs being created by companies 

involved with the natural gas exploration and drilling along the Marcellus Shale. But 

employers are having trouble filling certain positions because applicants can't pass a 

drug test, said Vincent J. Matteo, president and chief executive officer of the 

Williamsport‐Lycoming Chamber of Commerce.1  

These claims have never been substantiated by data on the number of workers that have failed 

drug tests when applying for employment with drillers. In general, the rate at which workers in 

Pennsylvania fail employment‐related drug tests, including in drilling regions, is less than 5% (see 

Page 21) and, therefore, is unlikely to be an important determinant of the mix of local and out‐

of‐state residents employed directly or indirectly in the development of shale oil and gas. As the 

data on drug abuse summarized in Table 4.4 make clear, the expansion of drilling and drug abuse 

are not phenomena independent of one another. For policymakers and communities 

contemplating the expansion of shale oil and gas extraction, these data point to the need for 

community‐wide plans to address the challenges that come with increased drug abuse. 

1 A. John Beauge, “’Home of millionaires' has new meaning in Williamsport ‐ heroin sales,” 

Patriot News, June 14, 2014. http://goo.gl/vWcIIh ] 
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Arrest Data for Pennsylvania: 
Figure 4.3 

 

The Pennsylvania State Police, in addition to tracking data on reported offenses, also track data on arrests. 
The arrest data corroborate our earlier analysis of violent and property crime data. In heavily drilled areas 
the increase in the overall rate of crime since 2005 (the sum of all violent and property crimes) has also 
been accompanied by a rise in the rate of arrests (Figure 5.3).  

Considering arrests for all violent and property crime categories, the increase in arrests has been primarily 
for aggravated assault and larceny theft (see Online Technical Appendix, Chapter 4, Table D11).   
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West Virginia 
Our analysis of West Virginia crime data reveals no clear relationship between increased drilling and 
crime rates. From 2005 to 2012, there was a 49% increase in violent crime rates in West Virginia rural 
counties with no wells. The changes in crime rates in West Virginia counties with 100 more wells over 
this period was above 49% in three counties and below 49% in seven counties. We also found no 
relationship between drilling and property and “all other” crime (see the Online Technical Appendix, 
Chapter 4 Table D1, Table D2 and Table D3 for crime rates in West Virginia).  

Ohio 
Although we do observe an increase in both property and violent crime since the start of drilling in 
Carroll County, the heaviest drilling county in Ohio, both crime rates prior to the start of drilling rose and 
fell by similar amounts, making it difficult to confidently conclude that the modest amount of drilling is 
the primary driver of the changes in the crime rate that have occurred since 2009.   

The violent and property crime rates were up in rural areas with no drilling by 8% and 5%, respectively, 
since 2009 (See the Online Technical Appendix, Chapter 4, Table D4 and Table D5). In urban counties 
with no drilling the violent and property crime rates were down by 11% and 6%, respectively.  

Panel regression on violent and property crime  
Using our data set (2000 to 2012) of violent and property crime rates (expressed in logs), we estimated 
using a fixed effects panel regression the relationship between crime rates and the amount of drilling 
activity by county in West Virginia, Pennsylvania and Ohio.  We included three indicator variables set to 
1 for counties between 2005 and 2012 (the period in which drilling occurred) that also had high-activity 
(400 or more wells drilled over the period), medium-activity (100 to 399 wells drilled over the period) 
and low-activity (1 to 99 wells drilled over the period) and zero otherwise.23   For both violent and 
property crime in high-activity counties after 2005, we found positive and statistically significant 
elasticities indicating violent crime was up 17.7%,and property crime was up 10.8%..  The coefficient for 
medium-activity counties was not statistically significant. For low-activity counties there was positive and 
statistically significant elasticity for violent crime but not for property crime.   

  

                                                            
23 As reflected in the absence of a full set of controls, our intent here is not to fully explain differences in crime rates 
across counties but to make a first attempt at assessing the relationship between drilling and crime rates. Researchers 
interested in exploring the robustness of this relationship can find this dataset in the Online Technical Appendix, 
Chapter 4, AppendixD.dta (stata). 
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Table 4.5 

Violent and property crime rates in drilling counties in West Virginia, Pennsylvania and Ohio by 
high‐, medium‐ and low‐drilling activity 

Independent variables 

Dependent variable = natural 
log of the number of violent 
crimes per 100,000 people 

Dependent variable = natural 
log of the number of property 
crimes per 100,000 people 

b/se  b/se 

High‐activity  0.177***  0.108*** 

   (0.059)  (0.038) 

Medium‐activity  ‐0.040  ‐0.009 

   (0.071)  (0.061) 

Low‐activity  0.165***  0.022 

   (0.044)  (0.047) 

Constant  4.801***  7.351*** 

   (0.011)  (0.012) 

R‐sqr‐overall  0.002  0.006 

N  2,639  2,660 

Notes. *, ** and *** indicate significance at the 10, 5 and 1 percent levels. Standard error 
estimates are robust to disturbances being heteroscedastic. 

 

 

  



34 
 

Chapter 5: Sexually Transmitted Diseases 
Sexually transmitted diseases have increased in some areas where transient workers, mostly young men, 
enter a new town en masse to work in the gas (or related) industries. Food and Water Watch found that in 
Pennsylvania the average number of cases of sexually transmitted diseases was 62 percent higher in 
heavily drilled counties than in counties with no drilling (Food and Water Watch 2013). The Troy 
Community Hospital in Bradford County, Pennsylvania (home to the highest number of wells in the 
three-state region), reported an increase in STDs connected to the growth of the industry (Covey 2011). A 
spike in sexually transmitted diseases has also been reported in highly drilled areas in other states, 
including Carrizzo Springs, Texas; Mesa County, Colorado; and McKenzie County, North Dakota 
(Vaughan 2012; Redifer et al 2007; Eligon 2013). Chlamydia rates doubled between 2010 and 2011 in 
McKenzie County, North Dakota (Eligon 2013). 

Case Study Findings 
In our case studies of high-drilling counties, only Tioga County respondents reported increases in 
sexually transmitted diseases. In Tioga County, Pennsylvania’s Soldiers and Sailors Memorial Hospital 
said an increase in sexually transmitted diseases was one clear impact it has seen as a result of increased 
drilling. Executive Vice President Ron Butler reported that the hospital traced this increase to individuals 
who had out-of-state home addresses, likely connected to the gas drilling industry (Ward, Polson, and 
Price 2014). County-level data show that chlamydia rates in Tioga County rose 93% between 2005 and 
2012 (compared to rural, non-drilling counties, which saw rates rise 63%). Gonorrhea rates rose only 
slightly higher (46%) than statewide rates (which rose 37%).  

While local Greene County, Pennsylvania, and Wetzel County, Ohio, informants did not report increased 
rates of STDs, county data showed that rates for chlamydia did rise 119% between 2005 and 2012 in 
Greene County (nearly double the rate of growth in rural non-drilling Pennsylvania counties) and 146% in 
Wetzel County (compared to 81% in non-drilling rural West Virginia counties). Carroll County, Ohio, has 
so far seen a much lower chlamydia rate increase (3%) than rural non-drilling Ohio counties (where rates 
rose 55%). Gonorrhea rates also rose in some of our case study counties (46% in Tioga County and 266% 
in Greene County, compared to 37% in rural non-drilling PA counties).24 Wetzel County, WV, had an 
increase of 56% in gonorrhea rates, compared to rural, non-drilling WVA counties, where the rates rose 
only 11%. 

 

 

  

                                                            
24 The exception was Carroll County, Ohio, which saw rates decrease between 2005 and 2012.  
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Sexually transmitted disease by county: 
Figure 5.1  

 

Figure 5.2  
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We looked at all six Pennsylvania high- activity drilling counties and how their STD rates compared with 
counties that have less drilling as well as rural and urban counties with no drilling.  

For chlamydia rates (see Figure 5.1 and the Online Technical Appendix, Chapter 5, Table E1. See Table 
E3 for infection rates for individual Pennsylvania counties with 100 or more wells).All rural areas (with 
and without drilling) experienced big incidence rate increases while urban areas experienced a big 
reduction in incidence. High-activity drilling counties, however, experienced the biggest increase in rates 
(85% compared with 58% to 63% in the three other rural groupings). 

For gonorrhea rates see Figure 5.2 and see the Online Technical Appendix, Chapter 5, Table E2. See 
Table E4 for infection rates for individual Pennsylvania counties with 100 or more wells. The gonorrhea 
picture was more mixed with rates of infection rising in every part of Pennsylvania (especially since 
2009). The heaviest drilling counties experienced the largest increase in rate of infection from 2005 to 
2012 (138%), followed by counties with 100 to 399 wells (107%). Counties with less or no drilling only 
experienced incidence rate increases of about 30% to 40%.  

Possibly as a result of the lower level of drilling, there was no clear relationship between rates of infection 
for either chlamydia or gonorrhea in West Virginia and the amount of drilling (See Table E5 and Table 
E6 in Chapter 5 of the Online Technical Appendix).  

Tables 5.1 and 5.2 show that Carroll County, Ohio, experienced, relative to the rest of the state, a larger 
increase in the incidence of chlamydia.25 Gonorrhea was also up across drilling counties in Ohio. Given 
the low level of drilling and the volatility of data on infectious disease for a small rural county like 
Carroll, this data is only suggestive of a link between drilling and the spread of sexually transmitted 
disease in Ohio.  

  

                                                            
25 Because drilling began later in Ohio, we analyzed changes in the number of cases of chlamydia and gonorrhea per 
100,000 people before and after 2009. 
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Figure 5.3 
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Table 5.1             
Chlamydia rates in Ohio by the number of wells drilled 

Wells drilled/region 

Chlamydia 
cases per 
100,000 
people in 

2012 

2003 to 2009 2009 to 2012 Total wells 
drilled 
2009 to 

2012 
Change Percent 

change Change Percent 
change 

Carroll county 262 9 7% 134 105% 112 
1 to 99 wells 206 6 4% 57 38% 158 
No wells, rural 265 19 10% 66 33% 0 
No wells, urban 57 26 54% -18 -23% 0 
Source. Multi-State Shale Collaborative based on Centers for Disease Control and Prevention 
and Bureau of Economic Analysis data. 

Table 5.2             
Gonorrhea rates in Ohio by the number of wells drilled 

Wells drilled/region 

Gonorrhea 
cases per 
100,000 
people in 

2012 

2003 to 2009 2009 to 2012 Total wells 
drilled 
2009 to 

2012 change percent 
change change percent 

change 

Carroll County 49 -3 -9% 18 57% 112 
1 to 99 wells 81 -50 -49% 30 58% 158 
No wells, rural 42 -6 -14% 3 7% 0 
No wells, urban 195 -65 -26% 12 7% 0 
Source. Multi-State Shale Collaborative based on Centers for Disease Control and Prevention 
and Bureau of Economic Analysis data. 

Panel regression on sexually transmitted disease 
Using our data set (2003 to 2012) of chlamydia and gonorrhea rates (expressed in logs), we estimated 
using a fixed effects panel regression the relationship between each of these sexually transmitted diseases 
and the amount of drilling activity by county in West Virginia, Pennsylvania and Ohio.  We used three 
indicator variables set equal to 1 for counties between 2005 and 2012 (the period in which drilling 
occurred) that also had high-activity (400 or more wells drilled over the period), medium-activity (100 to 
399 wells drilled over the period) and low-activity (1 to 99 wells drilled over the period) and 0 
otherwise.26    Matching the patterns we observed in the descriptive data summarized earlier in this 
chapter, we found evidence of a link between drilling and the incidence of chlamydia but not for the 
incidence of gonorrhea. Specifically, we found a positive and statistically significant elasticity for 
chlamydia in drilling counties after 2005 for all levels of drilling activity, indicating between a 24% and 
27% increase in the incidence of chlamydia. With respect to gonorrhea, the coefficients for high- and 

                                                            
26 The results here do not represent a full accounting of the factors that explain differences between counties in the 
incidence of sexually transmitted diseases. These results provide a first test of the association between drilling and 
the incidence of sexually transmitted disease. Researchers interested in further exploring the strength of this 
relationship can find this dataset in the Online Technical Appendix, Chapter 5, AppendixE.dta (stata). 



39 
 

medium-activity counties are not statistically significant. We did find for gonorrhea in low- activity 
counties a negative (lower incidence of infection) and statistically significant effect.  

Table 5.3 

Chlamydia and gonorrhea rates in drilling counties in West Virginia, Pennsylvania and Ohio by 
high, medium‐ and low‐drilling activity 

Independent variables 

Dependent variable = natural 
log of the number of chlamydia 

cases per 100,000 people 

Dependent variable = natural 
log of the number of gonorrhea 

cases per 100,000 people 

b/se  b/se 

High‐activity  0.260***  ‐0.171 

   (0.051)  (0.217) 

Medium‐activity  0.243***  ‐0.099 

   (0.058)  (0.131) 

Low‐activity  0.274***  ‐0.125** 

   (0.046)  (0.063) 

Constant  4.780***  3.281*** 

   (0.015)  (0.020) 

R‐sqr‐overall  0.002  0.046 

N  1,929  1,896 

Notes. *, ** and *** indicate significance at the 10, 5 and 1 percent levels. Standard error 
estimates are robust to disturbances being heteroscedastic. 
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Chapter 6: Motor Vehicle Fatalities 
In a study of two Barnett Shale counties, Anderson and Theodori (2009) report that “Some communities 
have tied increased traffic accidents and fatalities to the traffic from shale development.”  

In Bradford County, Pennsylvania, Stacy Covey, president of Guthrie Troy Community Hospital, found 
that traffic accidents, along with increases in STDs, occupational injuries, and substance abuse, put 
pressure on local hospitals (Covey 2011). 

In Pennsylvania, local officials cited traffic, safety, and road damage as key concerns (Schaeffer 
2011;Troxell 2011) (Herzenberg, Polson and Price 2014).  

Case Study Findings 
The Multi-State Shale Collaborative case studies in West Virginia, Pennsylvania and Ohio found an 
increase in heavy truck traffic due to increased industry activity. Deteriorated roads, increased noise, 
safety concerns, and higher road repair costs became major concerns in these areas as drilling advanced.   

Interviews revealed a widely shared concern about truck drivers operating their vehicles unsafely. Truck 
driver safety is particularly important given the increase in trucks on the road in these rural counties. One 
Pennsylvania Department of Transportation (PennDOT) official in Tioga County  said that traffic volume 
had increased from 50 or 60 vehicles per day to 400 trucks on the same roads to accommodate the volume 
of gas drilling in the county (Ward, Polson, and Price 2014).  

School officials in Tioga County reported concerns about children’s safety. School bus drivers 
experienced “a number of close calls and near misses,” said one school official. “Some gas trucks were 
going pretty fast around the buses” (Ward, Polson, Price 2014, p. 13). Greene County officials reported 
that truck drivers do not always adhere to speed limits and stop signs, endangering pedestrians and other 
drivers (Herzenberg, Polson, and Price 2014). In Wetzel County, WV, county commissioners cited road 
safety as their biggest concern, adding that many of the subcontractors and trucking companies violate 
traffic laws, including speeding and driving left-of-center (O’Leary 2014). 

The case studies also provided anecdotal data on traffic fatalities. In Greene County, PA, traffic fatalities 
ranged from 5 to 16 per year between 2000 and 2012, but the highest number of fatalities occurred in 
2012, the peak of gas drilling locally (Herzenberg, Polson, Price 2014, p 17). In Carroll County, OH, one 
transportation expert reported that “Before shale development, there might have been one or two 
accidents a year involving semi-trucks, and five years might pass without a rollover incident. Over the last 
year, however, there have been several large vehicle rollovers in the county; a trucker and a community 
member recently died.” (Woodrum 2014) 

Some interviewees reported the need for more emergency services personnel because of increased traffic 
and accidents. In Carroll County, OH, reported traffic incidents doubled, and calls to the sheriff 
quadrupled since the start of drilling there. To deal with the increased calls, EMS had to add extra shifts, 
and the county needed an assistant director of emergency management and additional deputies (Woodrum 
2014). Helicopter transport has increased 200% in Tioga County, PA, due to changing protocols for 
medical transport, population growth, and the increased number of vehicle accidents (Ward, Polson, Price 
2014).  
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Motor vehicle fatalities by county 
We analyzed data on traffic fatalities compiled annually by the National Highway Traffic Safety 
Administration. In order to compare data across counties with differing populations, we expressed the 
number of fatalities in each county and group of counties as the number of fatalities per 100,000 people 
(Table 6.1).   

All across Pennsylvania traffic fatalities were on the rise from 2000 to 2005. Since 2005, traffic fatalities 
have fallen in both urban and rural counties without wells. Counter to this trend, traffic fatalities 
continued to rise in the six Pennsylvania counties with 400 or more wells (see the Online Technical 
Appendix, Chapter 6, Table F1, for a county-by-county breakout of rates of traffic fatalities in 
Pennsylvania counties with 100 or more wells). Translating the continued upward trend in traffic fatality 
rates into actual deaths, given that these counties collectively have a population of slightly more than half 
a million people, Pennsylvania’s six high-drilling counties experienced about 35 more traffic fatalities in 
2012 than if the number of fatal accidents per 100,000 had followed the statewide trend.  

In West Virginia and Ohio, the county-level data reveal no systematic relationship between drilling and 
traffic fatalities. (See the Online Technical Appendix, Chapter 6, Table F2, for county-by-county data).  

Truck-involved motor vehicle fatalities by county 
We analyzed data provided by the Center for the Management of Information for Safe and Sustainable 
Transportation (http://www.cmisst.org/tifa/) on trucks involved in fatal accidents. As these data are only 
available through 2010, we do not report trends for Ohio because there were only four wells drilled in the 
state in that year. 

With the exception of urban counties without wells, traffic fatalities involving trucks were up from 2000 
to 2005 in Pennsylvania (Table 6.2). After 2005, fatalities involving trucks were down in both urban and 
rural counties without wells. Truck-involved fatalities, however, rose in the six Pennsylvania counties 
with 400 or more wells as well as in Pennsylvania counties with 100 or more wells (see the Online 
Technical Appendix, Chapter 6, Table F3, for a county-by-county breakout of rates of traffic fatalities in 
Pennsylvania counties with 100 or more wells). In the six high-drilling counties, there were 10 more 
fatalities involving trucks in 2012 than if these counties had followed the statewide average.  

In West Virginia, fatalities involving trucks were down since the start of drilling in both the heaviest 
drilling counties and in rural and urban counties without wells (see the Online Technical Appendix, 
Chapter 6, Table F4, for a county-by-county breakout of rates of traffic fatalities in West Virginia 
counties with 100 or more wells drilled). Truck-involved traffic fatalities were up slightly in West 
Virginia counties with fewer than 100 wells.  
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Table 6.1 
Fatal accidents per 100,000 people by state and number of wells drilled 

Wells drilled/region 
Fatal accidents 

per 100,000 
people  in 2012 

2000 to 2005 2005 to 2012 
Total wells 
drilled 2005 

to 2012 
Change Percent 

change Change Percent 
change 

PA, 400 or more wells 19.5 2.9 21% 2.5 14% 4517 
PA, 100 to 399 wells 16.2 0.6 4% -0.3 -2% 1039 
PA, 1 to 99 wells 10.7 0.5 4% -3.4 -24% 695 
PA, Rural 15.7 2.8 15% -6.7 -30% 0 
PA, Urban 7.8 0.2 2% -2.4 -23% 0 
WV, 100 to 399 wells 17.6 -6.7 -25% -2.5 -12% 1432 
WV, 1 to 99 wells 19.2 -1.1 -5% -2.4 -11% 700 
WV, Rural* 28.5 5.7 26% 0.6 2% 0 
WV, Urban* 15.0 -1.1 -6% -2.2 -13% 0 
OH, 100 to 399 wells 10.5 -0.1 -1% -3.2 -24% 112 
OH, 1 to 99 wells 10.6 -2.0 -14% -1.8 -15% 158 
OH, Rural* 14.5 -1.2 -6% -3.6 -20% 0 
OH, Urban* 7.5 0.1 1% -1.0 -12% 0 
MD, Rural* 12.8 -0.6 -4% -3.0 -19% 0 
MD, Urban* 6.9 0.0 0% -2.1 -24% 0 
NY, Rural~ 1.3 -0.3 -15% -0.1 -6% 22 
NY, Urban* 0.4 0.0 -7% -0.2 -26% 0 
VA, Rural~ 20.1 3.6 15% -7.6 -27% 93 
VA, Urban* 14.9 -2.9 -13% -3.8 -21% 0 
*The figures here represent fatal accidents in rural and urban counties with no wells drilled between 2002 and 2012. 
~There were 93 wells drilled in rural Virginia counties, and 22 wells drilled in rural New York counties between 2002 
and 2012. 
Note. A county or county group is defined as rural if the 2005 population per square mile in that county is below its 
corresponding statewide total population per square mile. What follows is the population per square mile for each state in 
this study: Pennsylvania (278); West Virginia (75); Maryland (576); New York (405); Ohio (280); Virginia (191). 

Source. Multi-State Shale Collaborative based on National Highway Traffic Safety Administration and Bureau of 
Economic Analysis data. 
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Table 6.2 
Fatal accidents per 100,000 people involving trucks by state and number of wells drilled 

Wells drilled/region 

Fatal accident 
rate per 100,000 
people involving 
trucks  in 2010 

2000 to 2005 2005 to 2010 Total 
wells 

drilled 
2005 to 

2012 Change Percent 
change Change Percent 

change 

PA, 400 or more wells 3.7 0.8 44% 1.2 46% 4517 
PA, 100 to 399 wells 3.5 0.4 20% 1.3 59% 1039 
PA, 1 to 99 wells 1.2 0.1 7% -0.5 -29% 695 
PA, Rural 2.3 0.9 48% -0.5 -17% 0 
PA, Urban 0.8 -0.1 -9% -0.4 -35% 0 
WV, 100 to 399 wells 2.1 -0.9 -24% -0.7 -25% 1432 
WV, 1 to 99 wells 3.2 0.0 0% 0.3 10% 700 
WV, Rural* 1.3 5.3 379% -5.4 -81% 0 
WV, Urban* 1.0 -0.3 -18% -0.6 -37% 0 
OH, Rural* 1.7 -0.9 -25% -0.9 -33% 0 
OH, Urban* 0.7 0.1 6% -0.3 -28% 0 
MD, Rural* 1.2 -0.2 -8% -0.9 -41% 0 
MD, Urban* 0.3 -0.1 -7% -0.5 -58% 0 
NY, Rural~ 1.3 -0.3 -15% -0.1 -6% 22 
NY, Urban* 0.4 0.0 -7% -0.2 -26% 0 
VA, Rural~ 2.8 0.7 24% -1.1 -28% 93 
VA, Urban* 1.7 0.1 3% -0.7 -29% 0 
*The figures here represent trucks in fatal accidents in rural and urban counties with no wells drilled between 2002 
and 2012. 

~There were 93 wells drilled in rural Virginia counties, and 22 wells drilled in rural New York counties between 
2002 and 2012. 

Note. A county or county group is defined as rural if the 2005 population per square mile in that county is below its 
corresponding statewide total population per square mile.  What follows is the population per square mile for each 
state in this study: Pennsylvania (278); West Virginia (75); Maryland (576); New York (405); Ohio (280); Virginia 
(191). 

Source. Multi-State Shale Collaborative based on Center for the Management of Information for Safe and Sustainable 
Transportation and Bureau of Economic Analysis data. 

 

Panel regression on motor vehicle fatalities 
Our data set of fatal motor vehicle accidents by county covered the period from 2000 to 2012, while our 
data set of fatal motor vehicle accidents involving trucks covered the period from 2000 to 2010. We 
examined changes in the rate of these fatalities (expressed in logs) using a fixed effects panel regression 
for counties in West Virginia, Pennsylvania and Ohio.  We used three indicator variables set equal to 1 for 
counties between 2005 and the end of the period (the period in which drilling occurred) that also had 
high- activity (400 or more wells drilled over the period), medium-activity (100 to 399 wells drilled over 
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the period), and low-activity (1 to 99 wells drilled over the period), and 0 otherwise.27    In high-activity 
counties, only the coefficient for truck-involved motor vehicle fatalities was statistically significant and 
positive, indicating a 27.8% increase in truck-involved fatalities. Both coefficients (all fatal motor vehicle 
accidents and truck-involved fatal motor vehicle accidents) for medium-activity counties were not 
statistically significant. For low-activity counties, only the coefficient for all motor vehicle fatalities was 
significant, and it was negative.  

Table 6.3 

Fatal motor vehicle accidents overall and those involving trucks in West 
Virginia, Pennsylvania and Ohio drilling counties by high‐, medium‐ and low‐ 
drilling activity 

Independent variables 

Dependent variable = 
natural log of the 
number of motor 

vehicle accidents per 
100,000 people (2000 

to 2012) 

Dependent variable = 
natural log of the 

number of fatal motor 
vehicle accidents 

involving trucks per 
100,000 people (2000 

to 2010) 

b/se  b/se 

High‐activity  0.017  0.278** 

   (0.081)  (0.133) 

Medium‐activity  ‐0.030  ‐0.095 

   (0.052)  (0.117) 

Low‐activity  ‐0.111***  ‐0.048 

   (0.032)  (0.050) 

Constant  2.809***  0.968*** 

   (0.008)  (0.010) 

R‐sqr‐overall  0.004  0.000 

N  2,672  1,569 

Notes. *, ** and *** indicate significance at the 10, 5 and 1 percent levels. 
Standard error estimates are robust to disturbances being heteroscedastic. 

 

 
  

                                                            
27 The results here do not represent a full accounting of the factors that explain differences between counties in fatal 
motor vehicle fatalities. These results provide a limited test of the association between drilling and fatal motor 
vehicle accidents. Researchers interested in further exploring the strength of this relationship can find this dataset in 
the Online Technical Appendix, Chapter 6, AppendixF.dta (stata). 
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Chapter 7: Rental Housing Markets 
Ecosystems Research Group (2009) documented large population increases associated with natural 
resource extraction in Sublette County, Wyoming, between 2000 and 2006which, in turn, boosted housing 
prices and rents there relative to Wyoming as a whole. In case studies of energy development in Mesa and 
Garfield counties, Colorado, and Sweetwater County, Wyoming, Headwaters Economics (2008; 2009) 
reported a shortage of housing resulting from energy-related development. In both their reports, 
Headwaters found that non-energy-related employers, including local colleges and hospitals, had 
difficulty recruiting new workers because of the sharp rise in the cost of housing. Headwaters noted that 
the high wages of oil and gas companies, relative to what other employers in the region were paying, put 
upward pressure on rents and housing prices and potentially threatened the economic diversity of regional 
economies. Ecosystems Research Group raised similar concerns when comparing housing affordability 
and pay for energy-related and non-energy-related employment in Sublette County, Wyoming. Jacquet 
(2009), in summarizing literature focused on an energy boom in the western United States in the 1970s, 
cited similar themes of housing shortages and rising home prices and rents. Jacquet also noted evidence of 
an expansion of mobile home communities and an increased commute as among the responses to the 
housing shortages experienced in the 1970s.   

Recent research has identified other potential impacts. Property values near drilling activity, particularly 
homes with well water, can be negatively impacted (Gopalakrishnan and Klaiber 2012; Muehlenbacks, 
Sipplier, and Timmins 2012; BBC Research and Consulting; Integra Realty Resources; Colorado School 
of Public Health 2011). 

Case Study Findings 
Our case studies of four drilling counties revealed findings consistent with other research on housing 
impacts of booms in extractive industries. Out-of-state drilling industry workers created increased 
demand for temporary housing in Carroll, Greene, and Tioga counties (Woodrum 2014; Herzenberg, 
Polson, and Price, 2014; Ward, Polson, and Price, 2014). Hotels filled up and new hotels were added or 
planned. For example, the hotel in Carrollton, Ohio, had been solidly booked for two years, and there 
were plans to build a new one (Woodrum 2014). The most pronounced housing impact in Wetzel County 
was a 700% increase in collections from a New Martinsville hotel room occupancy tax, primarily in 2011 
and 2012 (O’Leary 2014). Tioga and Greene counties each built two new hotels. Their hotel occupancy 
tax does not apply to stays over 30 days, so the counties lost significant revenue to long stays. (Coolidge 
2011; Herzenberg, Polson, and Price 2014). An informant in Tioga County said the hotel shortage hurt the 
county’s tourism business, and an informant in Greene County said tourists often spend their lodging 
dollars outside the county because of a lack of available rooms (Coolidge 2011; Herzenberg, Polson, and 
Price 2014).  

In Tioga, Greene, and Carroll counties, empty lots were being turned into RV sites, sometimes without 
adequate connections to water, sewer, or electrical systems (Woodrum 2014, Herzenberg, Polson, and 
Price, 2014; Ward, Polson, and Price, 2014). According to a local joke in Greene County, “$900 will get 
you a pond-side view.” 

Large housing stipends for oil and gas workers and limited supplies of housing translated into a doubling, 
tripling, or even quadrupling of rental rates since the start of drilling Carroll County, Ohio, according to 
local interviews (Woodrum 2014). In Tioga County, classified ads in the Wellsboro Gazette documented a 
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doubling or tripling of rents for comparable housing between 2007-08 and 2012 (Ward, Polson, and Price, 
2014).  

Rising rents, in turn, created a shortage of affordable housing in Carroll County (Boyd 2013). In Greene 
County, increased demand exacerbated a pre-existing shortage of affordable housing (Herzenberg, 
Polson, and Price, 2014). Some residents had to move out of the county or live in substandard housing 
that lacked running water. Some landlords rented unlivable properties for high prices.  

Sources in Tioga, Greene, and Carroll counties reported increased homelessness (Woodrum 2014; 
Herzenberg, Polson, and Price, 2014; Ward, Polson, and Price, 2014). The Tioga County Department of 
Human Services reported a four- to five-fold increase in households seeking help with housing (after it 
started tracking this number in August 2008) (Ward, Polson, and Price, 2014). Tioga County also reported 
a four-fold increase in the share of Head Start families that were homeless (from 6% in 2010-11 to 24% in 
2012-13). Similarly, Greene County saw a jump in the number of children in foster care because of 
“inadequate housing,” from 12 in 2008-09 to 36 in 2012-13. Even in 2009-10, before the boom peaked, 
Greene County had Pennsylvania’s highest rate of homelessness assistance:45 clients per 1,000 residents 
compared to the state average of seven clients per 1,000 residents. 

In Greene County, a local domestic violence organization reported that some clients have found it more 
difficult to leave abusive situations because of the lack of affordable housing (Herzenberg, Polson, and 
Price 2014). 

Notes on county-level housing data derived from the American Community Survey 
The rest of this chapter complements our case studies with quantitative analysis of the impact of drilling 
on trends in rents, renter incomes, and rental housing affordability.28 

Our analysis of rental housing and owner-occupied housing relied on data from the American Community 
Survey (ACS), which has two key limitations.29   

1. We were unable to identify trends prior to the start of drilling in 2005.30 For this reason and to 
increase the size of our samples, we compared changes in housing variables between 2005-07 
(before drilling picked up in Ohio and in most of Pennsylvania) and 2010-12. 

                                                            
28 In the Online Technical Appendix we also present data on trends in home prices, homeowner incomes and new 
housing construction (this includes all new housing construction, whether it is intended for rent or for purchase). 
Data on home prices and homeowner incomes is available in Chapter 7 Homeowner Incomes. Data for new 
housing construction is in Chapter 7 Table G15 and Table G16.   
29  We analyzed American Community Survey microdata provided by Steven Ruggles, J. Trent Alexander, Katie 
Genadek, Ronald Goeken, Matthew B. Schroeder, and Matthew Sobek. Integrated Public Use Microdata Series: 
Version 5.0 [Machine‐readable database]. Minneapolis: University of Minnesota, 2010. 
30 County‐level data from the American Community Survey was not available prior to 2005. County‐level data from 
the 2000 Census is available, but differences between the design of the ACS questionnaire and the long form 
questions on the 2000 Census complicated the interpretation of time trends enough to leave such longer term 
comparisons for future research. 
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2. We were restricted to analyzing groups of contiguous counties, as opposed to each individual 
county.31 This limitation exacerbated the fact that even county-level data was not as localized as 
drilling activity and impacts.   

a. In Pennsylvania, as a result of this limitation, putting all six of our high-drilling counties 
in a single county group would have required also including eight additional rural 
counties, five of which had no drilling activity (Mifflin, Juniata, Snyder, Union, and 
Pike). Instead of this, we focused our analysis on smaller county groups, comparing four 
such groups with one or two of our top drilling counties with other county groups in 
which less drilling occurred (see Map 7.1 below).32  

 
 

b. In Ohio (see Map 7.2), observations from Carroll County, which had the most wells, were 
combined with observations from Stark County (which had just seven wells drilled).  

                                                            
31 In public use data from the American Community Survey it is not always possible to identify observations from 
sparsely populated individual counties. Instead, data for these counties are reported in Public Use Microdata Areas 
(PUMAs), which combine in whole or part smaller counties. For more information see: information 
https://usa.ipums.org/usa‐action/variables/PUMA#description_section.  
32 The sixth high‐drilling county, Lycoming, is combined with five other counties: Clinton, Juniata, Mifflin, Snyder, 
and Union. Its housing industry impacts are, not surprisingly, attenuated, and we do not report the results of this 
region. 
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c. Data limitations are most severe in West Virginia, where the ACS includes only four 
county groups (the state has 55 counties) (Map 7.3). These groups, which do not sharply 
differentiate drilling and non-drilling regions, also fail to reveal any clear link between 
drilling and changes in any of the categories analyzed here. Therefore, we do not report 
the West Virginia data in the text (see the Online Technical Appendix, Chapter 7 West 
Virginia, for the results of our West Virginia housing analysis). 
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Rents by county33 
In Pennsylvania, from 2005-07 to 2010-12, we find that median rents were up 16.5% in Bradford, 
Sullivan & Tioga counties; 9.4% in Greene and Washington counties; and 13.9% in Pike, Susquehanna, 
and Wayne counties (the counties highlighted in bold italic are top six drilling counties) (see Table 7.1 
below; see the Online Technical Appendix, Appendix D, Table D18 through Table D21 for additional 
figures). At the 80th percentile, rents increased even more in the two county groups with the most wells.34  

By contrast, urban and rural county groups with no wells (and most groups with just a few wells) 
experienced rent increases at the median and the 80th percentile of only 4% to 7% in this five-year span, 
an increase below the rate of inflation. This reflects the impact of the Great Recession. Drilling did not 
have as consistent an impact on rents at the 20th percentile. 

Table 7.1 
Change in rents by amount of drilling in Pennsylvania county/county groups (2012 dollars) 

PA county/county group/region 

Percent change in rents (2005-2007 
to 2010-2012) Change in wells 

drilled (2005-2007  
minus 2010-2012) 

20th 50th 80th  

Urban* 3.3% 3.4% 6.1% 0 
Rural*   6.5% 6.5% 4.1% 0 
   Bradford, Sullivan & Tioga 4.1% 16.5% 21.6% 1671 
   Greene & Washington 11.2% 9.4% 13.4% 765 

  
Clinton, Juniata, Lycoming, 
Mifflin, Snyder, & Union 11.7% 3.8% 7.0% 701 

   Pike, Susquehanna, & Wayne 4.7% 13.9% 10.7% 523 

  

Cameron, Clarion, Clearfield, Elk, 
Forest, Jefferson, McKean, Potter, 
& Venango 

2.1% 1.7% -1.1% 304 

   Westmoreland -5.4% -3.7% -4.1% 145 
   Armstrong & Indiana 0.3% 0.7% 3.5% 140 
   Fayette 1.5% 6.5% 10.7% 137 
   Butler -2.2% -1.5% 2.4% 123 
   Lackawanna & Wyoming 14.0% 5.4% 4.3% 111 
*Rural and urban counties with no wells drilled 

                                                            
33 In this section we present data on monthly rents for all rental units.  Typically, rents are subdivided by the 
number of bedrooms, but sample size prevents us from doing this. In our summary of trends, we present changes 
in rents at the 20th percentile (low), 50th percentile (median) and 80th percentile (high).  

 
34 It’s of note that despite these trends, as illustrated in Table G15 and Table G16 (see the Online Technical 
Appendix, Chapter 7), there was a 26% decline  in the number of new housing permits issued in the high‐drilling 
counties from the number issued in 1998‐2004.  This decline was, however, smaller than the 29% decline observed 
in rural Pennsylvania counties without wells.   
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Note. A county or county group is defined as rural if the 2005 population per square mile in that county or 
county group is below its corresponding statewide total population per square mile of 278. 

Source. Multi-State Shale Collaborative based on the American Community Survey microdata provided by 
Steven Ruggles, J. Trent Alexander, Katie Genadek, Ronald Goeken, Matthew B. Schroeder, and Matthew 
Sobek. Integrated Public Use Microdata Series: Version 5.0 [Machine-readable database]. Minneapolis: 
University of Minnesota, 2010. 

Overall, given the data limitations, the Pennsylvania data corroborate the case study findings, with 
differences in rent increases found in drilling county groupings even though virtually all these groupings 
include either significant urban populations (e.g., Washington and Greene counties) and/or areas with 
little drilling. Both these data limitations dilute the observed impact of drilling on rents and suggest more 
detailed data would reveal much greater impacts of drilling on rents. 

In Carroll and Stark counties,35 the only Ohio grouping with more than 100 wells drilled, low and median 
rents also rose between 2005-07 and 2010-12 by 3.2% and 1.7%, respectively (see Online Technical 
Appendix, Chapter 7, Table G1). Low and median rents were also up slightly in the remaining Ohio 
counties with some drilling but not elsewhere in the state.36 

Renter incomes by county 
Rising economic activity would normally be associated with rising incomes in a region. In this section we 
explore trends in the incomes of renters. In Table 7.2 we present the percent change from 2005-07 to 
2010-12 in the household income of renters at the 20th, 50th (median), and 80th percentile for Pennsylvania 
county groupings, based on the number of wells drilled since 2002 (see the Online Technical Appendix, 
Chapter 7, Tables G7 through G10 for percent change and levels).   

Reflecting the impact of the recession, the median household income of renters was down by 7.6% and 
10% in urban and rural portions of Pennsylvania, respectively, that did not see any drilling over this 
period. In contrast, in the high--drilling regions (Bradford, Sullivan, and Tioga counties), the income of 
renters at the median and 80th percentile rose about 16.6% and 11.2%, respectively. In the next heaviest-
drilling region (which unlike the other groups only high drilling counties), both median and 80th percentile 
rental incomes in Washington and Greene counties rose about 20%. Importantly, increases in income in 
drilling regions were not as consistent at the 20th percentile of the rental income distribution, with a 
decline in Bradford, Sullivan, and Tioga counties, for example, that was close to the decline for rural 
areas with no drilling. If rental rates of properties coming on the market were going up, but the incomes 
of lower-income renters were not consistently increasing, that could help explain the reports of 
homelessness problems in our case studies. 

                                                            
35 Stark County had just seven wells drilled prior to 2013. 
36 Rents were down by between 1.4% and 2.8% over the period analyzed in urban Ohio counties with no wells 
(Erie, Fulton, Lucas, Ottawa, Sandusky, Wood, Lorain, Cuyahoga, Geauga, Lake, Summit, Delaware, Clark, Miami, 
Franklin, Greene, Montgomery, Warren, Butler, and Hamilton) and rural counties with no wells (Defiance, Henry, 
Paulding, Williams, Ashtabula, Champaign, Hardin, Logan, Richland, Madison, Pickaway, Union, Darke, Preble, 
Shelby, Licking, Fairfield, Adams, Athens, Clinton, Fayette, Gallia, Highland, Hocking, Jackson, Lawrence, Meigs, 
Pike, Ross, Scioto, Vinton, Brown, and Clermont). 
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In Carroll and Stark counties, Ohio (see Online Technical Appendix, Chapter 4, Table G7), the median 
income of renters was down 3% between 2005-07 and 2010-12. Renter incomes were down 6.1% in rural 
non-drilling counties and 8.7% in urban non-drilling counties.  

 

 

Table 7.2 
Change in the household income of renters in Pennsylvania counties/county groups (2012 
dollars) 

PA county/county group/region 
Percent change in the household incomes 

of renters (2005-2007 to 2010-2012) 

Change in 
wells drilled 
(2005-2007  
minus 2010-

2012) 20th 50th 80th  

Urban no wells -0.1% -10.0% -1.9% 0 
Rural no wells  -6.7% -7.6% -4.0% 0 
   Bradford, Sullivan & Tioga -5.2% 16.6% 11.2% 1671 
   Greene & Washington 7.3% 20.0% 20.2% 765 

  
Clinton, Juniata, Lycoming, 
Mifflin, Snyder, & Union -10.5% -5.9% 0.0% 701 

  
Pike, Susquehanna, & 
Wayne 6.4% -1.4% 6.0% 523 

  

Cameron, Clarion, 
Clearfield, Elk, Forest, 
Jefferson, McKean, Potter, 
& Venango 

-4.5% -14.5% -4.9% 304 

   Westmoreland -0.4% 0.4% 9.3% 145 
   Armstrong & Indiana -9.2% -6.4% -1.6% 140 
   Fayette -4.0% 5.3% -1.6% 137 
   Butler 9.0% -1.4% -12.5% 123 
   Lackawanna & Wyoming 9.4% -0.1% 7.2% 111 
Note. A county or county group is defined as rural if the 2005 population per square mile in that 
county is below 278. 
Source. Multi-State Shale Collaborative based on the American Community Survey microdata 
provided by Steven Ruggles, J. Trent Alexander, Katie Genadek, Ronald Goeken, Matthew B. 
Schroeder, and Matthew Sobek. Integrated Public Use Microdata Series: Version 5.0 [Machine-
readable database]. Minneapolis: University of Minnesota, 2010. 

Rental housing affordability  
In Table 7.3 we summarize the percentage of renters paying 30% or more of their income for rent by 
Pennsylvania drilling county/grouping. In all of the groupings , the number and share of households 
paying at least 30% of their income in rent climbed from 2005-07 to 2010-12, 3.8% more in Bradford, 
Sullivan, and Tioga counties, and 15% more in Washington and Greene counties. Reflecting the impact 
of the Great Recession, however, the share of renters paying more than 30% of their income in rents rose 
even more in the rest of the state: 24% in urban non-drilling areas and 30% in rural non-drilling areas. 
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In Ohio, the share of households paying at least 30% of their income in rents increased by similar 
amounts in the drilling counties (Carroll and Stark:17.2%), non-drilling rural counties (15.2%) and non-
drilling urban counties (16.8%) (See Online Technical Appendix, Chapter 7, Table G11).  

Table 7.3 
Percent of renters paying 30% or more of their income in rent for Pennsylvania counties/county groups 

PA county/county group/region 
Percent of 

all 
households 

Change in 
households 

Percent 
change in 
number of 
households 

Change in 
wells drilled 
(2005-2007  
minus 2010-

2012) 
Urban*   42.9% 9,244 29.9% 0 
Rural*   51.1% 80,713 23.8% 0 
  Bradford, Sullivan & Tioga 41.5% 160 3.8% 1671 
  Greene & Washington 40.8% 1,259 15.0% 765 

  
Clinton, Juniata, Lycoming, 
Mifflin, Snyder, & Union 41.5% 859 6.6% 701 

  Pike, Susquehanna, & Wayne 48.5% 1,566 36.9% 523 

  

Cameron, Clarion, Clearfield, 
Elk, Forest, Jefferson, 
McKean, Potter, & Venango 

41.1% 400 3.2% 304 

  Westmoreland 42.3% -5,277 -18.0% 145 
  Armstrong & Indiana 45.3% -61 -0.8% 140 
  Fayette 38.8% -2,093 -16.7% 137 
  Butler 42.8% 703 10.6% 123 
  Lackawanna & Wyoming 39.0% -89 -0.7% 111 
*Rural and urban counties with no wells drilled 
Note. A county or county group is defined as rural if the 2005 population per square mile in that county 
is below 278. 

Source. Multi-State Shale Collaborative based on the American Community Survey microdata provided 
by Steven Ruggles, J. Trent Alexander, Katie Genadek, Ronald Goeken, Matthew B. Schroeder, and 
Matthew Sobek. Integrated Public Use Microdata Series: Version 5.0 [Machine-readable database]. 
Minneapolis: University of Minnesota, 2010. 

 

Panel Regression on Rents, Renter Income and Rental Housing Affordability  
As discussed in the beginning of this chapter, our data set on housing is drawn from the American 
Community Survey (ACS) and thus, unlike for our previous analysis, we lack a period prior to the start of 
drilling in that we are comparing rents, renter incomes and rental housing affordability in West Virginia, 
Pennsylvania and Ohio in two three-year periods 2005-07 and 2010-12.  Furthermore, due to the 
aggregation of counties in the ACS, we have fewer observations than when analyzing data with 
observations for each county in the region.   

We examined each of our housing variables of interest (expressed as logs) using a fixed effects panel 
regression and only three indicator variables as independent variables.  Our indicator variables were set 
equal to 1 in 2010-12 in county groups that had high activity (400 or more wells drilled over the period), 
medium activity (100 to 399 wells drilled over the period), low activity (1 to 99 wells drilled over the 
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period) and 0 otherwise (the reference group thus includes counties without wells drilled in both periods 
and all drilling counties in 2005-07).37    Table 7.4 reports the coefficients for each level of drilling 
activity for median rents, 20th percentile rents, and 80th percentile rents.  In high-drilling counties the 
coefficient is statistically significant, with median rents up 10%, 20th percentile rents up 7.6%, and 80th 
percentile rents up 12.3%.  None of the coefficients for medium- or low-drilling counties was statistically 
significant.  

Table 7.4 

Median, 20th percentile, and 80th percentile rents in West Virginia, Pennsylvania 
and Ohio by high‐, medium‐ and low‐drilling activity 

Independent variables 

Dependent 
variable = 

natural log of 
median rents 

Dependent 
variable = 

natural log of 
20th 

percentile 
rents 

Dependent 
variable = 

natural log of 
80th 

percentile 
rents 

b/se  b/se  b/se 

High‐drilling  0.102***  0.076***  0.123*** 

   (0.022)  (0.017)  (0.024) 

Medium‐drilling  0.015  0.027  0.011 

   (0.012)  (0.017)  (0.015) 

Low‐drilling  0.012  0.008  0.019 

   (0.013)  (0.014)  (0.016) 

Constant  6.545***  6.201***  6.843*** 

   (0.002)  (0.002)  (0.002) 

R‐sqr‐overall  0.015  0.035  0.005 

N  144  144  144 

Notes. *, ** and *** indicate significance at the 10, 5 and 1 percent levels. 
Standard error estimates are robust to disturbances being heteroscedastic. 

With respect to renter incomes at the median, 20th percentile, and 80th percentile (expressed in logs) in 
high-drilling counties, the coefficient for median renter incomes and 20th percentile renter incomes is not 
statistically significant (Table 7.5). In contrast, the coefficient for 80th percentile renter incomes was 
significant, indicating that these renters’ incomes were up 8.7% in the high-drilling counties. The 
coefficients for renter incomes in medium-drilling counties were not statistically significant.  In low-
drilling counties/county groups, the coefficient on median and 20th percentile renter incomes was both 
significant and negative, indicating a decline in median incomes of 5.6%, and in 20th percentile incomes 
of 4%.   

  

                                                            
37 The results for rents, renter income and housing affordability do not represent a full accounting of the factors that 
explain differences between counties in these variables. These results provide a limited test of the association among 
drilling, rising rents, and declining housing affordability. Researchers interested in further exploring the strength of 
these relationships can find this dataset in the Online Technical Appendix, Chapter 7, AppendixG.dta (stata). 
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Table 7.5 

Median, 20th percentile and 80th percentile renter incomes in West Virginia, 
Pennsylvania and Ohio by high‐, medium‐ and low‐drilling activity 

Independent variables 

Dependent 
variable = 

natural log of 
median renter 

income 

Dependent 
variable = 

natural log of 
20th percentile 
renter income 

Dependent 
variable = 

natural log of 
80th percentile 
renter income 

b/se  b/se  b/se 

High‐drilling  ‐0.008  0.065  0.087** 

   (0.039)  (0.053)  (0.034) 

Medium‐drilling  ‐0.011  ‐0.044**  ‐0.012 

   (0.021)  (0.021)  (0.027) 

Low‐drilling  ‐0.056*  ‐0.040**  0.019 

   (0.031)  (0.019)  (0.018) 

Constant  9.373***  10.205***  10.881*** 

   (0.004)  (0.003)  (0.003) 

R‐sqr‐overall  0.082  0.079  0.003 

N  144  144  144 

Notes. *, ** and *** indicate significance at the 10, 5 and 1 percent levels. Standard 
error estimates are robust to disturbances being heteroscedastic. 

Given evidence that rents were up, but renter incomes were not in high-drilling counties over the period, 
it was not surprising that when examining the number of renters paying at least 30% of their income in 
rent we found a statistically significant and positive coefficient (Table 7.6). Specifically, we found a 
13.9% increase in the number of renters paying at least 30% of their income in rent.   
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Table 7.6 

Number of renters paying at least 30% of their income in rent 
in West Virginia, Pennsylvania and Ohio by high‐, medium‐ 
and low‐drilling activity 

Independent variables 

Dependent variable = natural log of 
number of household paying 30% or 

more of their income in rent 

b/se 

High activity  0.139** 

   (0.055) 

Medium activity  0.025 

   (0.048) 

Low activity  0.137*** 

   (0.030) 

Constant  9.404*** 

   (0.005) 

R‐sqr‐overall  0.008 

N  144 

Notes. *, ** and *** indicate significance at the 10, 5 and 1 
percent levels. Standard error estimates are robust to 
disturbances being heteroscedastic. 
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Chapter 8: Other Pennsylvania Specific Impacts 
 
This chapter considers four additional human service impacts identified in our case studies but for which 
no standard data source exists across multiple states: emergency room visits, early intervention services 
for children with developmental delays, foster care, and prison populations. Given our reliance on state-
specific data, we restricted our analysis to Pennsylvania: This made our task more manageable. Our three-
state analysis of other social impacts also consistently documented that most impacts occurred in the six 
Pennsylvania counties with the most wells drilled from 2005 to 2012. In this chapter, the link we found 
between drilling and demand for these additional human/social services was not a tight one. Whether that 
would change with better data remains an open question. 

Emergency Room Visits 
Some research has explored the link between increased gas drilling and emergency room visits. Hessert 
(2012) found some increase in emergency room visits in the Marcellus Shale region, although researchers 
were unsure how much of this was due to gas drilling. Jersey Shore Hospital in Lycoming County, PA, 
reported an operating budget deficit for the first time in 2013, which it attributed to uncompensated care 
costs for uninsured sub-contractors in the gas industry (Republican Herald 2013). The county government 
in Sublette County, WY, had substantial fiscal impacts due to needed expansion of medical clinics in the 
region to deal with the incoming population connected to the gas industry (Ecosystems Research Group 
2009). Ecosystems Research Group and Headwaters (2008) also found an increase in patients without 
health insurance, which coincided with more gas drilling in the area that could lead to increased 
emergency room visits (although these researchers did not document such a connection). 

Our case studies found increases in emergency room visits in Tioga and Greene counties, PA. In Tioga 
County, PA, Soldiers and Sailors Memorial Hospital saw an increase in emergency room visits between 
2006-07 and 2011-12, with the largest increase occurring between 2010-11 and 2011-12, during the 
height of the gas boom. The hospital has also seen some uptick in uncompensated care coinciding with 
the gas boom (Ward, Polson, and Price 2014). In Greene County, the Southwest Regional Medical Center 
saw a sharp rise in emergency room visits between 2005-06 and 2010-11, coinciding with increased 
drilling (Herzenberg, Polson, and Price 2014).  

Looking at Pennsylvania as a whole, no strong correlation exists between increased gas drilling and 
increases in emergency room visits. For example, in counties with 400 or more wells, ER visits increased 
12%, compared to counties with no drilling in which visits increased by 11% (Table 8.1).  
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Table 8.1 
ER visits in Pennsylvania by  number of wells drilled 

Wells drilled/region 
ER visits per 

100,000 people in 
2012 

2001 to 2005 2005 to 2012 Total wells 
drilled 2005 to 

2012 Change Percent 
change Change Percent 

change 

400 or more wells 54618 2543 6% 6028 12% 4517 
100 to 399 wells 38483 3478 10% -899 -2% 1039 
1 to 99 wells 53682 4080 9% 4634 9% 695 
No wells, rural 43993 3288 9% 4275 11% 0 
No wells, urban 46375 4663 13% 5305 13% 0 
Source. Multi-State Shale Collaborative based on Pennsylvania State Police and Bureau of Economic Analysis 
data. 

 
Looking at individual counties, four of the six high-drilling counties saw increases in emergency room 
visits of more than 10%, with Greene County leading the way (66% increase between 2005 and 2012). 
The relationship between the level of drilling and the increase in emergency room visits, however, was 
not a consistent one: Two counties that had 230 wells drilled each experienced small decreases in visits, 
and two counties with between 100 and 200 wells saw decreases of more than 10% (Butler and Wyoming 
(Table 8.2).  

 
Table 8.2 
ER visits in counties with 100 or more wells drilled  

Wells drilled/region 
ER visits per 

100,000 people in 
2012 

2001 to 2005 2005 to 2012 Total wells 
drilled 2005 

to 2012 Change Percent 
change Change Percent 

change 

Pennsylvania, Urban* 46375 4663 13% 5305 13% 0 
Pennsylvania, Rural* 43993 3288 9% 4275 11% 0 
  Bradford 78005 1502 2% 7846 11% 1126 
  Tioga 42690 1022 3% 6866 19% 811 
  Washington 50158 1996 5% 5630 13% 755 
  Lycoming 64834 5294 9% 1610 3% 662 
  Susquehanna 19831 1555 9% 53 0% 646 
  Greene 61402 2624 8% 24317 66% 517 
  Westmoreland 51046 5892 12% -3347 -6% 230 
  Fayette 33254 2259 7% -474 -1% 230 
  Butler 25475 2127 7% -5314 -17% 174 
  Clearfield 71977 7567 15% 12687 21% 147 
  Armstrong 38246 4861 15% 1552 4% 146 
  Wyoming 34880 3305 9% -5905 -14% 112 
*limited to counties with no wells drilled between 2002 and 2012       
Source. Multi-State Shale Collaborative based on Pennsylvania State Police and Bureau of Economic Analysis data. 
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Looking forward, better data could help more definitively settle whether drilling contributes to ER visits 
and increases in the costs of health care.  

 
Early Intervention 
 

Case Study Findings 

Early intervention services are designed to serve children with developmental delays or disabilities from 
birth. to school age. .  Our case study research revealed potential links between drilling and an increased 
need for early intervention services for kids 0-5, and special education for school-age kids. To our 
knowledge, such a link has not been reported previously in the research literature. 

In Greene County, Pennsylvania, human service staff reported that a November 2012 assessment found 
that one-quarter of the children receiving early intervention services were the children of drillers. Human 
service personnel did not offer an explanation for this (Herzenberg, Polson, and Price 2014). 

In Tioga County, the Southern Tioga School District experienced an increase in students requiring special 
education services, including emotional and learning supports. The superintendent reported the district 
had 320 special needs students out of a total enrollment of 2,100 students before drilling began. After the 
gas boom, the number of special needs students increased to 404, even though the student population had 
decreased to 1,900 (Ward, Polson, Price 2014).  

 

Quantitative Analysis of Demand for Early Intervention Services 

We analyzed early intervention data collected from the Pennsylvania Office of Child Development and 
Early Learning by the Kids Count initiative. These data include early intervention services for 
infants/toddlers (0-2) and preschool-aged kids (3-5).  

Table 8.3 shows early intervention enrollment (rates per 100,000 people) over time in counties with and 
without drilling. Early intervention services grew across the state between 2004-2006 and 2010-2012. 
Services in drilling counties (both those with more than 400 wells, and those with 100-399 wells) grew at 
more than twice the rate of services in rural counties with no wells. For example, counties with 400 or 
more wells saw early intervention services increase by 32%, compared to a 15% increase in rural non-
drilling counties. Except for this lower increase in rural non-drilling areas, however, all other parts of the 
state experienced similar increases in early intervention services, independent of the amount of drilling. It 
could be possible that some factor independent of drilling was driving increases across all of these areas, 
but that this factor is less influential in rural non-drilling counties. It could also be that drilling was 
driving increases in rural areas with wells, and a different causal factor was driving increases in urban 
areas. 
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Table 8.3           
Early intervention rate (early interventions per 100,000 people) in Pennsylvania by the number 
of wells drilled 

Wells drilled/region 2004-
06 

2007-
09 

2010-
12 

Percent Change 
2004-06 to 

2010-12 

Total 
wells 
drilled 

Pennsylvania, 400 or more wells 443 551 583 32% 4517 
Pennsylvania, 100 to 399 wells 458 539 616 35% 1039 
Pennsylvania, 1 to 99 wells 497 575 626 26% 695 
Pennsylvania, No wells, rural 467 520 538 15% 0 
Pennsylvania, No wells, urban 528 620 705 34% 0 
Source. Multi-State Shale Collaborative based on Pennsylvania Office of Child Development 
and Early Learning. 

 

What link might exist between increased early intervention services and drilling requires more research. 
Are gas drillers’ families more likely to need early intervention services? If so, why? Are pregnant 
women and young children in the area impacted by environmental factors related to increased gas drilling 
that lead to disabilities, developmental delays, etc.? One study reported that specific chemicals used in 
unconventional gas drilling can affect the endocrine system (Song 2012). The lead researcher reported 
that endocrine-disrupting chemicals have been linked to a variety of health issues – obesity, diabetes, fetal 
development problems and infertility. Babies and young children are especially vulnerable – “during fetal 
development, if you don’t have the right level of hormones in the thyroid, you can have severe mental 
retardation.” Another study identified 649 chemicals used during gas drilling, of which 130 could affect 
the endocrine system (Vandenberg et al. 2012).  

Foster Care 
Our case study research found that in Greene County, PA, the number of kids going into foster care due to 
inadequate housing more than doubled during the gas boom between 2008-09 and 2009-10 (from 15% to 
36%) and has remained nearly as high since. Increased cost of foster care has put a financial strain on the 
Greene County Human Services Department (Herzenberg, Polson, and Price 2014). 

Analysis of foster care data across all Pennsylvania counties, however, does not show a consistent 
relationship between children entering foster care and drilling activity. Greene County is one of only two 
top drilling counties that saw an increase in foster care rates between 2008 and 2011 (Table 8.4 and Table 
8.5). Between 2008 and 2012, the foster care rate grew by 8% in Greene County and by 4% in Fayette 
County. In every other Pennsylvania county with 100 or more wells drilled, the number of kids in foster 
care decreased during this time period. And in rural counties with no drilling the number decreased by 
19%. Analysis by county groupings based on the amount of drilling also shows no relationship between 
drilling and demand for foster care. 
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Table 8.4 
Foster care rates (foster care cases per 100,000 people) in Pennsylvania counties with 100 or more wells drilled 

Wells drilled/region Total foster care rates reported per 100,000 
people Change 

2008 to 
2011 

Percent 
change 
2008 to 

2011 

Total 
wells 
drilled   2008 2009 2010 2011 

Pennsylvania, Urban* 268 235 198 177 -91 -34% 0 
Pennsylvania, Rural* 197 177 178 159 -38 -19% 0 

Bradford, PA 393 332 335 248 -146 -37% 1126 
Tioga, PA 336 289 236 252 -84 -25% 811 
Washington, PA 284 254 219 201 -83 -29% 755 
Lycoming, PA 187 157 109 88 -99 -53% 662 
Susquehanna, PA 191 161 189 174 -17 -9% 646 
Greene, PA 202 188 184 219 16 8% 517 
Fayette, PA 116 104 111 120 4 4% 230 
Westmoreland, PA 198 154 138 198 -1 0% 230 
Butler, PA 194 178 152 116 -77 -40% 174 
Clearfield, PA 226 189 165 195 -31 -14% 147 
Armstrong, PA 126 114 116 100 -26 -21% 146 
Wyoming, PA 173 134 106 92 -81 -47% 112 

*Limited to counties with no wells drilled between 2002 and 2012 
Source. Multi-State Shale Collaborative based on Kids Count Data and Bureau of Economic Analysis data. 

 

Table 8.5 
Total foster care rates in Pennsylvania by the number of wells drilled 

Wells drilled/region 
Total foster care rates reported per 

100,000 people 
Change 
2008 to 

2011 

Percent 
change 
2008 to 

2011 

Total 
wells 
drilled 2008 2009 2010 2011 

Pennsylvania, 400 or more wells 265 232 204 184 -81 -31% 4517 
Pennsylvania, 100 to 399 wells 159 137 129 136 -22 -14% 1039 
Pennsylvania, 1 to 99 wells 250 218 192 187 -63 -25% 695 
Pennsylvania, Rural* 197 177 178 159 -38 -19% 0 
Pennsylvania, Urban* 268 235 198 177 -91 -34% 0 
*Limited to counties with no wells drilled between 2002 and 2012 
Source. Multi-State Shale Collaborative based on Kids Count Data and Bureau of Economic Analysis data. 
                

In light of our case study findings in Greene County, we also looked specifically at the impact of drilling 
on children placed into foster care due to inadequate housing. Only three of 12 counties with more than 
100 wells drilled saw increases in foster care placements due to inadequate housing: Westmoreland 
(21%), Greene County (129%), and Armstrong County (272%). All other heavily drilled counties saw a 
decrease in foster care rates due to inadequate housing between 2008 and 2012. 
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Chapter 9: Conclusion 
What is the takeaway from our analysis of data on human and social impacts of drilling and our 
prior case studies?  

Both our case studies and our statistical analysis of employment revealed some positive 
employment and income benefits of shale development in high-drilling counties, especially in 
Greene County, Pennsylvania.  

This report reveals the other side of the coin: The high-drilling counties, measured by number of 
wells and by industry and total employment impacts, also experienced negative community 
impacts, such as higher rates of crime, STDs, and traffic fatalities, and less affordable housing. 

Our findings are consistent with the qualitative picture of drilling impacts from case studies in 
Wyoming and other drilling states. High levels of drilling lead to an increase in employment, 
some of it as a result of an influx of transient out-of-state workers making higher-than-average 
wages. Drilling activity itself, out-of-state workers, and the increase in income and valuable (and 
portable) equipment and materials on drilling sites, contribute to increases in crime, traffic 
accidents, STD rate, and rents. Some of these impacts may have been mitigated in the Marcellus 
and Utica Shale regions by the lack of apparent increase in overall population; this may reflect, 
in addition to data limitations, the fact that rural drilling counties in Pennsylvania, West 
Virginia, and Ohio are more densely populated than parts of the west. As a result, drilling 
counties in the east may have more pre-existing infrastructure and social services than their 
counterparts in Wyoming and North Dakota. Regardless, our research indicates that Marcellus 
and Utica Shale communities in which the scale of shale development is sufficient to move the 
needle on total employment and income are also communities likely to be faced with social 
challenges as a result of the drilling intensity. Communities with shale deposits where drilling 
has not yet occurred should understand this trade-off so that they can weigh their options in an 
informed way and prepare for the social impacts if drilling does expand to them. 
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	2015	Natural	Gas	Emissions	Inventory	

by	Source	Type	(Tons	per	Year)

1

2015	Natural	Gas	Emissions

Source	Category CO NOx	 PM-10 PM-2.5 SOx VOC Benzene

Ethyl	

Benzene

Formal	

dehyde n-Hexane Toluene Xylenes

			2,2,4-

Trimethyl	

pentane

Carbon	

Dioxide Methane

Nitrous	

Oxide

BLOWDOWN	VENTS 10 4 0 0 0 359 0.1 0.1 0 3.2 0.2 0.5 0 8,554 21,136 0
COMPLETIONS 2,510 8,353 245 220 123 327 3.8 0.9 3 1.2 1.4 1 0 584,154 6,237 32.9
DEHYDRATORS 230 77 2 2 0 459 6.2 3.4 0 0.7 12.9 21.2 0.7 113,799 17,233 142.3
DRILL	RIGS 1,859 4,382 135 128 32 238 1.8 0 10.5 0.3 0.7 0.5 0.1 340,431 20 6.4
ENGINES 2,848 5,929 208 206 19 1,416 14.6 0.6 382.3 1.3 8.5 3.6 4.9 4,129,078 9,691 24
FUGITIVES 27 6 0 0 0 1,365 1.5 0.2 0 26.1 5 7.9 0.8 5,105 19,810 0
HEATERS 1,141 1,310 81 77 7 134 0.6 0.3 0.9 14.3 3.2 6.8 0.2 1,508,403 1,087 15.2
PIGGING 0 0 0 0 0 52 0 0 0 0 0 0 328 997 0
PUMPS 0 0 0 0 0 1,019 0.4 0.4 0 34.6 1.6 3.7 0.5 126 32,105 15
TANKS 63 32 1 1 0 1,042 0.4 0.1 0 22.4 0.8 0.6 0 9,888 3,812 38.5

Emission	Totals 8,688 20,093 672 634 181 6,411 29 6 397 104 34 46 7 6,699,866 112,128 274

Source	Category	Definitions

	Total	Emissions	(Tons)

Stationary	Engines:		A	stationary	engine	is	an	engine	whose	framework	does	not	move.	It	is	normally	used	to	
drive	 a	piece	of	 immobile	equipment	 such	as	 a	pump	or	 compressor.	 They	may	be	powered	by	 steam,	oil-
burning	or	internal	combustion	engines.	They	come	in	a	wide	variety	of	sizes	and	are	used	for	a	wide	variety	of	
purposes.	

Heaters	and	Reboilers	
Heaters:	 	Heaters	are	enclosed	devices	 that	use	a	 controlled	 flame.	 	 Its	primary	purpose	 is	 to	 transfer	heat	
indirectly	to	a	process	material	 (liquid,	gas,	or	solid)	or	to	a	heat	transfer	material	 for	use	 in	a	process	unit,	
instead	of	generating	steam.	

Reboilers:		Reboilers	are	heat	exchangers	typically	used	to	provide	heat	to	the	bottom	of	industrial	distillation	
columns.	They	boil	liquid	from	the	bottom	of	a	distillation	column	to	generate	vapors	which	are	returned	to	
the	column	to	drive	the	distillation	separation.	

Tanks/Vessels:	 	 These	 types	 of	 units	 are	 constructed	 primarily	 of	 nonearthen	 materials	 (such	 as	 wood,	
concrete,	steel,	fiberglass,	or	plastic)	which	provide	structural	support	and	are	designed	to	contain	liquids	or	
other	materials.		They	include	storage	tanks,	pressurized	vessels,	impoundments,	separators	and	other	similar	
units.	

Dehydrators:	 	 A	 dehydrator	 is	 a	 device	 in	 which	 an	 absorbent	 directly	 contacts	 a	 natural	 gas	 stream	 and	
absorbs	water	in	a	contact	tower	or	absorption	column	(absorber).		They	are	used	for	removal	of	water	vapor	
from	natural	gas	wellstreams.	

Pneumatic	 Devices:	 	 Pneumatic	 devices	 are	 automated	 instruments	 used	 for	 maintaining	 liquid	 levels,	
pressure,	and	temperature	at	wells	and	gas	processing	plants.		These	controllers	often	are	powered	by	high-
pressure	natural	gas	and	may	release	gas	with	every	valve	movement,	or	continuously	as	part	of	their	normal	
operations.	

Venting	and	Blowdowns	
Venting:		The	process	of	reducing	gas	pressure	by	means	of	releasing	pressure	to	the	atmosphere.	

Blowdowns:	 	 A	 blowdown	 is	 a	 type	 of	 venting	which	 releases	 pressurized	 natural	 gas,	 containing	mostly	
methane,	 from	 pipelines	 or	 facilities	 by	 venting	 it	 to	 the	 atmosphere.	 Blowdowns	 occur	 during	 normal	
maintenance	procedures	or	emergency	shutdowns.	

Drill	Rigs:		A	drilling	unit	that	is	not	permanently	fixed	and	its	associated	machinery.				

Completions	and	Workovers	
Completions:	 	 A	 completions	 is	 a	 process	 that	 allows	 for	 the	 flowback	 of	 petroleum	 or	 natural	 gas	 from	
newly	 drilled	wells	 to	 expel	 drilling	 and	 reservoir	 fluids	 and	 tests	 the	 reservoir	 flow	 characteristics,	which	
may	vent	produced	hydrocarbons	to	the	atmosphere	via	an	open	pit	or	tank.		The	 completion	process	may	
involve	selectively	perforating	the	well	casing	at	the	depth	of	discrete	producing	zones	and	installing	down-
hole	 equipment.	 The	 completion	 process	 may	 take	 anywhere	 from	 a	 few	 days	 to	 several	 weeks	 to	
accomplish.		

Workovers:		Producing	oil	and	natural	gas	wells	occasionally	requires	major	repairs	or	modifications,	called	
“workovers.”	 	Workover	 services	 are	 carried	 out	with	 the	 same	 type	 of	 rig	 used	 to	 perform	maintenance	
services,	although	the	rig	often	is	outfitted	with	specialized	equipment	 including	rotary	drilling	equipment,	
mud	pumps,	mud	tanks	and	blowout	preventers.	A	workover	may	last	anywhere	from	a	few	days	to	several	
weeks	to	accomplish.	

Fugitives:	 	 Those	 emissions	 which	 could	 not	 reasonably	 pass	 through	 a	 stack,	 vent,	 or	 other	 functionally	
equivalent	opening,	including	emissions	leaks	from	connectors,	flanges,	open	end	lines,	pump	seals,	valves,	
etc.	

Pigging:	 	 	Emissions	rendered	from	the	execution	of	pipeline	maintenance	that	 involves	the	use	of	devices	
known	as	pigs,	which	clean	pipelines	and	are	capable	of	performing	pipeline	inspections.	The	pigging	process	
is	done	without	necessarily	interfering	with	the	flow	of	product	in	the	pipe.	
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Abstract

Background—Unconventional natural gas development has expanded rapidly. In Pennsylvania 

the number of producing wells increased from zero in 2005 to 3689 in 2013. To our knowledge, 

no prior publications have focused on unconventional natural gas development and birth 

outcomes.

Methods—We performed a retrospective cohort study using electronic health record data on 

9384 mothers linked to 10946 neonates in the Geisinger Health System from January 2009-

January 2013. We estimated cumulative exposure to unconventional natural gas development 

activity with an inverse-distance squared model that incorporated distance to the mother’s home; 

dates and durations of well pad development, drilling, and hydraulic fracturing; and production 

volume during the pregnancy. We used multilevel linear and logistic regression models to 

examine associations between activity index quartile and term birth weight, preterm birth, low 5 

minute Apgar score and small size for gestational age, while controlling for potential confounding 

variables.

Results—In adjusted models, there was an association between unconventional natural gas 

development activity and preterm birth that increased across quartiles, with a fourth quartile odds 

ratio of 1.4 (95% CI: 1.0-1.9). There were no associations of activity with Apgar score, small for 
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gestational age, or term birth weight (after adjustment for year). In a post-hoc analysis, there was 

an association with physician-recorded high-risk pregnancy identified from the problem list 

(fourth vs. first quartile, 1.3 [95% CI: 1.1-1.7]).

Conclusion—Prenatal residential exposure to unconventional natural gas development activity 

was associated with two pregnancy outcomes, adding to evidence that unconventional natural gas 

development may impact health.

INTRODUCTION

The last decade has seen rapid development of unconventional natural gas resources 

worldwide; the International Energy Agency reports that 18% of global gas production now 

comes from unconventional sources. The steepest increases have occurred in the United 

States (U.S.) and in particular in the Marcellus shale in Pennsylvania. From 2006 to 2013, 

annual conventional gas production in Pennsylvania was stable at around 5.7 billion cubic 

meters (bcm); prior to 2009, unconventional production was less than 10 bcm, and then 

production increased rapidly to 3048 bcm in 2013.

Unconventional natural gas development is a large-scale multi-stage process.1-4 Developers 

use diesel equipment to clear land for well pads, transport materials, and drill multiple wells 

per pad. Directional drilling, first vertically and then horizontally, and hydraulic fracturing 

(“fracking”) differentiate this process from conventional development. Hydraulic fracturing 

involves injecting millions of liters of water mixed with sand and chemicals into the 

borehole causing fractures in the shale formation. Fracturing fluids, flowback and produced 

water, and natural gas then flow to the surface for collection and use. Gas is sometimes 

flared, releasing pollutants. Wells produce natural gas at high rates for the first year, with a 

rapid decline over the first three years.

Prior studies have demonstrated environmental impacts from the various stages of 

unconventional natural gas development including pollution of air,5-9 surface water,10 

groundwater,11,12 and soil as recently reviewed.1-3 Truck traffic, drilling, hydraulic 

fracturing, and production can generate diesel particulate matter, fine particulate matter 

(PM2.5), methane, NOx, and volatile organic compounds, which are also ozone 

precursors.5-7,13 Some of these pollutants, most consistently PM2.5, NOx, SOx, and ozone, 

have been associated with adverse birth outcomes including low or reduced birth 

weight14-16 and preterm birth.14,17,18 PM2.5 and ozone are regional air pollutants, so 

women living long distances from unconventional natural gas development could experience 

effects.

Expectant mothers could also be exposed to water pollution from unconventional natural gas 

development. A recent study identified 2-n-butoxyethanol – a chemical found in flowback 

water from the process, which might be a general indicator of its contamination – in 

household well water in Pennsylvania.12 In addition, people living in communities near 

unconventional natural gas development commonly report symptoms (e.g., upper respiratory 

symptoms, headaches), and may experience psychosocial stressors from rapid industrial 

development, increased motor vehicle traffic, potential influences on environmental radon 

pathways, noise, and infusion of short-term workers.1,4,19-23 Some of these exposures have 
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also been linked to negative birth outcomes.24,25 A recent study in Colorado reported that 

density of and proximity to natural gas wells were associated with congenital heart and 

neural tube defects, but not with birth weight or preterm birth.26 This study did not 

distinguish between conventional and unconventional wells, and mainly described 

associations with conventional wells since the Energy Information Agency estimated that 

only 25% of natural gas produced in Colorado in 2009 came from unconventional sources. 

There is an unpublished study that found mothers living near unconventional natural gas 

development in Pennsylvania gave birth to infants with increased prevalence of low birth 

weight, low Apgar scores, and small for gestational age.27

In this study, we exploited the geographic overlap of the Geisinger Health System and 

unconventional natural gas development in Pennsylvania to conduct a retrospective cohort 

study by linking electronic health record data to estimates of exposure to the activities 

during pregnancy. Despite calls for health studies,28,29 to our knowledge there is only one 

published population-based study focused on unconventional natural gas development and 

objective health outcomes.30 We evaluated associations between an index of unconventional 

natural gas development activity and four birth outcomes.

METHODS

Study area and participants

The Geisinger Health System serves a primary market of approximately 40 counties in 

central and northeast Pennsylvania, a region with a 2010 population of over 4 million 

residing in over 1200 communities defined as townships, boroughs, and census tracts in 

cities.31 Patients with a Geisinger primary care provider are representative of the general 

population based on age, sex, race/ethnicity, and rural residence.32 Neonates were delivered 

at two hospitals, Geisinger Medical Center in Danville, which has a Level IV neonatal 

intensive care unit (NICU), and Geisinger Wyoming Valley in Wilkes-Barre, which has a 

Level II NICU. The Institutional Review Board at the Geisinger Health System reviewed 

and approved the study.

Singleton births to women who delivered at Geisinger between 2006 and January 2013 were 

eligible for inclusion. We identified births and deliveries using International Classification 

of Diseases, Ninth Revision codes (i.e., V27.x, V30.x) in mother and neonate electronic 

health records. We used medical record numbers and other data found in the electronic 

health record to link mothers with their neonates. We excluded those whom we could not 

match, stillbirths, and neonates with serious birth defects, birth weights < 500g or 

gestational ages < 22 weeks. Only mother’s 2013 address was available from the electronic 

health record, so we assumed they lived at the same address during pregnancy. We 

geocoded women’s residences using ArcGIS 10.231 and excluded those who did not reside 

in Pennsylvania or whose address we were unable to geocode. We evaluated our assumption 

of mother’s residential stability by comparing addresses in two Geisinger Health System 

datasets, 39 months apart (one from 2010 and the other from 2013), among 333,322 patients 

in both datasets. Due to strong collinearity between the unconventional natural gas 

development exposure metric and calendar year, we also excluded births prior to 2009 when 

little such activity had taken place in the study region.
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Birth outcomes

We extracted data from electronic health record files including labor and delivery notes and 

a separate labor and delivery database maintained continuously by nursing personnel. The 

clinician recorded gestational age as part of routine care based on patient-reported last 

menstrual period and 20 week ultrasound. We estimated the first day of pregnancy from 

gestational age. We studied four birth outcomes: term (≥ 37 week) birth weight, preterm 

birth (< 37 weeks gestation), low 5 minute Apgar score (< 7), and small for gestational age; 

we isolated moderate to late preterm birth (32-36 weeks gestation) in a sensitivity analysis. 

Infants with low 5 minute Apgar scores often require respiratory support and have poorer 

future academic achievement.33 Small for gestational age was defined as less than the sex-

specific 10th percentile of weight for each week of gestation within the Geisinger population 

from 2006-2013. While creating the a priori outcomes, we discovered that maternal and 

fetal specialists often use the electronic health record problem list to identify a pregnancy as 

high-risk. Because we hypothesized that UNGD could contribute to conditions (e.g., 

pulmonary, cardiovascular) that could designate a pregnancy as high-risk, post hoc we 

added high-risk pregnancy as an outcome.

Unconventional natural gas development activity index

We collected data, spanning 2005-2013, on well drilling and production dates and volumes 

from the Pennsylvania Department of Environmental Protection and on well stimulation 

dates and drilling depth from the Pennsylvania Department of Conservation and Natural 

Resources. We collaborated with SkyTruth (Shepherdstown, WV, skytruth.org) to use 

crowdsourcing to confirm well pad locations using U.S. Department of Agriculture aerial 

photographs. We imputed missing total depths, production volumes, and stimulation dates 

from available data. The assembled dataset included latitude and longitude of each well; 

dates of well spudding (i.e., beginning of drilling), perforation, stimulation, and production; 

total well depth; volume of natural gas produced; and the number of producing days 

annually. Because phases of unconventional natural gas development (i.e., pad development, 

drilling, stimulation, production) are known to differ by exposures and duration, we derived 

individual-level estimates to each of these four phases. Although there was heterogeneity by 

well, for the purposes of exposure assignment, we used published descriptions34 of the 

process and information in our own data to estimate phase durations: (1) pad development = 

the 30 days prior to the first well drilled on a pad; (2) drilling = 1-30 days, based on total 

well depth; (3) hydraulic fracturing = 7 days; and (4) production = present when reported 

production values were non-zero.

We first created four exposure metrics by phase that incorporated all wells statewide as:

where n was the number pads or wells; k was the day with 1 equal to January 1, 2009 and l 

was equal to 1125 or January 31, 2013; m was 1 for pad and drilling, m was total well depth 

for stimulation (because we used total well depth as a surrogate for truck trips and hydraulic 
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fracturing fluid volume), and m was gas volume for production (because we used production 

volume as a surrogate for air pollution emissions); IA(k) was 1 when the phase overlapped 

temporally with gestation; and  was the squared-distance between the coordinates of pad 

or well i and mother j’s home address. The phase-specific units were pads/m2, wells/m2, 

total well depth (m)/m2, and gas production volume m3/m2 for pad, drilling, stimulation, and 

production metrics, respectively. The denominator was always the squared-distance between 

wells and residences (m2).

Because we wanted to estimate exposure to phases of unconventional natural gas 

development and there was collinearity between the four exposure metrics (ρ, 0.6-0.9), each 

was z-transformed then summed to estimate the unconventional natural gas development 

activity index (hereafter referred to as the activity index). This meant that a woman living 

close to several well pads under development, but far from any producing wells could have a 

similar index as a woman living near only producing wells. We did not evaluate trimester-

specific indices because of very high inter-trimester correlations. We divided the aggregated 

activity index into quartiles for analysis.

Covariates

We included clinical, demographic, and environmental covariates to control for potential 

confounding based on a priori hypotheses and previous studies of birth outcome risk factors 

including neonate sex, gestational age (for birth weight), season and year of birth, maternal 

age, race/ethnicity, Geisinger primary care provider status, smoking status during 

pregnancy, pre-pregnancy body-mass index (BMI), parity, antibiotic orders during 

pregnancy, and receipt of Medical Assistance, a surrogate for low family socioeconomic 

status.35,36 For teenagers (≤20 years), we categorized pre-pregnancy BMI using z-scores 

based on U.S. Centers for Disease Control and Prevention data. Environmental covariates 

included distance to nearest major road (principal arterial and larger based on U.S. Census 

Bureau Topologically Integrated Geographic Encoding and Referencing road files),24,37 

community socioeconomic deprivation38 and residential greenness (based on the average 

normalized difference vegetation index values in the 1250m × 1250m area surrounding the 

residence in the three seasons prior to delivery).39 Due to concern about the potential 

contamination of ground water in the region, we used Pennsylvania Department of 

Environmental Protection public water service areas to assign household water source as 

municipal or well water.12,40 Alcohol use was not a confounder, so was not included in 

adjusted models. We also did not adjust for blood pressure or the number of prenatal 

healthcare visits because we considered them potential mediators.

Statistical analysis

To assess the association of the activity index (quartiles) with birth outcomes, we fit a series 

of multilevel linear (for birth weight) and logistic (for other outcomes) regression models 

with random intercepts for mother and community to account for nesting of observations in 

women and place. The mother-specific intercept incorporated prior pregnancy outcomes 

(e.g., prior preterm birth) into our models. We selected final models by a combination of a 

priori hypotheses and likelihood ratio tests (P-value < 0.10). For each outcome, model 1 was 

adjusted for sex of the neonate and season of birth, maternal age at delivery (linear and 
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quadratic, years), maternal race/ethnicity (white, black, Hispanic, other), primary care status 

(yes vs. no), smoking status during pregnancy (never, former, current, or conflicting/

missing), pre-pregnancy BMI (underweight: z-score > 2SD below mean or < 18.5 kg/m2; 

normal: z-score within 1 SD of mean or 18.5-24.9 kg/m2; overweight: z-score 1-2 SD above 

mean or 25-29.9 kg/m2; or obese: z-score > 2 SD above mean or ≥ 30 kg/m2), parity 

(nulliparous vs. multiparous), receipt of Medical Assistance (never vs. ever), delivery 

hospital (Geisinger Medical Center vs. Geisinger Wyoming Valley), distance to nearest 

major road in meters, drinking water source (well water vs. municipal), community 

socioeconomic deprivation (quartiles), and greenness (continuous). In model 2, we further 

adjusted associations for year (2009-2010 vs. 2011-2013). Birth weight models were also 

adjusted for gestational age (linear and quadratic, weeks) and high-risk pregnancy models 

were additionally adjusted for the average annual number of entries on the problem list to 

account for the fact that its use increased over time (mean of 14% more entries per year).

In sensitivity analyses we included the number of antibiotic orders during pregnancy, 

restricted preterm models to neonates born moderately to late preterm (32-36 weeks 

gestation), and fit a Cox proportional hazard model with gestational age as the timescale, 

preterm birth as the outcome, unconventional natural gas development varying by week, and 

robust standard errors. We also assessed the possibility of unobserved confounding by 

assigning babies born in 2006, before there was any unconventional natural gas 

development, the estimated exposure metric they would have accrued had they been born in 

2012, when there was such development. If the 2012 unconventional natural gas 

development exposure metric were found to be associated with birth outcomes for these 

2006 babies, it would suggest that our main study findings may have been spurious.

We report associations as difference in term birth weight or odds ratios for preterm birth, 

small for gestational age, 5-minute Apgar score, and high-risk pregnancy comparing ≥ 

quartile 2 of unconventional natural gas development activity to quartile 1 with 95% 

confidence intervals. Models did not exhibit residual spatial variation, which we checked for 

by visually inspecting semivariograms.41 Because of the low proportion of missing data 

(0-1.4% on outcomes and 0-5.2% on confounders) and because missingness only appeared 

to be associated with year (more missing data in earlier years), patients were omitted from 

models when they were missing data. We used Stata version 13 (StataCorp. College Station, 

TX) and R version 3.0.0 (R Foundation for Statistical Computing).

RESULTS

We identified 20598 neonates born to 20569 mothers who delivered between 2006 and 

January 2013. After exclusions (Figure 1), we reached a final study sample of 9384 mothers 

who delivered 10496 neonates (mean of 1.2 per mother). Mothers lived in 699 communities 

(mean of 14 per community). In eTable 1 we compare the final population to those 

excluded. Geisinger patients had residential stability. We compared addresses from 2010 

and 2013 on 333,222 patients and found that 79.8% had the exact same street address, 6.0% 

had moved <1500m and another 10% had moved 1500-16,000m from their original address.
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The mean birth weight was 3272 grams (SD = 612). Eleven percent (n = 1103) of the births 

were preterm, 8% were moderately preterm (n = 871), 2% (n = 227) had 5 minute Apgar 

scores < 7, 10% (n = 1024) were small for gestational age, as expected given our use of an 

internal standard, and 27% (n = 2853) of pregnancies were identified as high-risk (Table 1).

Unconventional natural gas development in the Pennsylvania Marcellus shale began in the 

southwest in 2005 (15 wells drilled) and quickly accelerated. By the period 2009-2012, an 

average of 1555 unconventional wells, drilled to an average depth of 3380m, and 1177 wells 

entered production annually (Figure 2). The mean (SD), median (IQR) number of wells 

within 20 km of mothers (during their pregnancy) in the first vs. fourth quartile of exposure 

to unconventional natural gas development was 6 (28), 0 (0-1) vs. 124 (202), 8 (1-122), 

respectively, reflecting a marked difference in intensity of potential exposure.

In Table 1 and 2 we present descriptive statistics of several demographic and clinical 

variables by UNGD activity quartile and by outcome. Neonates born in later years and in the 

summer and fall; and mothers that were multiparous, received an antibiotic order during 

pregnancy, used well water, or lived farther from the nearest major road appeared to have 

higher exposure to unconventional natural gas development activity. Among those with poor 

pregnancy outcomes, several covariates were more common including receipt of Medical 

Assistance, black race/ethnicity, ever-smoking, and others (Table 2). Mothers with a primary 

care provider had an average of 16 prenatal visits (SD = 6) compared to 12 (SD = 7) in those 

without.

The activity index was not associated with adverse birth outcomes in unadjusted analyses 

(Table 1). In adjusted birth weight and preterm models, current smoking, underweight BMI, 

nulliparity, high community socioeconomic deprivation (preterm only), and black race/

ethnicity and receipt of Medical Assistance (birth weight only) were positively associated; 

normal BMI, never smoking, farther distance to nearest major road, and higher residential 

greenness (preterm only) were negatively associated.

After adjustment for covariates, the fourth quartile of the activity index was associated with 

lower term birth weight, but not after further adjustment for year (Table 3). In adjusted 

models, the odds of preterm birth increased across quartiles of the activity index (fourth vs. 

first quartile, 1.4 [95% CI: 1.0-1.9]) (Table 3). This association strengthened with 

adjustment for year (Table 3), persisted in a survival model framework (eTable 2), and was 

robust to restriction to moderate and late preterm births (fourth vs. first quartile, OR = 1.5 

[95% CI = 1.0-2.4]). In model 2, antibiotic orders were associated with preterm birth (OR = 

1.5 [95% CI = 1.3-1.6]). Unconventional natural gas development exposure during the 

prenatal period was associated with high-risk pregnancy (fourth vs. first quartile of the 

activity index, OR = 1.3 [95% CI: 1.1-1.7]), but not with 5 minute Apgar score or small for 

gestational age (results not shown).

In a sensitivity analysis in infants born in 2006 (n = 1932), future exposure to 

unconventional natural gas development was not associated with preterm birth, Apgar score, 

or small for gestational age birth in fully adjusted models. Neonates born in 2006, who 
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would have been in the 4th quartile of the activity index had they been born in 2012, had 

lower birth weights (β = −53 [95% CI −120 to 12]).

DISCUSSION

We used electronic health record data to conduct a population-based retrospective cohort 

study in central and northeast Pennsylvania during a time of very rapid unconventional 

natural gas development in the region. Our study examined associations between prenatal 

exposure to unconventional natural gas development activity and four birth outcomes and 

high-risk pregnancy in the mother. We demonstrated that mothers with higher activity index 

values during pregnancy were more likely to give birth preterm, a finding corroborated in 

time-to-delivery analysis, and to have a physician-recorded high-risk pregnancy. An 

association with term birth weight was not robust to adjustment for year. In a sensitivity 

analysis, when we assigned babies born in 2006 the activity index they would have had if 

they were born in 2012, unconventional natural gas development was associated with lower 

birth weight, suggesting that the primary association may have been due, at least in part, to 

unobserved confounding. There were no associations with Apgar score or small for 

gestational age. The electronic health record allowed us to carefully ascertain both 

pregnancy outcomes and confounding variables. We were able to control for other 

community conditions and exposures, including distance to roadways, source of drinking 

water, and community socioeconomic deprivation. To our knowledge, this is also the first 

study to base estimates of unconventional natural gas development activity exposure in 

relation to health risks on four separate phases of well development.

Three recent reviews summarized evidence linking health and unconventional natural gas 

development and found it lacking.1-3 Werner et al. identified only four highly relevant peer-

reviewed studies related to these processes and health outcomes: two using self-reported 

symptoms, one of childhood cancer that may not have adequately accounted for latency, and 

one of birth outcomes.21,22,26,30 The only published study dealing with birth outcomes 

reported that density and proximity of gas wells in Colorado, USA, were associated with 

two birth defects, but also higher birth weight and lower odds of preterm birth.26 During the 

study period, the U.S. Energy Information Administration reported that Colorado produced 

28 million cubic meters of natural gas unconventionally and 130 million cubic meters 

conventionally. We were able to study people living in areas with much higher 

unconventional natural gas development activity; Pennsylvania produced 58 billion cubic 

meters of natural gas unconventionally in 2012. A second, unpublished study, compared 

neonates born to mothers residing within 2.5 km of a spudded well to those living within 2.5 

km of a permitted, but not spudded, well.27 This study reported decreased term birth weight 

(but did not control for gestational age) and increased small for gestational age and 5 minute 

Apgar scores < 8, but no association with preterm birth. We too observed associations with 

Apgar scores < 8, but not < 7, as most prior studies have used, and between unconventional 

natural gas development and term birth weight when we omitted gestational age.

The unconventional natural gas development process is associated with heterogeneous 

exposures that last varying amounts of time. We did not have the capability to measure 

exposures directly. However, we were able to account for the varying durations of the 
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different phases by using published descriptions and information from our own analysis to 

assign deliveries activity values in defined windows. This should be an improvement over 

prior studies, which generally used spud date to identify the start of an exposure assumed to 

last forever, an incorrect assumption.26,30 Any bias introduced by errors in the estimation of 

the durations of development phases is likely to be independent of birth outcomes and thus 

tend to bias associations towards the null.

There are multiple ways unconventional natural gas development activity could influence 

birth outcomes. Concerns include impacts on air quality,1-3 ground and surface water 

quality,12 and maternal psychosocial stress from noise, increased traffic volumes, and 

contextual exposures including social disruption and community livability.4 For many of 

these, their associations with birth outcomes have been investigated in other 

settings.14,17,37,42 For instance, prior literature suggests that a 10μg/m3 increase in exposure 

to PM2.5 is associated with a 10% increase in odds of preterm birth and low birth 

weight.15,18 There are also several proposed mechanisms linking PM exposure to preterm 

birth including interference with placental development, inflammation, and increased risk of 

infection.18 In our study, mothers with higher activity indices were indeed more likely to 

receive an antibiotic order during their pregnancy. Neighborhood contextual factors have 

also been consistently associated with birth outcomes.43 Women living in communities 

exposed to unconventional natural gas development likely experience both environmental 

and social exposures that may have synergistic effects on health.44 Finally, unmeasured 

confounding could have contributed to our results; our measure of family SES was binary 

and did not include education, and we also had no information on occupation.

This study had limitations. In an effort to assign activity values more accurately than prior 

studies, we estimated the duration of each phase of unconventional natural gas development. 

This is likely to have introduced measurement error since the amount of time each phase 

lasts varies by well. We used a distance-based metric to estimate exposure to four phases of 

development, but were not able to evaluate phase-specific associations due to collinearity. 

Phases are known to contribute different types of exposures (e.g., pad development is a 

source of diesel emissions including PM as well as noise),1 but our methodology did not 

allow us to differentiate among phase-specific exposures, type of hazardous exposure (e.g., 

air and water pollution), and the contextual effects of development. We were not able to take 

environmental samples, which may have led to exposure misclassification and prevented us 

from determining if a specific pollutant was responsible for our associations. Additionally, 

unconventional natural gas development was highly correlated with year, making it 

challenging to control for temporal trends; therefore we presented results both unadjusted 

and adjusted for year. In regards to conventional gas development in the state, although the 

densest development is in the northwest and many of these wells are decades old and non-

producing, there was still collinearity between our activity index and conventional gas 

proximity metrics, which precluded adjustment for conventional gas well locations. 

Historical addresses are not retained in the Geisinger electronic health record so we were not 

able to determine whether the last recorded address represented residential location during 

the course of pregnancy. Our sensitivity analysis suggested that most Geisinger patients do 

not move, and if they do, they tend to move locally. In our study, many wells were 

developed in one location over time, so the exposures, emissions, and community 
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circumstances present in one trimester were likely present in another. This collinearity 

prevented us from evaluating trimester-specific associations.

Prior studies found elevated symptoms in regions with unconventional natural gas 

development and concern by residents of possible health effects. This study adds to limited 

evidence that unconventional natural gas development adversely affects birth outcomes. We 

observed that an index of development activity was associated with both preterm birth and 

high-risk pregnancy. Multiple aspects of development might be involved, including 

hazardous exposures and contextual effects. Future studies should use direct environmental 

sampling to more accurately capture exposure and include data on mother’s place of 

residence throughout pregnancy. Such data is needed to allow policy makers to effectively 

weigh the risks and benefits of unconventional natural gas development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Flow diagram of study population assembly
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Figure 2. 
The Marcellus shale extent, the location of spudded and producing wells as of December 

2012, the location of the two Geisinger Health System hospitals and the primary and 

surrounding Geisinger counties. Annotation indicates the number of neonates born to 

mothers residing in each county. GMC = Geisinger Medical Center. GWV = Geisinger 

Wyoming Valley.
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Table 1

Distribution of study population characteristics among 9384 mothers and their 10496 children by quartile of 

unconventional natural gas development (UNGD) activity index

UNGD activity index quartile
a

Variable No. (%) 1 2 3 4

Maternal characteristics

Age at birth, years, mean (SD) 10496 (100) 27.6 (5.8) 27.8 (5.7) 27.9 (5.7) 27.8 (5.8)

Race/ethnicity, %

 White 9327 (89) 88 89 86 92

 Black 382 (4) 4 3 4 3

 Hispanic 601 (6) 6 6 7 3

 Other 148 (1) 2 1 2 1

 Missing 38 (<1) <1 <1 <1 <1

Primary care patient, % 4789 (46) 45 45 46 46

Smoking status
b
, %

 Never 4984 (47) 46 45 49 49

 Former 2258 (22) 21 24 21 20

 Current 1785 (17) 18 18 15 17

 Conflicting or missing 1489 (14) 15 13 15 14

Alcohol use during pregnancy
b
, %

 No 8448 (80) 77 79 83 83

 Yes 1412 (13) 14 14 13 13

 Missing 636 (6) 9 7 4 4

Pre-pregnancy body-mass index (kg/m2), %

 <18.5 222 (2) 2 2 2 2

 18.5-24.9 3878 (37) 37 38 36 36

 25-29.9 2834 (27) 27 25 28 28

 ≥30 3013 (29) 29 30 28 28

 Missing 549 (5) 5 5 5 5

Pre-pregnancy blood pressure, %

 Systolic >140mmHg or diastolic >90mmHg 1125 (11) 9 11 13 10

 Normal 9371 (89) 91 89 87 90

Nulliparous, % 4600 (44) 47 43 44 41

Healthcare visits during pregnancy, n, mean
(SD)

10496 (100) 14.4 (6.3) 13.8 (6.4) 13.6 (6.7) 13.7 (6.7)

Antibiotic order during pregnancy, % 3338 (32) 30 31 31 35

Receipt of Medical Assistance, % 4796 (46) 44 47 45 47

Delivery hospital, %

 Geisinger Medical Center 5638 (54) 57 57 51 49
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UNGD activity index quartile
a

Variable No. (%) 1 2 3 4

 Geisinger Wyoming Valley 4858 (46) 43 43 49 51

Distance to nearest major road, m, median
(IQR)

10496 (100) 788
(284-2825)

863
(304-3229)

609
(237-1826)

1373
(455-6757)

Drinking water source, %

 Municipal water 7306 (70) 72 72 78 57

 Well water 3190 (30) 28 28 22 43

Community socioeconomic deprivation
c
, %

 Quartile 1 2590 (25) 25 23 24 27

 Quartile 2 2648 (25) 23 22 23 28

 Quartile 3 2642 (25) 25 23 24 29

 Quartile 4 2616 (25) 27 33 29 15

Residential greenness, NDVI index, mean (SD) 0.54 (0.10) 0.50 (0.11) 0.56 (0.09) 0.54 (0.09) 0.54 (0.11)

Infant Characteristics

Male, % 5372 (51) 51 52 52 50

Birth weight, grams, mean (SD) 10495 (100) 3289 (604) 3249 (623) 3286 (599) 3264 (622)

Gestational age, weeks, mean (SD) 10418 (99) 38.9 (2.2) 38.9 (2.4) 39.0 (2.1) 38.9 (2.3)

Preterm birth <37 weeks, % 1103 (11) 10 11 10 11

Preterm birth 32 to 36 weeks, % 871 (8) 2 2 2 2

Small for gestational age, % 1024 (10) 9 10 10 10

Apgar score, %

 5 minute, <7 227 (2) 2 2 2 2

 5 minute, ≥7 10199 (95) 97 97 97 97

 5 minute, missing 70 (<1) 1 <1 1 1

High-risk pregnancy
d
, %

2853 (27) 17 25 33 33

Birth year, %

 2009 2336 (22) 79 7 1 2

 2010 2518 (24) 20 55 9 11

 2011 2608 (25) 1 27 49 22

 2012 2852 (27) <1 11 38 60

 2013 182 (2) 0 <1 2 5

Birth season, %

 December-February 2562 (24) 27 20 25 24

 March-May 2605 (25) 29 25 24 21

 June-August 2748 (26) 23 29 25 27

 September-November 2581 (25) 20 26 25 27

UNGD activity index quartile was assigned based on 4 z-transformed indicators using inverse-distance squared models that incorporated distance 
to the mother’s home; dates and durations of the phases (well pad development, spudding, hydraulic fracturing, and production); and well 
characteristics (depth and production volume) during gestation, and is in standard deviation units. Percentages are rounded to whole numbers.

EHR = electronic health record. IQR = interquartile range. NDVI = normalized difference vegetation index.
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a
Quartile 1: <−0.44; Quartile 2: −0.43 to −0.15, Quartile 3: −0.14 to 0.18, Quartile 4: >0.18.

b
Smoking, alcohol use, and high-risk pregnancy were reported during pregnancy in the EHR social history and problem list.

c
Community socioeconomic deprivation was assigned at the township, borough, or census tract level, based on 6 indicators derived from the U.S. 

Census American Community Survey 2012 5-year estimates: combined less than high school education, not in the labor force, in poverty, on public 
assistance, civilian unemployment, and does not own a car; a higher score represents a more deprived community.

d
Defined based on physician-reported high-risk pregnancy.

Epidemiology. Author manuscript; available in PMC 2016 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Casey et al. Page 18

Table 2

Distribution of outcomes by selected covariates

Outcome

Birth weight, g,
median (IQR)

Preterm
birth, n (%)

5 min Apgar <7,
n (%) SGA, n (%)

High risk

pregnancy
a
, n (%)

N 10495 1103 10426 1024 2853

Pre-pregnancy body-mass index (kg/m3)

 <18.5 3051 (2696-3359) 50 (23) 7 (3) 41 (19) 66 (30)

 18.5-24.9 3258 (2903-3575) 408 (11) 80 (2) 443 (12) 1008 (26)

 25-29.9 3352 (2991-3685) 265 (9) 66 (2) 267 (10) 751 (26)

 ≥30 3404 (3071-3745) 286 (10) 57 (2) 222 (7) 940 (31)

 Missing 3263 (2908-3631) 94 (17) 17 (3) 51 (10) 89 (16)

Parity

 Nulliparous 3303 (2940-3625) 486 (11) 116 (2) 525 (12) 981 (21)

 Multiparous 3338 (2991-3686) 617 (10) 111 (2) 499 (9) 1872 (32)

Antibiotic order during pregnancy

 No 3348 (3012-3679) 580 (8) 131 (2) 686 (10) 1891 (26)

 Yes 3268 (2885-3617) 523 (16) 96 (3) 338 (10) 962 (29)

Year of birth

 2009 and 2010 3330 (2974-3665) 528 (11) 90 (2) 455 (10) 888 (18)

 2011, 2012, and 2013 3314 (2968-3657) 575 (10) 138 (2) 569 (10) 1965 (35)

Delivery hospital

 Geisinger Medical Center 3284 (2884-3630) 874 (16) 180 (3) 554 (10) 1507 (27)

 Geisinger Wyoming Valley 3365 (3050-3688) 229 (5) 47 (1) 470 (10) 1346 (28)

Community socioeconomic deprivation 
b

 Quartile 1 3372 (3033-3700) 249 (10) 67 (3) 205 (8) 597 (23)

 Quartile 2 3345 (2984-3667) 264 (10) 49 (2) 241 (9) 705 (27)

 Quartile 3 3303 (2944-3640) 306 (12) 53 (2) 262 (10) 727 (28)

 Quartile 4 3264 (2925-3620) 284 (11) 58 (2) 316 (12) 824 (32)

Percentages are rounded to whole numbers.

EHR = electronic health record. IQR = interquartile range. SGA = small for gestational age.

a
Reported in EHR problem list during pregnancy.

b
Community socioeconomic deprivation was assigned at the township, borough, or census tract level, based on 6 indicators derived from the US 

Census American Community Survey 2012 5-year estimates: combined less than high school education, not in the labor force, in poverty, on public 
assistance, civilian unemployment, and does not own a car; a higher score represents a more deprived community.

Epidemiology. Author manuscript; available in PMC 2016 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Casey et al. Page 19

Table 3

Associations of term birth weight and preterm birth and exposure to unconventional natural gas development 

(UNGD) activity

Model 1A
a

Model 2A
b

Model 1B
c

Model 2B
d

Term birth weight (g) Preterm birth

Variable Difference (95% CI) Difference (95% CI) OR (95% CI) OR (95% CI)

UNGD activity quartile N = 8839 N = 8839 N = 9848 N = 9848

 1 Reference Reference 1.0 1.0

 2 −21 (−46 to 5) −16 (−44 to 11) 1.2 (0.9-1.6) 1.3 (1.0-1.8)

 3 −9 (−35 to 16) 1 (−34 to 36) 1.3 (1.0-1.7) 1.6 (1.1-2.4)

 4 −31 (−57 to -5) −20 (−56 to 16) 1.4 (1.0-1.9) 1.9 (1.2-2.9)

Year of birth

 2009 or 2010 Reference 1.0

 2011, 2012, or 2013 12 (−15 to 39) 1.3 (1.0-1.8)

CI=confidence interval. OR = odds ratio.

a
Model 1A was adjusted for sex and gestational age of neonate; maternal characteristics: age at delivery, race/ethnicity, primary care patient status, 

smoking status, pre-pregnancy body mass index, parity, number of antibiotic orders during pregnancy, receipt of Medical Assistance, delivery 
hospital, drinking water source, distance to nearest major road, mean residential greenness during pregnancy; and community socioeconomic 
deprivation quartile.

b
Model 2A further adjusted for year of birth.

c
Model 1B was adjusted for sex of neonate; maternal characteristics: age at delivery, race/ethnicity, primary care patient status, smoking status, 

pre-pregnancy body mass index, parity, receipt of Medical Assistance, delivery hospital, drinking water source, distance to nearest major road, 
mean residential greenness during pregnancy; and community socioeconomic deprivation quartile.

d
Model 2B further adjusted for year of birth.
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Abstract

Background—Independent studies report association of autism spectrum disorder with air

pollution exposure and a functional promoter variant (rs1858830) in the MET receptor tyrosine

kinase (MET) gene. Toxicologic data find altered brain Met expression in mice after prenatal

exposure to a model air pollutant. Our objective was to investigate whether air pollution exposure

and MET rs1858830 genotype interact to alter ASD risk.

Methods—We studied 252 cases of autism spectrum disorder and 156 typically developing

controls the Childhood Autism Risk from Genetics and the Environment Study. Air pollution

exposure was assigned for local traffic-related sources and regional sources (particulate matter,

nitrogen dioxide and ozone). MET genotype was determined by direct re-sequencing.

Results—Subjects with both MET rs1858830 CC genotype and high air pollutant exposures were

at increased risk of autism spectrum disorder compared with subjects who had both the CG/GG
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genotypes and lower pollutant exposures. A statistical test of multiplicative interaction identified a

statistically significant effect between NO2 and MET CC genotype (p=0.03)

Conclusions—MET rs1858830 CC genotype and air pollutant exposure may interact to increase

autism spectrum disorder risk.

Autism and autism spectrum disorders are complex neurodevelopmental disorders

characterized by deficits in social interaction, communication, and behavioral flexibility.

The complex phenotypic presentation of these disorders suggests that multiple genetic and

environmental factors contribute to risk, and gene-environment interactions are widely

believed to underlie autism spectrum disorders. Few studies have addressed joint risk from

specific genetic susceptibility in combination with a specific environmental exposure or

class of exposures.1 In previous independent studies, we have identified (1) increased autism

spectrum disorder risk among children exposed to high levels of local near-roadway traffic-

related air pollution and regional particulate matter near the time of birth2,3; (2) increased

autism spectrum disorder risk among children with the C allele of the MET gene promoter

variant rs1858830,4,5 which is associated with decreased expression of MET protein in

brain6 and immune system7; and (3) decreased MET protein expression in brain and altered

behavior in offspring of mouse dams exposed during pregnancy to the polycyclic aromatic

hydrocarbon benzo(a)pyrene (a component of traffic-related air pollution and particulate

matter).8 Based on these independent autism spectrum disorder associations and the

biological link between benzo(a)pyrene and MET, we hypothesized that a gene-environment

interaction contributes to autism spectrum disorder risk.

In children, as in animals, prenatal polycyclic aromatic hydrocarbon exposure has been

associated with intelligence (IQ) deficits at age 5 years as well as with increased anxiety,

depression, and inattention at age 6–7.8–10 In this study we investigated the relationship of

air pollution exposure and genotype at the MET rs1858830 locus with autism spectrum

disorder.

Methods

Description of Sample

The Childhood Autism Risks From Genetics and the Environment Study is a population-

based, case-control study of preschool children from California. Participants were born in

California and lived with at least one English- or Spanish-speaking biologic parent in one of

the study catchment areas related to specific regional centers in California. Subjects were 24

to 60 months of age at the time of recruitment; additional details on study design are

provided elsewhere.11 For this analysis, cases met criteria for autism or autism spectrum

disorder based on the Autism Diagnostic Observation Schedules and the Autism Diagnostic

Interview-Revised. Typically developing controls were children who received a score of less

than 15 on the Social Communication Questionnaire and also showed no evidence of other

types of developmental delay (composite scores greater than 70 on Mullen Scales of Early

Learning and Vineland Adaptive Behavior Scales). We assigned air pollution exposure to

669 study participants based on their residential histories and available exposure databases

(as described below).3 For 63 percent of participants, parents agreed to give blood and
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consented to share biospecimens with researchers outside of the original study team. This

analysis includes 251 cases with a confirmed diagnosis of autism or autism spectrum

disorder and 156 controls with typical development.

In parental interviews we collected data on demographic characteristics, medical conditions

and environmental exposures, including residential history.11 Residential histories recorded

dates and address locations where the mother lived, beginning at conception through the

most recent place of residence, as well as any other place of residence where the child lived.

These dates and addresses were used to develop air pollution exposure metrics.3 Prenatal

and birth addresses were used to develop a weighted average of pollution exposure. In this

analysis, we focus on air pollution exposure during the prenatal period.

Air Pollution Exposure Assignment

We assigned modeled estimates of traffic-related air pollution exposure to study participants

using the CALINE4 line-source air-quality dispersion model.12 Included in the model is

information on roadway geometry, link-based traffic volumes, period-specific

meteorological conditions (wind speed and direction, atmospheric stability, and mixing

heights), and vehicle emission rates.3 CALINE4 pollutant concentration estimates are

indicators of the traffic-related air pollutant mixture rather than of a specific pollutant. We

estimated residential exposure derived from freeways, non-freeways, and all roads located

within 5 km of the home.

We also used regional air quality data to assign exposure for particulate matter less than 2.5

and less than 10 microns in diameter (PM2.5 and PM10), nitrogen dioxide, and ozone using

data from the US Environmental Protection Agency Air Quality System (www.epa.gov/ttn/

airs/airsaqs) supplemented for Southern California by the University of Southern

California’s Children’s Health Study data for 1997–2009.3 When no Federal Reference/

Equivalent Method data for particulate matter were available for a given monitoring station

in the Air Quality System, Children’s Health Study continuous particulate matter data were

used. The monthly air quality data from monitoring stations located within 50 km of each

residence were used for spatial interpolation of ambient concentrations. The spatial

interpolations were based on inverse distance-squared weighting of data from up to four

closest stations located within 50 km of each participant residence; however, if one or more

stations were located within 5 km of a residence, then only data from the stations within 5

km were used for the interpolation.

Genotyping Methods

Blood was collected from participants as part of the study protocol, with genomic DNA

extracted from peripheral blood leukocytes using standard methods (Puregene kit; Gentra

Inc). As the rs1858830 SNP falls within a highly GC-rich region, indirect genotyping

methods fail when using genomic DNA. A 652-bp fragment containing the rs1858830 SNP

was amplified from 15 ng genomic DNA with primers 5′-

GATTTCCCTCTGGGTGGTG-3′ (Forward) and 5′-CAAGCCCCATTCTAGTTTCG-3′
(Reverse). Polymerase chain reaction (PCR) analysis was performed with the KOD Xtreme

Hot Start Polymerase kit (EMD Millipore), which is designed to amplify regions with high
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GC content. Cycling conditions were: 95°C for 5 min followed by 35 cycles of 95°C for 30s,

68°C for 30s and 72 °C for 1 min. Specific amplification of the 652-bp product was

confirmed by agarose gel electrophoresis. Each PCR product was subjected to direct re-

sequencing using an ABI 3730xl using Big Dye Terminator chemistry. Genotype at the MET

rs1858830 locus was determined from the sequencing result using Sequencher software

(Gene Codes, Ann Arbor, MI, USA).

Statistical Analysis

Logistic regression models were used to estimate odds ratios (ORs) and 95% confidence

intervals (CIs) for air pollution exposure and MET genotype. We examined each pollutant

separately, categorizing children as “high exposure” if the pregnancy average exposure for

traffic related air pollution, PM2.5 or PM10, nitrogen dioxide, or ozone was in the top 25% of

the exposure distribution. Participants in the other 75% served as “low exposure” in our

analyses. These categorizations are consistent with findings identified in our previous work.3

We also explored more and less extreme exposure-cut points (eTable 1). Because previous

research demonstrated an increased risk of autism spectrum disorder due to over-

transmission of the C allele and because functional studies suggest the MET CC genotype is

associated with decreased MET expression, we compared the CC genotype to the CG and

GG genotypes in our analyses.5 Analyses were adjusted for potential confounders, including

child’s sex and ethnicity, maximum education level in the home, maternal age, home

ownership and prenatal smoking.

Results

Genotyped subjects were similar to ungenotyped subjects in autism spectrum disorder status

and air pollution exposure (eTable 1). Genotyped subjects were less likely to have a mother

who smoked during pregnancy and less likely to have high nitrogen dioxide exposure

compared with ungenotyped subjects. MET rs1858830 genotype frequencies did not vary

across cases and controls (χ2=1.40, 2df). We did not find an increased risk of autism

spectrum disorder for the MET CC genotype compared with CG/GG genotypes (crude OR=

0.9 [95%CI= 0.6–1.4]). Autism spectrum disorder was associated with exposure to the top

quartile of traffic-related air pollution (1.7 [1.0–2.7]), particulate matter less than 10 microns

in diameter (2.5 [1.6–4.3]), particulate matter less than 2.5 microns in diameter (1.9 [1.2–

3.1]), and nitrogen dioxide (1.7 [1.1–2.7]).

We then parameterized our model based on both MET genotype and air pollution exposure.

Synergistic effects were observed between MET CC genotype and local traffic-related air

pollution, regional PM10, and regional nitrogen dioxide exposure; adjusted ORs were,

respectively, 2.9 (1.0–10.6), 3.2 (1.3–9.1), and 3.6 (1.3–13), comparing the high-risk

genotype and highly exposed children to those with low exposure and without the risk

genotype (Table). Statistical tests of multiplicative interaction identified a statistically

significant effect between NO2 and MET CC genotype (p=0.03) and borderline significant

effects between local traffic-related air pollution and MET CC genotype (p=0.09). Analyses

exploring alternative cut-points found the persistence of joint effects of traffic-related air

pollution and MET CC genotype using either lower or higher cut points for defining high
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exposure (eTable 2). Joint effects of MET CC genotype with PM10 or nitrogen dioxide are

additionally present at higher cutpoints.

Discussion

Examination of joint pollution and gene effects suggest that subjects with both the MET

rs1858830 CC genotype and high air pollutant exposure were at increased risk of autism

spectrum disorder compared with subjects who had both the CG/GG genotypes and lower

air pollutant exposure. Given that the MET CC genotype had no impact in the 75% of the

population with lower air pollutant exposures, these data suggest a gene-environment

interaction for autism spectrum disorder based on MET genotype and air pollution exposure.

These results require independent replication and a more detailed understanding of the

underlying biology. However, these data add to the literature supporting a role for gene-

environment interactions in autism spectrum disorder etiology. They also point to the

contribution of common alleles for which gene-only analyses show inconsistent evidence of

a link to autism spectrum disorder.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Traffic Related Air Pollution, Particulate Matter, and Autism

Dr. Heather E. Volk, PhD, MPH, Messer. Fred Lurmann, Messer. Bryan Penfold, Dr. Irva
Hertz-Picciotto, PhD, and Dr. Rob McConnell, MD
Department of Preventive Medicine, Pediatrics, Zilkha Neurogenetic Institute, Keck School of
Medicine, Children’s Hospital Los Angeles, University of Southern California (Dr. Volk),
Department of Public Health Sciences, University of California (Dr. Hertz-Picciotto), Sonoma
Technology, Inc., (Messers Lurmann and Penfold), Department of Preventive Medicine, Keck
School of Medicine, University of Southern California (Dr. McConnell)

Abstract

Context—Autism is a heterogeneous disorder with genetic and environmental factors likely

contributing to its origins. Examination of hazardous pollutants has suggested the importance of

air toxics in autism etiology, yet little research has examined local level air pollution associations

using residence-specific exposure assignments.

Objective—To examine the relationship between traffic-related air pollution (TRP), air quality,

and autism.

Design, Setting and Population—This study includes data on 279 autism cases and 245

typically developing controls enrolled in the Childhood Autism Risks from Genetics and the

Environment (CHARGE) Study in California. The mother’s address from the birth certificate and

addresses reported from a residential history questionnaire were used to estimate exposure for

each trimester of pregnancy and first year of life. TRP was assigned to each location using a line-

source air-quality dispersion model. Regional air pollutant measures were based on the

Environmental Protection Agency’s Air Quality System data. Logistic regression models
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compared estimated and measured pollutant levels for autism cases and typically developing

controls.

Main Outcome Measures—Crude and multivariable-adjusted odds ratios (OR) for autism.

Results—Cases were more likely to live at residences in the highest quartile TRP exposure

during pregnancy (OR=1.98, 95%CI 1.20–3.31) and the first year of life (OR=3.10, 1.76–5.57)

compared to controls. Regional exposure measures of nitrogen dioxide (NO2) and particulate

matter less than 2.5 and 10 microns in diameter (PM2.5 and PM10) were also associated with

autism during gestation (NO2 OR=1.81/2SD, 95%CI 1.37–3.09; PM2.5 OR=2.08/2SD, 95%CI

1.93–2.25; PM10 OR=2.17/2SD, 95%CI 1.49–3.16) and the first year of life (NO2 OR=2.06,

95%CI 1.37–3.09; PM2.5 OR=2.12, 95%CI 1.45–3.10; PM10 OR=2.14, 95%CI 1.46–3.12).

Conclusions—Exposure to TRP, NO2, PM2.5, and PM10 during pregnancy and the first year of

life was associated with autism. Further epidemiological and toxicological examination of likely

biological pathways will help determine whether these associations are causal.

Introduction

Autism spectrum disorders (ASDs) are a group of developmental disorders commonly

characterized by problems in communication, social interaction, and repetitive behaviors or

restricted interests.1 While the severity of impairment for the ASDs varies across the

spectrum (full syndrome autism being the most severe), the incidence rate of all ASDs is

now reported to be as high as 1 in 110 children.2 Emerging evidence suggests environment

plays a role in autism, yet at this stage, only limited information is available as to what

exposures are relevant, their mechanisms of action, stages of development in which they act,

and then how to develop effective preventive measures.

Recently, air pollution has been examined as a potential risk factor for autism. Using the

Environmental Protection Agency’s (EPA) dispersion model-estimates of ambient

concentrations of Hazardous Air Pollutants (HAPs), Windham and colleagues identified an

increased autism risk based on exposure to diesel exhaust particles, metals (mercury,

cadmium and nickel) and chlorinated solvents in Northern California census tracts.3

Additional research using dispersion model-estimates of HAPs also reported associations

between autism and air toxics at the birth residence of children from North Carolina and

West Virginia.4 These epidemiologic findings on autism are supported by additional

research describing other physical and developmental effects of air pollution due to prenatal

and early life exposure. For example, high levels of air pollutants have been associated with

poor birth outcomes, immunologic changes, and decreased cognitive abilities.5,6

Recently, we reported an association between autism risk and early life residence within 309

meters of a freeway in the Childhood Autism Risks from Genetics and the Environment

(CHARGE) study.7 The near source traffic-related air pollutant (TRP) mixture has large

spatial variation, returning to near background daytime levels beyond this distance.8,9 Here

we report associations of autism with estimates of exposure to the mixture of TRP and with

regional measures of nitrogen dioxide (NO2), particulate matter < 2.5 μm aerodynamic

diameter (PM2.5), and particulate matter < 10 μm aerodynamic diameter (PM10) in the

CHARGE sample.
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Methods

The CHARGE study is a population-based case-control study of preschool children. The

study design is described in detail elsewhere.10 Briefly, CHARGE subjects were between

the ages of 24 and 60 months at the time of recruitment, lived with at least one English- or

Spanish-speaking biologic parent, were born in California, and lived in one of the study

catchment areas. Recruitment was facilitated by the California Department of

Developmental Services (DDS), the Regional Centers with which they contract to

coordinate services for persons with developmental disabilities, and referrals from the

M.I.N.D. Institute clinic at the University of California, Davis (UCD) and from other

research studies. Population-based controls were recruited from the sampling frame of birth

files from the state of California, and were frequency matched by gender, age, and broad

geographic area to the autism cases.

Each participating family was evaluated in person. Children with a previous diagnosis of

autism were evaluated using the Autism Diagnostic Observation Schedules (ADOS) and

parents were administered the Autism Diagnostic Interview-Revised (ADI-R).11,12 Children

with diagnosed developmental delay and general population controls were given the Social

Communication Questionnaire (SCQ) to screen for the presence of autistic features.13 If the

SCQ score was 15 or greater, the child was then given the ADOS and the parent the ADI-R.

In our study, autism cases were children with a diagnosis of full syndrome autism from both

the ADOS and the ADI-R. All children were also assessed using the Mullen Scales of Early

Learning (MSEL) and the Vineland Adaptive Behavior Scales (VABS) to collect

information on motor skills, language, socialization, and daily living skills.14,15 Controls

were children sampled from the general population set who received a score less than 15 on

the SCQ and who also showed no evidence of other types of delay (cognitive or adaptive).

Parents were interviewed to obtain demographic and medical information, and, among other

factors, residential histories. Race/ethnicity data were collected by self-report in categories

defined by the US Census (Table 1). The residential data captured addresses and

corresponding dates the mother and child lived at each location beginning 3 months before

conception and extending to the most recent place of residence. Further details about the

collection of clinical and exposure data have been previously reported.10

To obtain model-based estimates of TRP exposure, we applied the CALINE4 line-source

air-quality dispersion model.16 The dispersion model was used to estimate average

concentrations for the specific locations and time periods (trimesters of gestation and first

year of life) for each subject. The principal model inputs are roadway geometry, link-based

traffic volumes, period-specific meteorological conditions (wind speed and direction,

atmospheric stability, and mixing heights), and vehicle emission rates. Detailed roadway

geometry data and annual average daily traffic counts were obtained from Tele Atlas/

Geographic Data Technology (GDT) in 2005. These data represent an integration of state-,

county-, and city-level traffic counts collected between 1995 and 2000. Because our period

of interest was 1997 to 2008, the counts were scaled to represent individual years based on

estimated growth in county average vehicle-miles-traveled (VMT) data.17 Traffic counts

were assigned to roadways based on location and street names. Traffic volumes on roadways
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without count data (mostly small roads) were estimated based on median volumes for

similar class roads in small geographic regions. Meteorological data from 56 local

monitoring stations were matched to the dates and locations of interest. Vehicle fleet

average emission factors were based on the California Air Resource Board’s EMFAC2007

(version 2.3) model. Annual average emission factors were calculated by year (1997–2008)

for travel on freeways (65 mph), state highways (50 mph), arterials (35 mph), and collectors

(30 mph). We used the CALINE4 model to estimate locally varying ambient concentrations

of nitrogen oxides (NOx) contributed by freeways, non-freeways, and all roads located

within 5 km of each child’s home. Previously, we have used the CALINE4 model to

estimate concentrations of other traffic-related pollutants, including elemental carbon and

carbon monoxide; and found that they were almost perfectly correlated (around 0.99) with

estimates for nitrogen oxides. Thus, our model-based concentrations should be viewed as an

indicator of the TRP mixture rather than any pollutant specifically.

A second approach was to use the regional air quality data for the exposure assignments for

PM2.5, PM10, ozone (O3) and NO2. These were derived from the US EPA’s Air Quality

System (AQS) data (www.epa.gov/ttn/airs/airsaqs) supplemented by USC’s Children’s

Health Study (CHS) data for 1997–2009.18 CHS continuous PM data were used for a given

monitoring station when no Federal Reference/Equivalent Method data for PM were

available from AQS. The monthly air quality data from monitoring stations located within

50 km of each residence were made available for spatial interpolation of ambient

concentrations. The spatial interpolations were based on inverse distance-squared weighting

(IDW2) of data from up to four closest stations located within 50 km of each participant

residence; however, if one or more stations were located within 5 km of a residence then

only data from the stations within 5 km were used for the interpolation. Because special

studies have shown large offshore to onshore pollutant gradients along the southern

California coast, the interpolations were carried out with pseudo-stations, or theoretical

locations used for estimating pollution gradients from extant data when geography did not

permit observed data, located ~ 20–40 km offshore that had background concentrations

based on long-term measurements (1994–2003) at clean coastal locations (i.e., Lompoc,

CA).

Periods and locations relevant to the modeled traffic exposure were identified based on dates

and addresses recorded on the birth certificate and from the residential history questionnaire.

The birth certificate addresses corresponded to the mother’s residence at the time of child’s

birth while the residential history captures both mother’s residences during pregnancy

(required for estimation of prenatal exposure) and child’s residences after birth through the

time of study enrollment. We determined the conception date for each child using

gestational age from ultrasound measurements or the date of last menstrual period, as

determined from prenatal records. We used these locations and dates to estimate exposure

for the first year of life, the entire pregnancy period, and each trimester of pregnancy. When

more than 1 address fell into a time interval, we created a weighted average to reflect the

exposure level of the participant across the time of interest taking into account changes in

residence. TRP was determined based on the required inputs reflecting change in each

address over the study period. For the regional pollutant measures, we assigned PM2.5,

PM10, and NO2 measurements based on average concentrations for the time period of
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interest. For O3, we calculated the averages for the period of interest based on the 1000–

1800 hours (reflecting the high 8 hour daytime) average. Based on these methods, we were

able to assign TRP estimates and regional pollutant measures for 524 mother-child pairs.

Spearman correlations were calculated pairwise between TRP estimates and regional

pollution measures for pregnancy and the first year of life to assess independence of these

exposure metrics. We used logistic regression to examine the association between exposure

to traffic-related air pollution and autism risk. Models of autism risk as a function of TRP

exposure levels from all road types were fitted separately for each time period. Categories of

exposure were formed based on quartiles of the TRP distribution for all pregnancy as this

provided the most comprehensive data for each child. Levels of regional pollutants were

examined as continuous variables and effect estimates scaled to twice the standard deviation

of the distribution for the all pregnancy estimates. When levels of correlation permitted, we

examined both TRP and regional pollutants in a single model. Pertinent covariates were

included in each model to adjust for potential confounding due to socio-demographic and

lifestyle characteristics. We included children’s gender and ethnicity, maximum education

level of the parents, maternal age, and maternal smoking during pregnancy as described

previously.7 To examine if our findings were affected by living in an urban or rural area, we

included population density obtained from Environmental Systems Research Institute Inc.’s

2008 estimates of people per square meter (p/m2) using ArcGIS software (version 9.2). We

used the United States Census Bureau cut off of 2,500 p/m2 to categorize population density

into urban vs. rural areas and included this variable as a covariate in analysis of air pollution

effects from the first year of life since these residences were the most recent recorded.

We also fitted logistic additive models to evaluate the relationship between autism and TRP.

These models used the smoothing spline with three degrees of freedom for continuous TRP

and used the same adjustment variables as in the linear logistic models described above.

Statistical tests were conducted using an alpha level of 0.05 and 95% confidence limits were

used to measure precision. All analyses were conducted using the R package version 2.9.2

(www.r-project.org). Institutional review boards of the University of Southern California

and UCD approved the research.

Results

Children in this study were predominantly male (84%) and most were non-Hispanic

Caucasian (50%) or Hispanic (30%). No differences were found between cases and controls

for any demographic, socioeconomic, or lifestyle variables we examined (eTable 1). Details

regarding the exposure distributions are presented in eFigures 1a and 1b. Spearman

correlations calculated for the first year of life and pregnancy time periods are presented in

Table 1. During pregnancy and the first year TRP was moderately correlated with PM2.5 and

PM10, highly correlated with NO2, but inversely correlated with O3. Among the regional

pollutant measures, PM2.5 and PM10 were nearly perfectly correlated and both were highly

correlated with NO2. Correlations with O3 were low and often negative, demonstrating an

inverse relationship. We also examined correlations of each pollutant across time periods

and high correlations were identified.
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Traffic Related Air Pollution Exposure

Increased autism risk was associated with exposure to traffic related air pollution during the

first year of life. Children residing in homes with the highest levels of modeled TRP were

three times as likely to have autism compared to children with the lowest exposure (Table

2). Exposure in the middle quartile groups (2nd and 3rd) was not associated with an increased

risk of autism. In our analysis including population density, this association with the highest

quartile of exposure was still evident (OR=3.48, 95%CI 1.81–6.83) and living in an urban

area, compared to rural, was not associated with autism (OR=0.86, 95%CI 0.56–1.31).

When we examined TRP exposures during pregnancy, the highest quartile was also

associated with autism risk (OR=1.98, 95%CI 1.20–3.31) compared to the lowest quartile.

We further divided the pregnancy into three trimesters and modeled TRP based on these

intervals. During all three trimesters of pregnancy, we found associations with the highest

quartile of exposure (≥31.8 ppb), compared to the lowest quartile (≤9.7 ppb), and autism

(Table 2). Inclusion of demographic and socioeconomic variables in the models did not

greatly alter these associations (Table 2).

Since our quartile-based categories indicated that there is a threshold upon which TRP

exposure is detrimental, we also examined the relationship of TRP exposure and autism

using smoothed models for the first year of life and all of pregnancy. An increasing

probability of autism was seen with increasing TRP estimates, with the odds reaching a

plateau when TRP estimates were above 25–30 ppb (Figure 1).

Regional Air Pollutant Exposure

Higher levels of exposure to PM2.5, PM10, and NO2 based on the EPA’s regional air quality

monitoring program were associated with increased risk of autism (Table 3). Specifically for

an 8.7 unit increase (μg/m3) in PM2.5 (corresponding to twice the standard deviation of the

PM2.5 distribution) exposure during the first year of life, children were 2.12 times more

likely to have autism. Increases were also present for pregnancy and trimester-specific

estimates of PM2.5 with the smallest effects present in the first trimester. For PM10, a 14.6

unit increase (μg/m3) during the first year was associated with twice the risk of autism

(Table 3). Associations were present for pregnancy and each trimester with the first

trimester having the smallest magnitude. We did not find associations between levels of

regional O3 and autism. Regional NO2 exposure during the first year was associated with a

two-fold autism risk. Similar effects were identified for NO2 exposure during pregnancy.

While exposure during each of the three trimesters was associated with autism, effects of the

first trimester were the smallest. For all regional pollutant measures, adjustment for

demographic and socioeconomic variables did not alter the associations. As with TRP, when

we included population density in the models including exposure during the first year of life

associations with PM2.5, PM10, and NO2 did not change, nor did they change when living in

an urban area vs. a rural area was included (data not shown).

TRP, PM2.5, and PM10

Because pairwise correlations between TRP and PM2.5 and TRP and PM10 were moderate,

we included both in models to examine if local pollution estimates (TRP) and regional

pollution measures (PM2.5 and PM10) were independently associated with autism. In these
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analyses, we included the same set of covariates described above in the single pollutant

analysis. When examined in the same model, both the top quartile of TRP (OR=2.37, 95%CI

1.28–4.45) and PM2.5 (OR=1.58/2SD, 95%CI 1.03–2.42) exposure during the first year of

life remained associated with autism. Examining both TRP and PM10, we found that the top

quartile of TRP (OR=2.36, 95%CI 1.28–4.43) and PM10 (OR=1.61, 95%CI 1.06–2.47)

remained associated with autism. For all pregnancy, we found that both the top quartile of

TRP (OR=2.42, 95%CI 1.32–4.50) and PM2.5 (OR=1.60, 95%CI 1.07–2.40) were associated

with autism when examined in the same model. Similarly, both the top quartile of TRP

(OR=2.33, 95%CI 1.27–4.36) and PM10 (OR=1.68, 95%CI 1.11–2.53) remained associated

with autism when examined jointly.

Discussion

This study found that local estimates of TRP and regional measures of PM2.5, PM10, and

NO2 at residences were higher in children with autism. The magnitude of these associations

appear to be most pronounced during late gestation and early life, though it was not possible

to adequately distinguish a period critical to exposure. Children with autism were three

times as likely to have been exposed during the first year of life to higher modeled traffic-

related air pollution as compared with typically developing controls. Similarly, exposure to

TRP during pregnancy was also associated with autism. Examination of TRP using an

additive logistic model demonstrated a potential threshold near 25–30ppb beyond which the

probability of autism did not increase. Exposure to high levels of regional PM2.5, PM10, and

NO2 were also associated with autism. When we examined PM2.5 or PM10 exposure jointly

with TRP, both regional and local pollutants remained associated with autism though the

magnitude of effects decreased.

We previously reported an association between living near a freeway, based on the location

of the birth and third trimester address, and autism.7 That result relied on simple distance

metrics as a proxy for exposure to traffic related air pollution. The present study builds on

that result, demonstrating associations with both regional particulate and NO2 exposure and

to dispersion-modeled exposure to the near-roadway traffic mixture accounting for traffic

volume, fleet emission factors and wind speed and direction, in addition to traffic proximity.

The results provide more convincing evidence that exposure to local air pollution from

traffic may increase risk of autism. Demographic or socio-economic factors did not explain

these associations.

Toxicological and genetic research suggests possible biologically plausible pathways to

explain these results. Concentrations of many air pollutants, including diesel exhaust

particles (DEP) and other PM constituents, are increased near freeways and other major

roads, and DEP and the polycyclic aromatic hydrocarbons (PAHs) commonly present in

DEP affect brain function and activity in toxicological studies. 19–23 PAHs have been shown

to reduce expression of the MET receptor tyrosine kinase gene, which is important in early

life neurodevelopment and is markedly reduced in autistic brains.24,25 Other research

indicates that TRPs induce inflammation and oxidative stress after both short term and long

term exposures, processes which mediate effects of air pollution on respiratory and

cardiovascular disease and other neurological outcomes.26–29 Data examining biomarkers
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suggests that oxidative stress and inflammation may also be involved in the pathogenesis of

autism.30–33

Emerging evidence suggests that systemic inflammation may also result in damage to

endothelial cells in the brain and compromise the blood-brain barrier.29 Systemic

inflammatory mediators may cross the blood-brain barrier, activating brain microglia, and

peripheral monocytes may migrate into the pool of microglia.34–36 In addition, ultrafine

particles (PM0.1) may penetrate cellular membranes.37,38 These particles translocate

indirectly through the lungs and from the systemic circulation or directly via the nasal

mucosa and the olfactory bulb into the brain.39,40 Toxicity may be mediated by physical

properties of PM, or by the diverse mixture of organic compounds, including PAHs, and

oxidant metals adsorbed to the surface.29 Neurodevelopmental effects of PAHs may be

mediated by aryl hydrocarbon hydroxylase induction in placenta, decreased exchange of

oxygen secondary to disruption of placental growth factor receptors, endocrine disruption,

activation of apoptotic pathways, inhibition of the brain antioxidant-scavenging system

resulting in oxidative stress, or epigenetic effects.21

This study draws on a rich record of residential locations of typically developing children

and children with autism across California, allowing us to assign modeled pollutant

exposures for developmentally relevant time points. However, our results could also be

affected by unmeasured confounding factors associated with both autism and traffic related

air pollution exposure. While we did not find that including demographic or socio-economic

variables altered our estimates of effect, confounding by other factors could still occur.

These might include lifestyle, nutritional, or other residential exposures, if they were

associated with TRP or PM. We have also not explored indoor sources of pollution, such as

indoor NO or second-hand tobacco smoke, though prenatal smoking was examined and did

not influence the associations of ambient pollution with autism. Additionally, confounding

could have occurred if proximity to diagnosing physicians or treatment centers were also

associated with exposure. We included population density as an adjustment in an analysis

using estimates from the first year of life to examine the sensitivity of our results to urban or

rural locations, for which population density is a surrogate. We did not find that living in a

more densely populated area altered the association between autism risk and TRP or

regional pollutants. Despite our attempts to use a residential history to examine specific time

windows of vulnerability, incorporation of meteorology into our TRP models, and inclusion

of pollutants with seasonal variation, we are currently unable to disentangle effects

trimester-specific effects or during the first year of life because of the high correlation across

these time periods.

Exposure to TRP, PM, and NO2 were associated with increased autism risk. These effects

were observed from measures of air pollution with variation on both local and regional

levels suggesting the need for further study to understand both individual pollutant

contributions and the effects of pollutant mixtures on disease. Research on pollutant

exposure effects and their interaction with susceptibility factors may lead to identification of

biologic pathways activated in autism and improved prevention and therapeutic strategies.

While additional research and replication of these findings is needed, the public health

Volk et al. Page 8

JAMA Psychiatry. Author manuscript; available in PMC 2014 May 13.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



implications of these findings are large because air pollution exposure is common and may

have lasting neurological effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Probability of autism by increasing level of traffic related air pollution (TRP) exposure for

the first year of life and pregnancy. Dotted lines indicate 95% confidence interval.
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Table 2

Odds ratios (OR) and 95% confidence intervals for autism, by quartile** of modeled traffic related air

pollution (TRP) exposure from all road types (N=524).

4th quartile 3rd quartile 2nd quartile

First Year of Life Crude 2.97 (1.71–5.27) 1.00 (0.63–1.60) 0.88 (0.55–1.42)

Adjusted* 3.10 (1.76–5.57) 1.00 (0.62–1.62) 0.91 (0.56–1.47)

All Pregnancy Crude 1.99 (1.22–3.28) 1.10 (0.67–1.78) 1.20 (0.74–1.95)

Adjusted* 1.98 (1.20–3.31) 1.09 (0.67–1.79) 1.26 (0.77–2.06)

First Trimester Crude 1.91 (1.67–3.14) 1.28 (0.80–2.06) 1.28 (0.77–2.14)

Adjusted* 1.85 (1.11–3.08) 1.28 (0.79–2.08) 1.28 (0.77–2.15)

Second Trimester Crude 1.69 (1.04–2.78) 1.15 (0.71–1.87) 0.89 (0.54–1.47)

Adjusted* 1.65 (1.00–2.74) 1.13 (0.69–1.84) 0.90 (0.54–1.49)

Third Trimester Crude 2.04 (1.25–3.38) 0.92 (0.57–1.48) 1.12 (0.68–1.84)

Adjusted* 2.10 (1.27–3.51) 0.91 (0.56–1.46) 1.17 (0.71–1.93)

*
Model adjusted for child male gender, child ethnicity (Hispanic vs. White, Black/Asian/Other vs. White), maximum education of parents (parent

with highest of four levels: college degree or higher vs. some high school, high school degree, or some college education), maternal age ( >35 years
vs. ≤ 35years), and prenatal smoking (self report of ever vs. never smoked while pregnant).

**
Quartile cut points correspond to TRP levels of 31.8 ppb or greater (4th quartile), 16.9–31.8 ppb (3rd quartile), and 9.7–16.9 ppb (2nd quartile),

compared to 9.7 ppb or less (1st quartile, reference group).

JAMA Psychiatry. Author manuscript; available in PMC 2014 May 13.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Volk et al. Page 15

T
ab

le
 3

O
dd

s 
ra

tio
s 

(O
R

) 
an

d 
95

%
 c

on
fi

de
nc

e 
in

te
rv

al
s 

fo
r 

au
tis

m
 b

as
ed

 o
n 

co
nt

in
uo

us
 r

eg
io

na
l p

ol
lu

ta
nt

 e
xp

os
ur

e 
(N

=
52

4)
**

.

R
eg

io
na

l P
ol

lu
ta

nt

P
M

2.
5

P
M

10
O

3
N

it
ro

ge
n 

D
io

xi
de

F
ir

st
 Y

ea
r

C
ru

de
2.

14
 (

1.
48

–3
.0

9)
2.

14
 (

1.
47

–3
.1

0)
1.

15
 (

0.
72

–1
.8

4)
2.

06
 (

1.
39

–3
.0

6)

A
dj

us
te

d*
2.

12
 (

1.
45

–3
.1

0)
2.

14
 (

1.
46

–3
.1

2)
1.

15
 (

0.
72

–1
.8

6)
2.

06
 (

1.
37

–3
.0

9)

A
ll 

P
re

gn
an

cy
C

ru
de

2.
11

 (
1.

46
–3

.0
3)

2.
17

 (
1.

50
–3

.1
3)

1.
08

 (
0.

76
–1

.5
2)

1.
82

 (
1.

26
–2

.6
4)

A
dj

us
te

d*
2.

08
 (

1.
93

–2
.2

5)
2.

17
 (

1.
49

–3
.1

6)
1.

09
 (

0.
76

–1
.5

5)
1.

81
 (

1.
23

–2
.6

5)

F
ir

st
 T

ri
m

es
te

r
C

ru
de

1.
24

 (
0.

99
–1

.5
6)

1.
47

 (
1.

10
–1

.9
8)

1.
07

 (
0.

86
–1

.3
3)

1.
47

 (
1.

07
–2

.0
1)

A
dj

us
te

d*
1.

22
 (

0.
96

–1
.5

3)
1.

44
 (

1.
07

–1
.9

6)
1.

08
 (

0.
86

–1
.3

5)
1.

44
 (

1.
05

–1
.2

0)

Se
co

nd
 T

ri
m

es
te

r
C

ru
de

1.
50

 (
1.

16
–1

.9
3)

1.
82

 (
1.

35
–2

.4
5)

1.
03

 (
0.

84
–1

.2
7)

1.
62

 (
1.

17
–2

.2
5)

A
dj

us
te

d*
1.

48
 (

1.
40

–1
.5

7)
1.

83
 (

1.
35

–2
.4

7)
1.

04
 (

0.
84

–1
.2

9)
1.

61
 (

1.
15

–2
.2

5)

T
hi

rd
 T

ri
m

es
te

r
C

ru
de

1.
39

 (
1.

11
–1

.7
5)

1.
61

 (
1.

21
–2

.1
3)

1.
03

 (
0.

84
–1

.2
7)

1.
65

 (
1.

19
–2

.2
7)

A
dj

us
te

d*
1.

40
 (

1.
11

–1
.7

7)
1.

61
 (

1.
20

–2
.1

4)
1.

03
 (

0.
83

–1
.2

6)
1.

64
 (

1.
18

–2
.2

9)

* PM
2.

5 
=

 p
ar

tic
ul

at
e 

m
at

te
r 

<
 2

.5
μm

 a
er

od
yn

am
ic

 d
ia

m
et

er
, P

M
10

 =
 p

ar
tic

ul
at

e 
m

at
te

r 
<

 1
0μ

m
 a

er
od

yn
am

ic
 d

ia
m

et
er

. M
od

el
s 

ad
ju

st
ed

 f
or

 c
hi

ld
 m

al
e 

ge
nd

er
, c

hi
ld

 e
th

ni
ci

ty
 (

H
is

pa
ni

c 
vs

. W
hi

te
, B

la
ck

/

A
si

an
/O

th
er

 v
s.

 W
hi

te
),

 m
ax

im
um

 e
du

ca
tio

n 
of

 p
ar

en
ts

 (
pa

re
nt

 w
ith

 h
ig

he
st

 o
f 

fo
ur

 le
ve

ls
: c

ol
le

ge
 d

eg
re

e 
or

 h
ig

he
r 

vs
. s

om
e 

hi
gh

 s
ch

oo
l, 

hi
gh

 s
ch

oo
l d

eg
re

e,
 o

r 
so

m
e 

co
lle

ge
 e

du
ca

tio
n)

, m
at

er
na

l a
ge

 (
 >

35
ye

ar
s 

vs
. ≤

 3
5y

ea
rs

),
 a

nd
 p

re
na

ta
l s

m
ok

in
g 

(s
el

f 
re

po
rt

 o
f 

ev
er

 v
s.

 n
ev

er
 s

m
ok

ed
 w

hi
le

 p
re

gn
an

t)
.

**
R

eg
io

na
l p

ol
lu

tio
n 

ef
fe

ct
s 

re
fl

ec
t r

is
k 

of
 a

ut
is

m
 b

as
ed

 o
n 

2 
st

an
da

rd
 d

ev
ia

tio
ns

 f
ro

m
 th

e 
m

ea
n 

va
lu

e,
 s

pe
ci

fi
ca

lly
 p

er
 in

cr
ea

se
 o

f 
8.

7 
μg

/m
3  

PM
2.

5,
 1

4.
6 

μg
/m

3  
PM

10
, 1

4.
1 

pp
b 

N
itr

og
en

 D
io

xi
de

, a
nd

16
.1

 p
pb

 O
zo

ne
.

JAMA Psychiatry. Author manuscript; available in PMC 2014 May 13.



Asthma Exacerbations and Unconventional Natural Gas 
Development in the Marcellus Shale

Sara G. Rasmussen, MHS1, Elizabeth L. Ogburn, PhD2, Meredith McCormack, MD3, Joan A. 
Casey, PhD4, Karen Bandeen-Roche, PhD2, Dione G. Mercer, BS5, and Brian S. Schwartz, 
MD,MS1,3,5

1Department of Environmental Health Sciences, Johns Hopkins Bloomberg School of Public 
Health, Baltimore, Maryland, USA

2Department of Biostatistics, Johns Hopkins Bloomberg School of Public Health, Baltimore, 
Maryland, USA

3Department of Medicine, Johns Hopkins School of Medicine, Baltimore, Maryland, USA

4Robert Wood Johnson Foundation Health and Society Scholars Program, UC San Francisco and 
UC Berkeley, California, USA

5Center for Health Research, Geisinger Health System, Danville, Pennsylvania, USA

Abstract

Importance—Asthma is common and can be exacerbated by air pollution and stress. 

Unconventional natural gas development (UNGD) has community and environmental impacts. In 

Pennsylvania, development began in 2005 and by 2012, 6,253 wells were drilled. There are no 

prior studies of UNGD and objective respiratory outcomes.

Objective—To evaluate associations between UNGD and asthma exacerbations.

Design—A nested case-control study comparing asthma patients with exacerbations to asthma 

patients without exacerbations from 2005–12.

Setting—The Geisinger Clinic, which provides primary care services to over 400,000 patients in 

Pennsylvania.

Participants—Asthma patients aged 5–90 years (n = 35,508) were identified in electronic health 

records; those with exacerbations were frequency-matched on age, sex, and year of event to those 

without.
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Exposure(s)—On the day before each patient’s index date (cases: date of event or medication 

order; controls: contact date), we estimated UNGD activity metrics for four phases (pad 

preparation, drilling, stimulation [“fracking”], and production) using distance from the patient’s 

home to the well, well characteristics, and the dates and durations of phases.

Main Outcome(s) and Measure(s)—We identified mild, moderate, and severe asthma 

exacerbations (new oral corticosteroid medication order, emergency department encounter, and 

hospitalization, respectively).

Results—We identified 20,749 mild, 1,870 moderate, and 4,782 severe asthma exacerbations, 

and frequency-matched these to 18,693, 9,350, and 14,104 control index dates, respectively. In 

three-level adjusted models, there was an association between the highest group of the activity 

metric for each UNGD phase compared to the lowest group for 11 out of 12 UNGD-outcome pairs 

(odds ratios [95% CI] ranged from 1.5 [1.2–1.7] for the association of the pad metric with severe 

exacerbations to 4.4 [3.8–5.2] for the association of the production metric with mild 

exacerbations). Six of the 12 UNGD-outcome associations had increasing odds ratios across 

quartiles. Our findings were robust to increasing levels of covariate control and in sensitivity 

analyses that included evaluation of some possible sources of unmeasured confounding.

Conclusions and Relevance—Residential UNGD activity metrics were statistically 

associated with increased odds of mild, moderate, and severe asthma exacerbations. Whether these 

associations are causal awaits further investigation, including more detailed exposure assessment.

INTRODUCTION

Asthma is a common, chronic disease – in 2010, 25.7 million people in the United States 

had asthma, a prevalence of 8.4%.1 Asthma is characterized by variable and recurring 

symptoms (including cough, wheezing, shortness of breath, and chest tightness), reversible 

airflow obstruction, bronchial hyper-responsiveness, and underlying inflammation.2,3 In 

2009, there were 11.8 million outpatient visits, 2.1 million emergency department visits, and 

479,300 hospitalizations for asthma in the US.1

Outdoor air pollution is a recognized cause of asthma exacerbations. A large body of 

literature links asthma exacerbations to exposure to air pollutants, including ozone, 

particulate matter, nitrogen dioxide, and sulfur dioxide,2,4 and exposure to even low levels of 

these pollutants has been associated with asthma hospitalizations, emergency department 

visits, and rescue medication use, with latency between 0 and 5 days.5–11 Stress at the 

individual and community levels is also associated with asthma exacerbations.12 

Psychosocial stress can modify the effects of environmental triggers13 and is associated with 

worse asthma control and medication aderence.14

Unconventional natural gas development (UNGD) has recently become a major energy 

source domestically and worldwide. Pennsylvania has proceeded with UNGD rapidly – 

between the mid-2000s and 2012, 6,253 wells were drilled. In contrast, New York and 

Maryland, also in the Marcellus shale, have not developed.15,16 Despite calls for research on 

the health effects of the industry, there are few published studies of public health impacts of 

UNGD.17,18
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The first step of UNGD is well pad preparation, lasting about 30 days, during which 3–5 

acres are cleared and materials are brought to the site.19 Drilling begins on the spud date and 

typically lasts up to a month as a well is drilled vertically 2,000–3,000 meters and 

horizontally 600–3,000 meters.19 After drilling is completed, the horizontal portion is 

perforated. Stimulation, also called hydraulic fracturing or “fracking,” follows, lasts around 

a week, and requires 11–19 million liters of water, sand, and chemical additives (e.g., 

friction reducers, biocides, gelling agents).19,20 Development to this point requires over 

1,000 truck trips per well.19 After stimulation, gas production begins. The Pennsylvania 

Department of Environmental Protection (PA DEP) requires companies to submit 

documentation at most of these stages of well development.21

UNGD has been associated with air quality and community social impacts.22–29 

Psychosocial stress,12 exposure to air pollution4,30 including truck traffic,31 sleep 

disruption,32,33 and reduced socioeconomic status34 are all biologically plausible pathways 

for UNGD to affect asthma exacerbations. To date, there have been no epidemiologic studies 

of UNGD and objective respiratory outcomes. Respiratory outcomes are appropriate 

outcomes to assess potential health impacts of UNGD because these have clear links to air 

pollution and stress; have short latency between exposure and health effects; are common in 

the general population; and prompt patients to seek care so are captured by health system 

data. Using electronic health record (EHR) data from the Geisinger Clinic, located in over 

35 counties in Pennsylvania, including many with active UNGD, we conducted a nested 

case-control study of the association between four UNGD activity metrics and asthma 

exacerbations.

METHODS

Study Population

We identified asthma patients from the Geisinger Clinic population, which is representative 

of the general population in the region.35 We included Pennsylvania and New York patients 

and excluded patients with cystic fibrosis (277.0x); chronic pulmonary heart disease (416.x); 

paralysis of vocal cords or larynx (478.3x); bronchiectasis (494.xx); and pneumoconiosis 

(500.xx-508.xx) using International Classification of Diseases, 9th Revision, Clinical 
Modification (ICD-9) codes. We required patients to have at least two encounters or 

medication orders with ICD-9 codes for asthma on different days.36 Patients were geocoded 

using previously published methods,37 88.9% to home address, 2.6% to ZIP+4, and 8.5% to 

ZIP code centroid. Inclusion criteria also included contact with Geisinger from 2005–2012 

while between the ages 5–90 years and recorded information on sex (n=35,508). The study 

was approved by the Geisinger Institutional Review Board (with an IRB authorization 

agreement with Johns Hopkins Bloomberg School of Public Health). Patients did not receive 

a stipend and informed consent was obtained through a waiver of HIPAA authorization.

Outcome Ascertainment

We identified new oral corticosteroid (OCS) medication orders, asthma emergency 

department encounters, and asthma hospitalizations, termed mild, moderate, and severe 

exacerbations, respectively. For patients with more than one exacerbation of a given type 
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within a calendar year, we randomly selected one event. For mild exacerbations, we 

distinguished new OCS medication orders from 2008–2012 for an asthma exacerbation from 

standing orders or OCS ordered for other diseases (Figure 1). The medication order date was 

considered the index date. OCS orders from before 2008 were excluded because these were 

not consistently captured before then. For moderate and severe exacerbations, we identified 

all emergency and hospitalization encounters from 2005–12. Primary or secondary 

diagnoses were for asthma (493.x) were used to identify emergency or hospitalization 

encounters. Patients who had multiple emergency or hospitalization encounters within 72 

hours were considered to have a single event. Emergency and hospitalizations encounters 

within 72 hours were identified as a single hospitalization. The first encounter or admission 

date of each group of combined encounters was the index date. For patients with more than 

one type of exacerbation within a week, we retained only the higher category.

Controls and Matching

We identified controls from asthma patients under observation by the health system, so that 

if the patient were to have an exacerbation, it would be captured by the EHR. All patient 

contact dates were identified (e.g., encounter, order, test). Because many of the covariates 

and the UNGD metrics were time-varying, we needed a single date on which to assign these 

variables. Therefore, for controls, we randomly selected one contact date per year per 

patient. A case was always eligible to be a control for a less severe event; or for an event of 

equal or greater severity until the year of the case’s event. We frequency-matched cases to 

controls on age category (5–12, 13–18, 19–44, 45–61, 62–74, 75+ years), sex (male, 

female), and year of encounter.

Covariates

We created time-varying covariates (age, season of event, smoking status, overweight and 

obesity, Medical Assistance [as a measure of low family socioeconomic status], type 2 

diabetes) for each index date; and non-time-varying covariates (sex and race/ethnicity) for 

each patient. Race/ethnicity was assessed by patient self-report, and was included because it 

is a well-documented confounder in studies of asthma.2 We estimated the patients’ distance 

to nearest major and minor road using a network from the Federal Highway 

Administration,38 and used patients’ geographic coordinates to assign them to a community 

using a mixed definition of place and calculated community socioeconomic deprivation 

(CSD) for these places.37,39 In cities, communities were defined by census tracts; elsewhere, 

communities were defined by minor civil divisions (townships and boroughs). We estimated 

the peak temperature on the day before each index date using data from the nearest weather 

station to each patient.40

Well Data

Well data were obtained from: the PA DEP, for well spud (start of drilling) and production; 

the Pennsylvania Department of Conservation and Natural Resources, for information on 

well stimulation (hydraulic fracturing) and depths; and SkyTruth (Shepherdstown, WV), 

which used crowdsourcing of aerial photographs from the U.S. Department of Agriculture to 

identify the location of wellpads.41 For each well, we had information on well pad; latitude 

and longitude; dates of spudding, stimulation, and production; total depth; and volume of 
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natural gas produced and the number of production days. We imputed missing total depths 

(0.4%) using conditional mean imputation. We estimated missing production quantities 

(0.2%) by averaging production quantities in the prior and following period. We extrapolated 

missing spud (2.0%) and stimulation (34.6%) dates using the well’s available dates of 

development by requiring that the stimulation date fall in between the spud and production 

date and using median durations between phases from wells without any missing dates.

Activity Metric Assignment

We estimated the UNGD activity metrics using an inverse distance-squared method for pad 

preparation, spud, stimulation, and production phases. We compared activity metrics on the 

day before, three days before, the sum of three to five days before, and the sum of one to five 

days before the index date, and because they were highly correlated (Spearman correlation 

coefficients ranged from 0.96–1.00), we used only the day before the index date. For the pad 

preparation and spud metrics (Equation 1):

where n is the number of wells and dij
2 is the squared-distance (meters) between well i and 

patient j. For the stimulation metric (Equation 2):

where n is the number of wells, dij
2 is the squared-distance (meters) between well i and 

patient j, and ti is the total well depth (meters) of well i. Total depth was used as a surrogate 

for truck traffic because volume of water used during stimulation42 was highly correlated 

with total depth, and water is trucked to the well during stimulation. For the production 

metric (Equation 3):

where n is the number of wells, dij
2 is the squared-distance (meters) between well i and 

patient j, and vi is the daily natural gas production volume (m3) of well i. Production volume 

was used as a surrogate for fugitive emissions and compressor engine activity.22

Based on descriptions of the process19 and our data, we estimated that pad development 

lasted 30 days before the spud date for the first well on a pad, drilling lasted between 1–30 

days after the spud date based on total depth, and stimulation lasted seven days. All wells in 

Pennsylvania in a given phase on the day prior to an index date contributed to that phase’s 

activity metric (Equations 1–3). We divided the four continuous metrics into quartiles using 

all 69,548 index dates from all three outcomes so the cutpoints were the same for all 

outcomes (very low, low, medium, and high).
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Statistical Analysis

To assess the association of the four UNGD activity metrics with the three types of asthma 

exacerbations, we used multilevel logistic regression with random intercept for patient and 

community to account for multiple events per patient and patient clustering within 

communities. The base model included one of the four UNGD activity metrics (very low, 

low, medium, high), age category (5–12, 13–18, 19–44, 45–61, 62–74, 75+ years), sex 

(male, female), race/ethnicity (black, Hispanic, other, white), family history of asthma (yes, 

no), smoking status (former, current, missing, never), season (summer, fall, winter, spring), 

Medical Assistance (yes, no), and overweight/obesity (using BMI percentile for children and 

BMI for adults43) as covariates. We then added, one at a time, type 2 diabetes (yes, no), CSD 

(quartiles), distances to nearest major and minor arterial road (meters, z-transformed), and 

maximum temperature on the day prior to event (°C per interquartile range) (eFigure 1). We 

included the continuous covariates as linear and quadratic terms to allow for non-linearity. 

We used a 2-sided type 1 error rate of 0.05 for significance testing. We used Stata version 

11.2 (StataCorp Inc.) and R version 3.1.2 (R Foundation for Statistical Computing).

Model Building—We calculated the intraclass correlation coefficient for the person and 

community levels. The proportions of total variance that were accounted for by between-

community variation and between-person variation, respectively, were 14% and 63% for 

severe exacerbations, 41% and 89% for moderate exacerbations, and 1.2% and 59% for mild 

exacerbations. We evaluated covariates for conditional significance as they were added to the 

models.

Sensitivity Analyses—To evaluate how the four separate UNGD activity metrics 

compared to a summary measure, we calculated z-scores using continuous metrics, summed 

the z-scores, and re-ran the final models with this combined UNGD activity metric 

(quartiles). To explore whether an unmeasured confounder was responsible for our 

associations, we evaluated associations with encounters for a negative control44 (intestinal 

infectious disease and noninfectious gastroenteritis, ICD-9 codes 001-009 and 558.9) among 

asthma patients, and we also replaced the UNGD activity metric with indicators for counties. 

We were concerned about the unbalanced numbers of cases and controls for certain age 

categories, sex, and years in the mild exacerbations analysis, so we reran the analysis 

dropping the unbalanced cells. In order to check the sensitivity to geocoding level, we reran 

the final model for the production UNGD metric and each outcome using only patients who 

were geocoded to their home address. We estimated how large an unmeasured confounder 

would need to be to account for the observed associations, in whole or in part.45

RESULTS

Descriptions of Wells and Patients

Between 2005–2012, 6,253 unconventional natural gas wells were spudded on 2,710 pads, 

4,728 were stimulated, and 3,706 were in production. The median number of wells per pad 

was 1 (IQR 1–3) and median total depth was 3,394m (IQR 2,934–3,839). Most development 

occurred after 2007 (Figure 2). On their index date, patients in the highest group of the spud 

metric lived a median of 19km from the closest spudded well, compared to 63km for 
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patients in the lowest group. We identified 5,600 severe, 2,291 moderate, and 25,647 mild 

exacerbations. After retaining one event per type per year per person, 4,782 severe, 1,870 

moderate, and 20,749 mild exacerbations were included. There was substantial overlap of 

patients and wells in the northern counties (Figure 3), and substantial overlap of patients by 

quartile of UNGD activity metric (eFigure 2).

Demographic and clinical variables differed by outcome (Table 1). Compared to patients 

with mild and moderate exacerbations, patients with severe exacerbations were more likely 

to be female, older, current smokers, and obese (all p<0.001). Patients with moderate 

exacerbations were more likely to be on Medical Assistance and of black race than patients 

with the other two outcomes, and patients with mild exacerbations were more likely to live 

in townships (all p<0.001) than patients with the other two outcomes.

Associations of UNGD Activity Metrics with Asthma Outcomes

For severe, moderate, and mild exacerbations, the average percent changes for all odds 

ratios, from simple models with random intercepts for person and place without covariates to 

fully adjusted multilevel models, were −8.5%, −0.2%, and 6.0%, respectively, suggesting 

little sensitivity of the associations to measured covariates. In adjusted models, the high 

activity (vs. very low) of each UNGD metric was associated with each asthma outcome 

(Table 2), except for the pad metric with mild exacerbations. Associations for the other 11 

exposure-outcome pairs ranged from (odds ratio [95% confidence interval]) 1.5 (1.2–1.7) for 

pad metric with severe exacerbations to 4.4 (3.8–5.2) for production metric with mild 

exacerbations. Of the 12 activity metric-outcome pairs, six had increasing odds ratios across 

quartiles 2–4.

Sensitivity Analyses

The four UNGD activity metrics, calculated for all case and control index dates (n=69,548), 

were correlated with one another (Spearman correlation coefficients of the continuous 

variables ranged from 0.73–0.91). In the analysis to evaluate associations of a combined 

UNGD activity metric of the four phases of development, the odds ratio point estimates were 

between those from regressions of each phase separately. In the negative disease control 

analysis, we found no association of the spud activity metric with gastrointestinal illness. In 

a model evaluating associations of counties with outcomes (UNGD metrics removed), 

counties with high UNGD activity were not associated with outcomes. In the analysis that 

removed cells with unbalanced numbers of cases and controls in the mild exacerbation 

analysis, associations were attenuated (odds ratios decreased by 5%, 17%, 37%, and 55% for 

the high group odds ratio for the pad, spud, stimulation, and production metrics, 

respectively, all odds ratios p<0.05). In the analysis to evaluate the impact of different 

quality of geocoding, associations were unchanged. In the analysis of the mild and severe 

exacerbations, we determined that even an unmeasured confounder strongly associated with 

both UNGD activity and outcome (e.g., both odds ratios = 3.0), and a prevalence of 0.3 in 

the exposed group, would not likely change our inference about associations, given our 

models. However, for moderate exacerbations, an unmeasured confounder with the same 

characteristics could account for two of the three statistically significant associations.
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DISCUSSION

We conducted a nested case-control study in a large number of asthma patients using EHR 

data in Pennsylvania from 2005–2012, a period of rapid development. In this first study of 

UNGD and objective respiratory outcomes, we found consistent associations of four UNGD 

activity metrics with three types of asthma exacerbations. Whether these associations are 

causal awaits further investigation, including more detailed exposure assessment.

Asthma is a suitable outcome because UNGD has community and environmental impacts 

that could affect it; it is highly prevalent; it can be exacerbated by stress and small changes 

in air quality with short latency; and patients usually seek care for exacerbations so they are 

captured by an EHR. By leveraging longitudinal EHR data, we were able to complete a 

number of sensitivity analyses that suggested the associations were robust to increasing 

levels of adjustment, although in some cases they were attenuated.

Studies of air pollution and asthma exacerbations have generally found small but 

consistently increased risks. A study of pediatric emergency department visits for asthma in 

Atlanta found that a standard deviation increase in pollution had associated risk ratios of 

1.020, 1.036, and 1.062 for particulate matter < 10μm, nitrogen dioxide, and ozone, 

respectively.46 Studies on psychosocial stress have found that in children with asthma, the 

risk of an asthma exacerbation increased 4.7 times in the two days following a very stressful 

event.47 Adults exposed to violence in their community have 2.3 and 2.5 times the risk of an 

asthma emergency department visit and hospitalization, respectively, than those not exposed 

to community violence.48

Two sensitivity analyses were directed to the very important possibility that unmeasured 

confounding could account for our results. First, UNGD metrics were not associated with 

the negative disease control. Second, in the analysis replacing UNGD metrics with 

indicators for counties, counties with UNGD were not associated with severe exacerbations. 

These both provide evidence that unmeasured confounding is unlikely to account for our 

findings, but we acknowledge that the possibility still exists. We note that an unmeasured 

confounder would need to be strongly associated with both UNGD and asthma outcomes to 

account for our results. In sensitivity analysis to address unbalanced numbers of cases and 

controls, results were attenuated; the majority of dropped patients comprised the most 

susceptible groups (younger and older) in the most exposed years, so attenuation was not 

unexpected. Finally, geocoding method and analysis with an overall activity metric did not 

change inferences.

This study had several strengths, including a large sample size from a population that 

represents the general population in the region. Additionally, our exposure assessment 

improved on in prior studies,49,50 which used categorical distance-based metrics, that did not 

account for UNGD phases. Our metric incorporated the temporality and duration of phases, 

gas production volume, and a surrogate for truck traffic. This study also improved on 

outcome ascertainment used in the previous study on UNGD and respiratory outcomes,50 

which relied on self-reported outcomes and grouped several respiratory symptoms and 

conditions together (including asthma). We used documented asthma exacerbations. Our 
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findings were robust to increasing levels of covariate control and in several sensitivity 

analyses.

This study also had limitations. The EHR does not collect information on occupation and 

only keeps patients’ most recent address. However, comparing addresses used in a prior 

study35 to addresses used in this study (39 months apart), 79.8% of patients were at the same 

address and an additional 7.4% and 7.6% were less than 3.2km and 3.2–16km, respectively, 

from their prior address, indicating little residential mobility. The EHR only collects data on 

events that occur at Geisinger facilities, but ambulances go to the closest hospital, so we may 

have under-counted events. We were unable to differentiate between asthma exacerbations 

that were hospitalized from those that occurred while hospitalized. We frequency-matched 

cases and controls for year because UNGD activity metrics and year were highly correlated. 

We did not include year in the final model because of this high correlation, so there remains 

the possibility of unmeasured residual confounding by factors that strongly vary by year. We 

kept all four UNGD metrics because of a priori evidence that exposures differed by phase, 

but because metrics were highly correlated we were unable to definitively distinguish among 

them. Furthermore, our UNGD metrics do not provide insight into the mechanism of the 

associations we observed.

Asthma is a common disease with large individual and societal burdens, so the possibility 

that UNGD may increase risk for asthma exacerbations requires public health attention. As 

ours is the first study of UNGD and objective respiratory outcomes, and several other health 

outcomes have not been investigated to date, there is an urgent need for more health studies. 

These should include more detailed exposure assessment to better characterize pathways and 

identify the phases of development that present the most risk.
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Figure 1. 
Flow diagram for identification of new asthma oral corticosteroid (OCS) medication orders.

Rasmussen et al. Page 13

JAMA Intern Med. Author manuscript; available in PMC 2017 May 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Number of developed pads (blue), and spudded (red), stimulated (green), and producing 

wells (yellow), 2005–12.
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Figure 3. 
The location of spudded wells as of December 2012 and residential location of Geisinger 

asthma patients.
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Table 2

Associations of unconventional natural gas activity metrics and asthma outcomes

Asthma Hospitalizationsa Asthma Emergency Department Visitsa OCS Ordersa

Odds Ratio (95% CIb) Odds Ratio (95% CI) Odds Ratio (95% CI)

Pad Activity Metric Lowc 1.26 (1.06 – 1.50) 1.53 (1.06 – 2.23) 1.54 (1.37 – 1.74)

Medium 1.37 (1.15 – 1.64) 1.77 (1.2 – 2.6) 1.66 (1.47 – 1.87)

High 1.45 (1.21 – 1.73) 1.37 (0.94 – 1.99) 1.59 (1.41 – 1.81)

Spud Activity Metric Low 1.16 (0.98 – 1.37) 1.53 (1.06 – 2.21) 1.45 (1.29 – 1.63)

Medium 1.26 (1.05 – 1.50) 1.54 (1.04 – 2.27) 1.98 (1.75 – 2.24)

High 1.64 (1.38 – 1.97) 1.57 (1.08 – 2.29) 1.99 (1.75 – 2.26)

Stimulation Activity Metric Low 1.13 (0.96 – 1.33) 1.51 (1.05 – 2.19) 1.23 (1.09 – 1.39)

Medium 1.31 (1.10 – 1.57) 1.74 (1.17 – 2.61) 2.22 (1.95 – 2.53)

High 1.66 (1.38 – 1.98) 1.71 (1.16 – 2.52) 3.00 (2.60 – 3.45)

Production Activity Metric Low 1.10 (0.92 – 1.30) 1.47 (1.01 – 2.14) 1.28 (1.13 – 1.46)

Medium 1.16 (0.97 – 1.38) 1.10 (0.74 – 1.65) 2.15 (1.87 – 2.47)

High 1.74 (1.45 – 2.09) 2.19 (1.47 – 3.25) 4.43 (3.75 – 5.22)

a
Multilevel models with a random intercept for patient and community, adjusted for age category (5–12, 13–18, 19–44, 45–61, 62–74, 75+ years), 

sex (male, female), race/ethnicity (white, black, Hispanic, other), family history of asthma (yes vs. no), smoking status (never, former, current, 
missing), season (spring, March 22–June 21; summer, June 22–September 21; fall, September 22–December 21; winter, December 22–March 21), 

Medical Assistance (yes vs. no), overweight/obesity (normal, body mass index [BMI] < 85th percentile or BMI < 25 kg/m2; overweight, BMI = 

85th–<95th percentile or BMI = 25–<30 kg/m2; obese, BMI ≥ 95th percentile or BMI ≥ 30 kg/m2, for children and adults, respectively; BMI 
missing), type 2 diabetes (yes vs. no), community socioeconomic deprivation (quartiles), distance to nearest major and minor arterial road 

(truncated at the 98th percentile, meters, z-transformed), squared distance to nearest major and minor arterial road (truncated at the 98th percentile, 
meters, z-transformed), maximum temperature on the day prior to event (degrees Celsius), and squared maximum temperature on the day prior to 
event (degrees Celsius)

b
Confidence interval

c
Very low is the reference group
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models. The dependent variable was report of not getting enough sleep for a child
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life.

RESULTS. Parents of elementary school–aged children with inadequate sleep were
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INADEQUATE SLEEP DURING childhood is an invisible
phenomenon that fails to receive attention from pri-

mary care providers until it interferes with the child’s
behavior, mood, or performance.1–4 Community and
multi-site studies have consistently reported that up to
20% to 25% of US children and adolescents experience
a range of sleep problems.5–10 Inadequate sleep takes
many forms: difficulty with sleep onset, length, or circa-
dian rhythms with resulting daytime sleepiness experi-
enced by otherwise healthy children; disturbed sleep
associated with acute and chronic illness; and primary
sleep disorders. The least attention has been paid to the
first group, and there is little consensus about the sec-
ond.

Normative requirements for adequate sleep based on
epidemiologic and laboratory studies11–13 reflect the need
for progressively less sleep by developmental stage with
averages of 10 hours for 5- to 13-year-olds (declining
from 11.1 at 5 years to 9.0 hours at 13 years) and 8 to 9
hours for adolescents 14 to 18 years of age.11 More recent
reports suggest that adolescent needs may be underesti-
mated,6 especially during midadolescence.14 Evidence is
accumulating that US children and teens typically sleep
less than the required hours recommended.8–10,15,16 Pri-
mary care providers inadequately assess, diagnose, or
treat sleep problems even when parents and children
offer complaints.1 Strength of associations between sleep
disturbances and cognition, behavior, or mood in other-
wise healthy children range from robust to unknown.17

Relationships between sleep disturbance and chronic
health conditions during childhood have been investi-
gated. The association of sleep and attention-deficit/hy-
peractivity disorder (ADHD) is not well understood. The
consequences of impaired sleep may resemble and/or
exacerbate ADHD symptomatology. Conversely, ADHD
symptoms and psychostimulant medication may exacer-
bate sleep impairment. Although as many as 50% of
parents of children and adolescents with ADHD report
sleep problems,18–20 studies using more objective poly-
somnography have failed to demonstrate differences in
sleep architecture between children with and without
ADHD.20

Similarly, both research and clinical experience sup-
ports the relationship between sleep problems and mood
and anxiety disorders, although it is unclear whether the
sleep problem or the psychiatric disorder is the primary
problem.21,22 In some studies, primary psychopathology
is associated with or worsened by sleep impairment.7

Consistently, sleep impairment and mood and anxiety
disorders are comorbid conditions. Atopic disorders,
such as asthma and allergic rhinitis, have also been
associated with increased sleep impairment.2,23,24

The purpose of this study was to describe the preva-
lence and characteristics of inadequate sleep as perceived
by parents of a random national sample of school-aged
and adolescent children and reported as part of the 2003

National Survey of Children’s Health (NSCH). We use a
multi-domain conceptual approach incorporating child,
family, and environmental factors. The assumptions are
made that children require regular patterns and specific
hours of sleep according to developmental stage and that
inadequate sleep is undesirable and potentially deleteri-
ous to health.

METHODS

Data Source
Data for this study come from the responses of parents or
caregivers of 68 418 children between the ages of 6 and
17 years interviewed as part of the 2003 NSCH who
responded to the question “During the past week, on
how many nights did your child get enough sleep for a
child his/her age?” “Enough sleep” was broadly inter-
preted as however the parent/caregiver defined it for a
particular child. Parents of children �6 years of age were
not asked this question as part of the survey. The survey
design is described briefly in the article by Kogan and
Newacheck25 in this issue; more in-depth information
can be found elsewhere.26

Variables
We stratified children by age into 2 groups: school-aged
children (6–11 years) and adolescents (12–17 years).
Independent variables were organized by the following
categories: demographic characteristics, child health
(health status, comorbid conditions, and reported child
behaviors); school and activities (problems in school,
physical activity, and television viewing), and family/
community life (family structure, parental health, and
family stress). The dependent variable, inadequate sleep,
was a response to the question on the survey indicating
that the child did not sleep well on at least 1 night of the
preceding week.

Some variables and/or response categories were
merged into broader categories before inclusion in biva-
riate or multivariate models. Race and ethnicity vari-
ables were merged to encompass non-Hispanic white,
non-Hispanic black, Hispanic, and other race. The cate-
gory “other race” was inclusive of children identified as
Asian or Native American. We dichotomized responses
to questions about time spent watching television,
watching videos, or playing video games at �2 hours
and �2 hours in accord with the guidelines established
by the American Academy of Pediatrics.27 We merged
responses to 3 questions that asked parents whether a
doctor or other health professional had told them that
their child had asthma, hay fever or another respiratory
allergy, or eczema or another skin allergy to create the
variable “atopic condition.”

A variable “depressive symptoms” was created from
collective responses to 4 questions that asked about level
of parental concern regarding the following child behav-
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ioral characteristics: stubborn, sullen, or irritable; feeling
worthless or inferior; unhappy, sad, or depressed; and
withdrawn and does not get involved with others. We
quantified level of concern for depressive symptoms as
“never concerned,” indicating that the respondent did
not express concern about any of the 4 component
variables, and “sometimes” or “usually/always” con-
cerned if the respondent expressed this level of concern
for at least 1 of the 4 behaviors. We used a similar
approach to create the variable “environmental safety”
from 3 questions that asked parents how often they felt
their child was safe in their community or neighbor-
hood, school, and home. Human subjects review was
not required for this study.

Analyses
The NSCH provides population weights to permit extrap-
olation of findings from this sample to national and state
population estimates. Incorporating the appropriate
weights, we used SUDAAN 9.0.0 (Research Triangle In-
stitute, Research Triangle, NC)28 to perform all of our
analyses. Bivariate analyses were conducted to examine
relationships between the outcome variable, inadequate
sleep, and variables included in each of the categories
specified above for children 6 to 11 years of age and 12
to 17 years of age who experienced inadequate sleep
with those who did not. Multivariate logistic regression
analyses were performed to assess the independent as-
sociations between inadequate sleep and covariates of
interest for each group of children.

RESULTS
The 68 418 children identified for interviews were
weighted to represent 47.4 million children nationwide.
Overall, the parents of 31.9% of these children reported
that their child’s sleep had been inadequate on �1 night
during the week before participation in the survey. The
percentage of children affected by inadequate sleep dem-
onstrates a strong relationship with age throughout

childhood, with a more marked increase by age for
children �12 years of age (Fig 1).

Characteristics of children with and without reported
adequate sleep are presented by age group in Table 1. In
both groups, children with reported inadequate sleep
were more frequently non-Hispanic white, resided in
families with education greater than high school and
higher income levels, and were more frequently de-
scribed as having less-than-excellent health compared
with children with reported adequate sleep patterns.
Disease comorbidities such as atopic conditions, atten-
tion-deficit disorder (ADD), or ADHD were more com-
mon in children with inadequate sleep. Parents of chil-
dren with inadequate sleep reported less successful
school experiences, with approximately one third hav-
ing been contacted for a school-related problem and
more reporting their child having been bullied by class-
mates.

Table 2 presents results of the multivariate logistic
regression analyses. All models controlled for demo-
graphic, child health, school and activities, and family
life variables. When covariates were examined indepen-
dently for their relationship to inadequate sleep, the
following variables were associated with greater sleep
needs in both age groups: (a) presence of 1 or more
depressive symptoms, (b) less frequent days of physical
activity, and living in a home where (c) parents argue
heatedly or shout, (d) on rare occasions respond by
hitting or throwing things during family disagreements,
or (e) perceive that the environment at home, school, or
in the community is not always safe. Some variables
were exclusively associated with inadequate sleep in the
elementary school age group: (a) having problems at
school and (b) fair or poor paternal general health,
whereas others were associated with inadequate sleep in
the adolescent group only (a) an atopic condition, (b)
frequent or severe headaches, (c) less-than-excellent
maternal or paternal emotional health, (d) parental per-
ception that the child is sometimes harder to care for

FIGURE 1
Percentage of children with reported inadequate sleep according to year of age (P � .001 for trend). Source: 2003 National Survey of Children’s Health.
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TABLE 1 Characteristics of ChildrenWith andWithout Reported Inadequate Sleep According to Age Group

Variable Age 6 to 11 y (N � 23 764 177) Age 12 to 17 y (N � 23 641 346)

Inadequate Sleep
(N � 5 828 973

�24.5%�)

Adequate Sleep
(N � 17 935 204

�75.5%�)

Inadequate Sleep
(N � 9 302 085

�39.3%�)

Adequate Sleep
(N � 14 339 261

�60.7%�)

Demographic characteristics
Gender
Male 51.3 51.1 50.1 51.2
Female (reference) 48.7 48.9 49.9 48.8

Race/ethnicity
Non-Hispanic white (reference) 63.3 59.6 69.8 60.4
Non-Hispanic black 14.9 14.3 12.9a 16.3
Hispanic 15.3a 18.0 11.3a 16.4
Other/mixed race 6.2a 8.0 5.9a 6.7

Family education level
Less than high school 7.7 7.9 4.7a 8.0
High school graduate 23.5a 27.0 22.6a 30.1
More than high school (reference) 68.8 65.1 72.7 61.8

Income as % PL
�100% PL 14.3a 16.1 10.9a 16.1
100%–199% PL 19.7a 21.2 18.0a 20.9
200%–399% PL 31.3 30.3 32.3a 29.3
�400% PL (reference) 26.3 22.8 29.7 22.8
PL missing 8.4 9.6 9.0 11.0

Child health
Health status
Excellent (reference) 57.3 62.1 56.3 59.1
Very good, good 38.4b 34.9 40.3b 37.2
Fair, poor 4.3b 3.0 3.4 3.6

Comorbid conditions
Depression/anxiety 5.3b 2.9 8.0b 6.6
Behavioral/conduct problem 8.7b 5.3 6.5 6.3
Developmental delay or physical impairment 3.7 3.8 3.2 3.4
Atopic conditionc 32.4b 29.1 33.6b 27.4
Frequent or severe headache 5.9b 4.4 10.4b 7.9
Learning disability 11.2b 9.3 12.2a 13.8
ADD/ADHD 9.6 b 7.1 10.1 9.5

Reported child behaviors
Depressive symptomsd

Never (reference) 11.4 19.7 12.2 20.5
Sometimes 73.0b 69.8 72.6b 66.8
Usually, always 15.6b 10.5 15.2b 12.7

Overweight 27.5 28.3 11.5a 13.4
School and activities
Having problems at school
Never (reference) 65.0 72.8 67.6 70.7
Parents contacted 35.0b 27.2 32.4b 29.3

Bullied by classmates
Not at all (reference) 56.3 61.5 69.6 69.1
A little 28.7b 23.4 19.6b 17.4
A lot 15.0 15.2 10.8a 13.5

Days of physical exercise (�20 min/d)
during past week

15.6

None 7.0b 6.9 15.5b

1–5 d 62.6b 55.1 61.3b 56.0
6–7 days (reference) 30.4 38.0 23.2 28.4

Television/video time per d
�2 h (reference) 55.2 57.6 56.3 52.4
�2 h 44.8b 42.4 43.7a 47.6

Family life
Family structure
2 parents, biological/adopted (reference) 63.5 61.7 57.3 53.8
2-parent stepfamily 9.1 10.2 12.2a 13.8
Single mother 23.9 23.1 26.1 26.0
Other 3.5a 5.0 4.4a 6.4
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than other children, and (e) parental anger with the
child. Living in a family with reported income �400% of
the federal poverty level (PL) was associated with signif-
icantly lower odds of inadequate sleep, even after con-
trolling for potentially confounding variables. In addi-
tion, �2 hours of television viewing per day, diagnosis of
learning disability, and being victimized by classmate
bullying behavior were associated with significantly
lower odds of inadequate sleep in the adolescent group.

DISCUSSION
The neuroscientist Robert Stickgold warns that because
critical reparative and integrative processes “. . .occur
exclusively during sleep and can’t be reproduced when
we are awake, the consequences of losing them look
more and more terrifying. . . .”29 The independent non-
profit National Sleep Foundation concluded from its
2004 Sleep in America poll that a remarkable number of
children age 10 and younger have some kind of sleep

TABLE 1 Continued

Variable Age 6 to 11 y (N � 23 764 177) Age 12 to 17 y (N � 23 641 346)

Inadequate Sleep
(N � 5 828 973

�24.5%�)

Adequate Sleep
(N � 17 935 204

�75.5%�)

Inadequate Sleep
(N � 9 302 085

�39.3%�)

Adequate Sleep
(N � 14 339 261

�60.7%�)

Total children in household
1 (reference) 14.8 14.2 28.6 25.6
2 39.4 40.7 37.3a 36.9
�3 45.9 45.2 34.1a 37.5

Parental health
Mother’s general health
Excellent (reference) 29.2 35.0 27.8 31.5
Very good, good 59.0b 55.7 59.8b 55.9
Fair, poor 11.8b 9.3 12.4 12.6

Mother’s emotional health
Excellent (reference) 28.3 38.5 29.2 37.1
Very good, good 63.1b 56.0 62.1b 55.7
Fair, poor 8.6b 5.5 8.7b 7.2

Father’s general health
Excellent (reference) 30.7 37.9 28.6 32.7
Very good, good 62.2b 56.4 63.0b 58.7
Fair, poor 7.1b 5.7 8.4 8.6

Father’s emotional health
Excellent (reference) 34.1 45.2 34.0 41.9
Very good, good 62.0b 51.5 61.2b 53.8
Fair, poor 3.9b 3.3 4.8b 4.3

Family stress
Child harder to care for
Never (reference) 64.4 73.1 64.5 69.9
Sometimes 28.7b 21.5 28.2b 23.5
Usually, always 6.9b 5.4 7.3b 6.7

Argue heatedly or shout
Never (reference) 17.6 27.0 16.6 23.8
Rarely 34.6b 33.9 33.5b 34.0
Sometimes, usually, always 47.8b 39.2 49.9b 42.3

Hitting/throwing things during family disagreements 84.5 90.2 86.5 90.2
Never (reference) 11.5b 6.8 10.1b 6.9

Rarely 4.0 3.0 3.4 2.9
Sometimes, usually, always

Parental anger with child
Never (reference) 15.9 23.9 17.4 25.1
Sometimes 80.7b 73.8 77.5b 71.7
Usually, always 3.4b 2.3 5.1b 3.2

Environmental safetye

Always (reference) 33.3 41.9 26.5 35.1
Usually 52.3b 43.7 59.6b 47.8
Sometimes, never 14.4b 14.4 13.9 17.1

a Significantly associated with lesser impaired sleep, relative to reference category, in bivariate analysis.
b Significantly associated with greater impaired sleep, relative to reference category, in bivariate analysis.
c Respondent report of �1 of the following conditions: asthma, hay fever or respiratory allergy, eczema or skin allergy.
d Respondent report of �1 of the following during the past month: child feels worthless or inferior, unhappy, sad or depressed, stubborn, sullen or irritable, or withdrawn.
e Respondent report of �1 of the following areas of concern for child’s safety: at school, neighborhood, or home.
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TABLE 2 Adjusted ORs for Inadequate Sleep for Children Aged 6 to 11 and 12 to 17 Years

Age 6–11 y Age 12–17 y

OR 95% CI P OR 95% CI P

Demographic characteristics
Race/ethnicity �.01 �.001
Non-Hispanic white (reference) 1.00 1.00
Non-Hispanic black 1.02 0.83–1.25 0.73 0.60–0.89
Hispanic 0.80 0.66–0.97 0.71 0.59–0.86
Other/mixed race 0.69 0.53–0.90 0.77 0.60–0.99

Family education level .02 �.001
Less than high school 1.01 0.71–1.43 0.74 0.49–1.11
High school graduate 0.81 0.70–0.94 0.68 0.60–0.77
More than high school (reference) 1.00 1.00

Income as % PL .01 �.001
�100% PL 0.68 0.52–0.88 0.49 0.38–0.64
100%-199% PL 0.77 0.64–0.91 0.79 0.67–0.93
200%-399% PL 0.91 0.80–1.03 0.89 0.80–0.99
�400% PL (reference) 1.00 1.00

Child health
Atopic conditiona NS .002

Yes 1.17 1.06–1.29
No (reference) 1.00

Frequent or severe headache NS .01
Yes 1.27 1.05–1.53
No (reference) 1.00

Learning disability NS �.001
Yes 0.68 0.58–0.78
No (reference) 1.00

Depressive symptomsb �.001 �.001
Never (reference) 1.00 1.00
Sometimes 1.38 1.17–1.63 1.56 1.36–1.79
Usually, always 1.67 1.32–2.12 1.43 1.17–1.75

School and activities
Having problems at school .03 NS
Never (reference) 1.00
Parents contacted 1.16 1.02–1.32

Bullied by classmates NS .01
Not at all (reference) 1.00
A little 0.91 0.81–1.02
A lot 0.79 0.66–0.93

Days physical education during past week �.001 �.001
None 1.10 0.85–1.42 1.16 1.00–1.35
1–5 1.43 1.28–1.60 1.33 1.19–1.49
6–7 (reference) 1.00 1.00

Television/video time per d NS �.001
�2 h (reference) 1.00
�2 h 0.84 0.76–0.92

Family life
Mother’s emotional health NS .04

Excellent (reference) 1.00
Very good, good 1.20 1.03–1.39
Fair, poor 1.32 0.98–1.77

Father’s general health .04 NS
Excellent (reference) 1.00
Very good, good 1.14 0.99–1.32
Fair, poor 1.41 1.06–1.88

Father’s emotional health NS .03
Excellent (reference) 1.00
Very good, good 1.18 1.02–1.36
Fair, poor 1.41 1.04–1.92

Family stress
Child harder to care for NS .001
Never (reference) 1.00
Sometimes 1.24 1.10–1.39
Usually, always 1.26 0.96–1.66
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problem,9 three quarters of parents are dissatisfied about
children’s sleep, and few pediatric providers inquire
about or follow-up on sleep complaints; their more re-
cently released adolescent data contain similar con-
cerns.10 Carskadon30 refers to sleep as “the forgotten
country” and calls for attention to the “sleeping half of
children’s lives.”

Is such alarm warranted? In our analysis, parents in a
national random sample reported that 31.9% of their
children experienced �1 night of inadequate sleep dur-
ing the previous week. These children experienced
health-related deficits associated with selected demo-
graphic, child, family, and environmental factors. This is
consistent with growing evidence for deleterious effects
of even occasional lapses in recommended amounts of
sleep.

Acute sleep deprivation and chronic sleep disorders
result in behavioral and performance deficits in school-
aged children.2,31–34 Adolescents’ erratic sleep patterns
are fostered by pubertal changes in hormone secretion
making it difficult to fall asleep before 11 PM7; yet early
school start times compel them to be in class before
8 AM.5 Weekday and weekend variations result in pro-
longed delayed sleep onset, insomnia, and daytime
sleepiness throughout the week35 along with impaired
mood, behavioral control, and academic performance.7,36

Ethnocultural and Socioeconomic Differences
Impact of sleep problems on children and families tran-
scends all cultures.37 Contrary to earlier studies8,16,38

identifying minority and poorer children at greater risk,
our data suggest that parents of non-Hispanic white
children and those who have higher income and greater
than high school education more frequently report the

perception of inadequate sleep in their children. Rob-
erts39 examined differences in sleep complaints among
5423 American adolescents of African, Chinese, Mexi-
can, Central American, and Anglo descent and con-
cluded minority status may affect risk for sleep problems.
Primary school children in China averaged 9.3 vs 10.2
hours of sleep compared with US children and reported
daytime sleepiness.40 Cross-sectional analysis of child
journals and caregiver questionnaires for 755 children
aged 8 to 11 years showed that at all ages minority boys
slept significantly less compared with minority girls and
all nonminority children.8 A parent-report survey of 472
children in 1 US city showed an inverse association
between socioeconomic status and both parasomnias
and noisy sleep.2 Exploration of sleep by ethnicity and
socioeconomics remains in its infancy. Comparisons
across studies are hampered by differences in definitions
and data sources.

Sleep and Comorbidity
In our analysis, the relationship between inadequate
sleep and mood disorders was present in both younger
and older children. Children with depression subjec-
tively reported poor and inadequate sleep when com-
pared with controls; however, 1 study using objective
electroencephalogram data failed to validate this rela-
tionship.41 When sleep architecture was studied in de-
pressed, unmedicated children compared with healthy
controls, only depressed older boys had significant sleep
disturbance.42

Consistent with the literature, in this study adoles-
cents with atopic conditions and headache were more
likely to have inadequate sleep compared with children
without these conditions. However, this finding did not

TABLE 2 Continued

Age 6–11 y Age 12–17 y

OR 95% CI P OR 95% CI P

Argue heatedly or shout .007 .005
Never (reference) 1.00 1.00
Rarely 1.17 1.01–1.35 1.10 0.96–1.25
Sometimes, usually, always 1.28 1.10–1.49 1.24 1.08–1.42

Hitting, throwing things .002 �.001
Never (reference) 1.00 1.00
Rarely 1.40 1.16–1.70 1.41 1.17–1.70
Sometimes, usually, always 1.19 0.81–1.75 1.19 0.87–1.63

Parental anger with child NS .006
Never (reference) 1.00
Sometimes 1.15 1.02–1.30
Usually, always 1.61 1.16–2.23

Environmental safetyc .002 �.001
Always safe (reference) 1.00 1.00
Usually safe 1.23 1.09–1.38 1.35 1.22–1.49
Sometimes, never safe 1.06 0.86–1.32 1.05 0.87–1.25

NS indicates not significant. Each model controls for demographic characteristics, child health, school and activities, and family life variables.
a Respondent report of 1 of the following conditions: asthma, hay fever or respiratory allergy, eczema or skin allergy.
b Respondent report of �1 of the following during the past month: child feels worthless or inferior, unhappy, sad or depressed, stubborn, sullen or irritable, or withdrawn.
c Respondent report of �1 of the following areas of concern for child’s safety: at school, neighborhood, or home.
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hold true for younger children. Children in remission
phase of atopic dermatitis evaluated by polysomnogra-
phy demonstrate significantly disturbed sleep symp-
toms.43 As many as 64% of asthmatic children report 3
nocturnal awakenings per week.44 Individuals with al-
lergic rhinitis sleep poorly and have sleep-disordered
breathing and subsequent daytime sleepiness.45,46 Al-
though children with migraine headaches subjectively
experienced more sleep problems than did healthy con-
trol children,47,48 more objective actigraphy did not show
differences in sleep parameters.49

Our data failed to demonstrate an association be-
tween inadequate sleep and ADHD in either age group
in multivariate models. Studies relying on parental re-
port of sleep behavior18,38,50 support an association be-
tween a diagnosis of ADHD and sleep problems in chil-
dren. Parents of children with ADHD report sleep
problems in 25% to 50% of these children,20 but these
findings are not supported when more objective mea-
surements such as polysomnography are used.51

Family Health and Social Factors
In both age groups, inadequate sleep was associated with
family conflict; in teens it was further associated with
parental emotional health, being perceived as a difficult
child, and parental anger. Sleep issues are known to
exist with child abuse and family violence.52,53 Our study
makes the connection with inadequate sleep much ear-
lier in the violence spectrum. It may be that perceived
inadequate sleep is an alert for suboptimal family func-
tioning and should trigger assessment, referral, and early
intervention. Inadequate sleep was also associated with
not feeling safe in school or neighborhood. The National
Institute of Mental Health reports a significant increase
in US children as witnesses to or victims of community
violence54 with resulting physical and psychological ef-
fects.55 Regular use of brief sleep assessment tools7 can
lead to addressing sleep issues and their underlying
causes.

Limitations
These NSCH cross-sectional data limit interpretation to
association. All bivariate and multivariate associations
described in the text and displayed in the tables are
bidirectional and reflect simultaneous relationships be-
tween independent variables and the dependent vari-
able. Therefore, neither cause nor causal direction can be
determined. In addition, sleep information is derived
from parental response to 1 question concerning ade-
quacy of a child’s sleep during the past week. The survey
does not provide information about perceived or diag-
nosed causes of inadequate sleep, whether it was a usual
or unusual occurrence, or the norms by which each
parent judged sleep. Nevertheless, prevalence of inade-
quate sleep and its effects in this large national sample
are consistent with reports of epidemiologic sleep stud-

ies.9,10 Because evidence is accumulating concerning the
health risks of inadequate sleep at all ages, future sur-
veys should explore sleep in greater detail.

CONCLUSIONS
Sleep health is an important but underrecognized com-
ponent of wellness in children. Sleep impairment may
provide a critical alert for primary care providers to
search for undiagnosed physical or psychological comor-
bidity, suboptimal coping, family dysfunction, or threats
in school or community. Conversely, when any of these
conditions and/or situations is known to be present,
sleep impairment may be a comorbid symptom that
needs to be addressed. Sleep health and its assessment
should be a fundamental aspect of clinical prevention.
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Air toxics and the risk of autism spectrum
disorder: the results of a population based
case–control study in southwestern Pennsylvania
Evelyn O. Talbott1*, Lynne P. Marshall1, Judith R. Rager1, Vincent C. Arena2, Ravi K. Sharma3 and Shaina L. Stacy4

Abstract

Background: Autism spectrum disorders (ASD) constitute a major public health problem affecting one in 68
children. There is little understanding of the causes of ASD despite its serious social impact. Air pollution contains
many toxicants known to have adverse effects on the fetus. We conducted a population based case–control study
in southwestern Pennsylvania to estimate the association between ASD and 2005 US EPA modeled NATA (National
Air Toxics Assessment) levels for 30 neurotoxicants.

Methods: A total of 217 ASD cases born between 2005 and 2009 were recruited from local ASD diagnostic and
treatment centers. There were two different control groups: 1) interviewed controls (N = 224) frequency matched by
child’s year of birth, sex and race with complete residential histories from prior to pregnancy through the child’s
second birthday, and 2) 5,007 controls generated from a random sample of birth certificates (BC controls) using
residence at birth. We used logistic regression analysis comparing higher to first quartile of exposure to estimate
odds ratios (ORs) and 95 % confidence intervals (CI), adjusting for mother’s age, education, race, smoking status,
child’s year of birth and sex.

Results: Comparing fourth to first quartile exposures for all births, the adjusted OR for styrene was 2.04 (95 %
CI = 1.17–3.58, p = 0.013) for the interviewed case–control analysis and 1.61 (95 % CI = 1.08-2.40, p = 0.018) for the
BC analysis. In the BC comparison, chromium also exhibited an elevated OR of 1.60 (95 % CI = 1.08-2.38, p = 0.020),
which was similarly elevated in the interviewed analysis (OR = 1.52, 95 % CI = 0.87–2.66). There were borderline
significant ORs for the BC comparison for methylene chloride (OR = 1.41, 95 % CI = 0.96–2.07, p = 0.082) and PAHs
(OR = 1.44, 95 % CI = 0.98–2.11, p = 0.064).

Conclusions: Living in areas with higher levels of styrene and chromium during pregnancy was associated with
increased risk of ASD, with borderline effects for PAHs and methylene chloride. These results are consistent with
other studies. It is unclear, however, whether these chemicals are risk factors themselves or if they reflect the effect
of a mixture of pollutants. Future work should include improved spatiotemporal estimates of exposure to air toxics,
taking into account the dynamic movement of individuals during daily life.

Keywords: Air toxics, Autism spectrum disorder, Case–control study, Chromium, Geographic information system,
Styrene
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Background
Autism spectrum disorders (ASD) constitute a major
public health problem, affecting approximately one in
every 68 children and their families [1]. ASDs are brain
development disorders usually diagnosed in childhood
and characterized by impaired social interaction and
communication, and by restricted and repetitive behav-
iors [2]. In many cases, individuals with ASD cannot live
independently and may require lifetime assistance from
a family member or caregiver [3]. The families of chil-
dren with ASD are at an increased risk for mental and
physical health problems, parenting stress, financial
strain, divorce, and overall lower family well-being [3].
Because ASDs are lifelong conditions for which there is
no cure and for which treatment options are limited,
there is a need to explore additional potential risk fac-
tors for these disorders.
Despite its serious social impact [4], the causes of aut-

ism are poorly understood, but both genetic (10–20 %)
and environmental factors are thought to be involved.
Researchers have noted several risk factors related to
ASD including advanced maternal and/or paternal age,
maternal smoking history, low birth weight, short gesta-
tional duration, and hypoxia during childbirth [5]. In
addition, environmental factors, including constituents
of air pollution, have been found to be related to an in-
creased risk of autism [6, 7]. These include: PM2.5,
ozone, NO2, pesticides, heavy metals, solvents, and
diesel exhaust [7–16].
Although there are differences in the time periods of

the investigations, geographical regions under study and
the exposure assessments, a growing number of studies
suggest a potential role of ASD and air pollution. Re-
cently, several investigations have focused on ASD risk
and ambient criteria air pollutants (traffic related and/or
from industry) [12–16]. Volk et al. (2011, 2013) exam-
ined the relationship between traffic-related air pollution
and autism in California in two population based case–
control studies from the Childhood Autism Risks from
Genetics and the Environment (CHARGE) study. The
first reported increased risk among those living within
1,000 feet of a major freeway [12], and the second found
that increased autism risk was associated with exposure
to model-based indicators of traffic-related air pollutant
(TRP) mixture as well as regional measures of NO2,
PM2.5, and PM10 [13]. Becerra et al. also noted increased
ASD risk per interquartile range increases of ozone,
PM2.5, NO, and NO2 [14].
To date, there have been three case–control studies of

ASD risk that utilized data from the National Air Toxics
Assessment (NATA) to examine exposure to specific
neurological toxicants, developmental toxicants, or sus-
pected endocrine disruptors during pregnancy [17–19].
NATA is a US EPA developed database with modeled

annual average concentrations of hazardous air pollut-
ants (HAPs) at the state, county, and census tract levels.
To model annual average ambient concentrations of air
toxics for each census tract, NATA assumes Gaussian air
dispersion and uses overlapping spatial grids. Model in-
puts include locations and rates of pollutant emissions
from point, non-point, and mobile sources, as well as
secondary-pollutant formation and meteorological data.
NATA assessments have been released every three years
from 1996 until 2005 [20]. These studies were conducted
in various regions of the US and involved time periods be-
tween 1990 and 2002. In their investigations, Windham et
al. and Kalkbrenner et al. reported that increased ASD risk
was associated with higher levels of exposure to groups of
heavy metals and chlorinated solvents [19] and to the indi-
vidual compounds methylene chloride, quinolone, and
styrene [17]. Roberts et al. (2013) also noted associations
between ASD risk and exposure to overall metals and
methylene chloride, as well as lead, manganese and diesel
particulate matter [18].
Von Ehrenstein et al. (2014) considered the risk of aut-

istic disorder related to ground level measured exposure
to monitored ambient air toxics from urban emissions
during the pregnancy period [21]. Birth records were
linked to California Department of Developmental Ser-
vices records of children diagnosed with primary ASD
compared to all other births as controls (N = 768). ASD
risk was increased per interquartile range increase in
average concentrations during pregnancy for several cor-
related toxics, including 1,3-butadiene, meta/para xylene,
other aromatic solvents, PERC and formaldehyde, after
adjustment for mother’s age, race/ethnicity, education,
insurance type, parity, sex and birth year [21].
Given these few epidemiological investigations and

the heavy industrial background of southwestern
Pennsylvania, the objective of the current study was to
conduct an exploratory case–control study in this area
to assess if neurotoxic air pollutants, as modeled by
NATA, were associated with the risk of ASD. We fo-
cused on suspect agents found in the previous three in-
vestigations which used NATA data and evaluated
whether there was an increased risk of ASD associated
with higher exposures to these a priori agents: arsenic,
cadmium, chromium, lead, mercury, manganese, nickel,
styrene, trichloroethylene, methylene chloride, vinyl
chloride, and diesel particulate matter. Further, we ex-
amined additional compounds identified as neurotoxi-
cants, endocrine disruptors, or developmental toxicants
by the US EPA [20].

Methods
This study was approved by the University of Pittsburgh
Institutional Review Board (IRB number PRO10010240).

Talbott et al. Environmental Health  (2015) 14:80 Page 2 of 16



Ascertainment of cases
Cases of ASD for this study were children born between
January 1, 2005 and December 31, 2009 in Allegheny,
Armstrong, Beaver, Butler, Washington, or Westmoreland
County in southwestern Pennsylvania and who were cur-
rently residing in the six-county area. Our goal was to en-
roll approximately half of the prevalent cases among this
birth cohort. Based on 23,399 births in 2007 in the six
county area [22] and a prevalence of ASD of 6 per 1,000
(one in 166), we estimated that 140–141 children per year
would be diagnosed with ASD in the study area. We antic-
ipated enrolling half (70–71) of these children each year
to result in 250 cases during the 3½ year period of the
study.
There is no autism registry in Pennsylvania, and there-

fore no centralized agency that could be accessed for
permission to contact parents of children with ASD for
the purposes of conducting a study. Our investigation
used an extensive outreach campaign to recruit ASD
cases from a combination of 1) ASD specialty diagnostic
and treatment centers, 2) private pediatric and psych-
iatry practices, 3) school-based special needs programs
(starting at age 5), and 4) autism support groups. Per
our IRB guidelines, we were not allowed to directly con-
tact parents of children with ASD. Therefore, we provided
informational packets to these agencies and organizations
with a letter, contact sheet and pre-addressed envelope to
be returned to our office, and these agencies mailed the
information to families with ASD. When a contact sheet
was returned, we were permitted to contact the mother to
describe the study and request consent to participate.
A case of ASD was defined as any child 1) who scored

a 15 or above on the Social Communication Question-
naire (SCQ), a positive screen for the presence of autistic
features, and 2) for whom there was written documenta-
tion, including ADOS or other test results, of a diagnosis
of an ASD from a child psychologist or psychiatrist.
Cases were not included in the study if the child was
adopted, parents were not English speaking, or a parent
was not available for interview. A total of 217 cases were
consented and interviewed for the study.

Ascertainment of controls
The study was designed to have two different sets of
controls. The first control group (interviewed controls)
was recruited from a random selection of 5007 births
weighted by sex (4:1 male:female) from the Pennsylvania
Department of Health (PA DOH) state birth registry files
for 2005 to 2009 in the six-county area. Interviewed
controls were frequency matched to the cases on year of
birth, sex, and race. We recruited through a direct letter
appeal signed by the Pennsylvania Secretary of Health.
The rules for both the PADOH IRB and that of the Uni-
versity of Pittsburgh mandated that there would be no

direct contact with potential controls, except for the op-
portunity to return an envelope and contact sheet indi-
cating refusal to be in the study or an indication that the
parent was interested in enrolling his or her child in the
study by providing contact information. We requested a
postal service return to sender, address correction re-
quested. However, since we used an address from the
birth certificate that was several years old, it is likely that
many of the letters were never delivered to the intended
resident or were simply ignored, making it difficult to
determine a true response rate.
After we obtained informed consent, parents were

screened for inclusion criteria and administered the
SCQ for their child. Children with an SCQ >15 or with a
reported diagnosis of ASD were not included as con-
trols. Other exclusion criteria were the same as those for
cases. The first control group consisted of 226 eligible
controls that were consented and interviewed.
For each of the cases and the interviewed controls, a

personal interview with the mother was conducted by
trained interviewers using a structured questionnaire,
adapted from the CDC’s Study to Explore Early Develop-
ment (SEED). The questionnaire included parental
demographic and socioeconomic information, a detailed
residential history, maternal and paternal occupational
history, family history of ASD, smoking history, maternal
reproductive and pregnancy history, and child’s medical
history. Data was obtained on all residential addresses
and the corresponding start and end dates that the
mother/child lived at those addresses from three months
prior to last menstrual period (LMP) until the child’s
second birthday.
The second control group (birth certificate or BC con-

trols) consisted of a random sample of births occurring
from 2005 to 2009 for the six county area of study,
weighted with a male to female ratio of 4:1 and year of
birth. Birth certificate information on the cases and con-
trols, consisting of residence at birth, age of mother,
smoking history, maternal education, race and other infant
characteristics, was then used for the second case–control
analysis. Of the total sample of 5,007 birth certificates, 16
were identified as being in our case (ASD) population and
were removed from the control group.

Exposure assessment
Exposure to ambient hazardous air pollution concentra-
tions was estimated using modeled data from the 2005
NATA assessment. The 2005 NATA estimates are an an-
nual average by census tract and were downloaded from
the US EPA website (http://www.epa.gov/ttn/atw/nata2005/
tables.html accessed April 16, 2014). Out of the 177 air
toxics available through NATA, we examined the distri-
bution, variability, and correlations of 37 air toxics
characterized as having neurological, developmental or
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endocrine-disrupting effects by one of the previous
studies [17–19] or the US EPA [20]. Seven chemicals
(carbon tetrachloride, chloroform, ethylene dibromide,
ethylene dichloride, hexachlorobenzene, methyl chloride,
and PCBs) were excluded from further analysis due to lit-
tle diversity in their distributions within the six-county
area, leaving a total of 30 NATA compounds for analysis.
For the analyses of the interviewed cases and controls,

the residential addresses obtained during the interview
were geocoded to an X, Y coordinate using ArcGIS (ver-
sion 10.1; ESRI Inc., Redlands, CA) and verified manually.
When an address could not be successfully geocoded in
ArcGIS, other methods were used, including MapQuest
Latitude/Longitude Finder (http://developer.mapquest.-
com/web/tools/lat-long-finder). Year 2000 census tracts
(11 digit FIPS codes) for each address were assigned using
ArcGIS 10.1, linking to 2009 Tiger Line files for the 2000
United States census. We calculated person-specific ex-
posure estimates for each of the air toxic compounds, tak-
ing into account the locations of and changes in residence
and the time spent at each residence. For each child, aver-
age exposure estimates were computed for the time pe-
riods of pregnancy, first year of life, and second year of
life. Two participants who lived at a residence outside of
the United States for which no NATA data was available
were excluded from analysis, leaving an analytic group of
217 cases and 224 controls.
For the birth certificate data analysis, NATA concen-

trations were linked to census tract of residence at birth.
All births that could be linked to a PA DOH birth cer-
tificate either contained the census tract of birth or the
zip code of birth. When only zip code was provided, the
2010 ZCTA shapefile was used to calculate the geo-
graphical center of each zip code in ArcGIS 10.2. Then,
each ZCTA centroid was spatially linked to the 2000
census tract that contains it. Of the 217 cases, one of the
births could not be linked to its birth certificate, 187 had
a census tract on the birth certificate, and 29 only had a
zip code of birth. Of the 5,007 potential controls, 16
births were actually in our case population, 4,194 had a
census tract on the birth certificate, and 797 only had a
zip code of birth. However, 20 control births could not
be assigned a NATA exposure: Eighteen could not be
linked to a census tract as the documented zip code was
not in the 2010 ZCTA shapefile, and two had census
tracts documented on the birth certificate that did not
match a census tract in the 2005 NATA database. There-
fore, the final population in the analysis of BC controls
was 216 cases and 4,971 controls.

Statistical analysis
We used logistic regression to investigate the association
between exposure to NATA air pollutants and the risk
of autism spectrum disorder. In order to calculate

individual odds ratios, quartile cut points were calcu-
lated for each of the 30 NATA pollutants. These were
based on the distribution among the interviewed con-
trols for use in each respective case–control comparison.
The three highest quartiles were individually compared
to the lowest quartile. For the interviewed cases and
controls, separate logistic regression models were con-
ducted for each pollutant during the pregnancy period
and secondarily for the first and second year of life. For
the birth certificate control comparison, only residence
at the time of birth was available. All analyses were ad-
justed for maternal age, education, race, smoking, child’s
birth year and child’s sex.
In addition to examining compounds individually, we

also grouped compounds by structural properties into
three classifications: metals excluding selenium (arsenic,
cadmium, chromium, lead, manganese, mercury, and
nickel), aromatic solvents (benzene, ethyl benzene, styr-
ene, toluene and xylenes), and chlorinated solvents
(methylene chloride, perchloroethylene, trichloroethyl-
ene, trichloroethane, and vinyl chloride). Index scores
were computed for each of the structural groups of
metals, aromatic solvents, and chlorinated solvents by
summing the quartiles for the compounds in each
group. Similar to what was done for the individual com-
pounds, quartile cut points of these scores were calcu-
lated based on the distribution of the index scores
among the interviewed controls. Logistic regression
models comparing highest quartiles to the lowest quartile
were conducted for each of the indices for both the inter-
viewed and BC comparisons, controlling for mother’s age,
education, race, smoking, child’s year of birth and sex. IBM
SPSS Statistics 20 and 22 were used for all analyses. No
formal adjustment was made for multiple comparisons.
Additionally, we noted a significantly higher number

of multiple births reported among cases compared to
controls (8.4 % among the cases; 4.0 % and 3.8 % among
the interviewed and birth certificate control groups, re-
spectively). As there is a high rate of prematurity and
other problems associated with multiple births, we con-
ducted a sensitivity analysis with and without the inclu-
sion of multiple births for both case–control comparisons.
One of the last steps involved a backward multiple logis-

tic analysis of all agents identified as significant in either
case–control comparison with adjustment for mother’s
age, race, education, smoking, child’s birth year, and child’s
sex. This was done in order to consider the most signifi-
cant effects of NATA compounds while controlling for the
same covariates that were used in the previous logistic re-
gression models for individual pollutants.
Finally, air toxics are often correlated with each other,

and people are often simultaneously exposed to a complex
mixture of air pollutants. In our study, the Spearman cor-
relation matrix revealed that many of the air toxics were
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highly correlated (p < 0.01). Similar to the methodology
detailed by von Ehrenstein et al [21], we conducted a fac-
tor analysis to further examine the correlation structure of
our set of 30 air toxics. Factors were extracted using Prin-
cipal Component Analysis (PCA) and rotated using vari-
max rotation. The eigenvalue >1 rule was used to
determine which factors to retain [21].

Results
A total of 299 families returned a contact sheet and were
initially consented and screened for this study (see
Additional file 1: Figure S1). Of these, 56 did not meet
case inclusion criteria. An additional seven were no lon-
ger interested in participating when contacted, and 19
failed to complete the entire interview. The final number
of interviewed cases was n = 217. These individuals met
the requirements for SQL screening and confirmation of
diagnosis. The referring sources of the 217 ASD cases
were as follows: 116 (49 %) were diagnosed from spe-
cialty ASD diagnostic and treatment centers/clinics, 47
(21.6 %) were recruited through private pediatric psych-
ology/psychiatry practices/University, 43 (20 %) were re-
cruited through school-based special needs programs,
and 11 (5.1 %) were recruited through autism support
groups or our website.
During recruitment, informational letters and contact

sheets with return envelopes were mailed to 3,254
households (65 % of the random sample of 5,007 poten-
tial controls) (see Additional file 1: Figure S2). There
were 369 mailings for which we received an address cor-
rection and re-mailed the informational packets. Of the
3,254 prospective participants who were sent letters, 143
were returned as a refusal and 2,861 were either return
to sender, forwarding order expired, or no response. A
total of 250 potential controls returned contact sheets
and consent forms. Of these, 24 were ineligible or unable
to be further contacted. The final number of eligible
controls who were interviewed was 226.
Characteristics of the study population and estimated

exposure to NATA air toxics are presented in Tables 1
and 2. Case–control information is presented according
to the information source used for each analysis. In
Table 1, information obtained from the interview is pre-
sented for the 217 cases and 226 interviewed controls,
with the exception of information on LBW (low birth
weight, <2500 g) and PTB (preterm birth, <37 weeks
gestation), which was obtained from the birth certificate.
Information from the birth certificate is presented for
the 216 cases for which birth certificate information was
available and the 4,971 birth certificate controls.
The majority of both cases and controls were born in

Allegheny County, the most populated of the six county
areas. Mothers of ASD cases were slightly younger over-
all than mothers of interviewed controls, but were older

than the BC controls. More than half of the mothers of
both the interviewed cases and controls reported on
interview that they had a college degree or greater; the
percent of mothers with a college degree was signifi-
cantly higher among mothers of interviewed controls
compared to cases. The mothers of the 4,971 birth cer-
tificate controls, however, had less educational attain-
ment than the mothers of cases (birth certificate
information). Cigarette smoking at any time from three
months prior to pregnancy until birth was higher among
mothers of interviewed ASD cases compared to mothers
of interviewed controls. Using the birth certificate infor-
mation, mothers of cases reported smoking less prior or
during pregnancy compared to their birth certificate
control counterparts. Preterm births among ASD cases
were significantly greater compared to both control
groups, largely due to a greater percentage of multiple
births (see Table 1).
Table 2 presents the single pollutant 25th, 50th, and

75th percentiles of concentrations of selected NATA haz-
ardous air pollutants for 1) interviewed ASD cases and
controls during the pregnancy period, and for 2) cases
and the BC controls using the residence at the time of
birth from the birth certificate. As the exposure was
assigned differently for the two groups of cases and con-
trols (using the residential history during the entire
pregnancy period from the interview versus the resi-
dence at birth from the birth certificate), we compared
the distributions. In the comparison of the two data
sources for the cases, we found no significant differences
(Mann Whitney test). A comparison between the two con-
trol groups (interviewed versus BC), however, showed sig-
nificant differences in the distributions for selenium,
styrene, and cyanide; all were higher for the second con-
trol group.

Logistic regression results
In the unadjusted logistic regression analysis of the
interviewed case–control comparison (not shown), there
were statistically significant odds ratios for fourth com-
pared to first quartile of styrene and chromium. PAHs
and methanol were of borderline significance for fourth
compared to first quartile. For the birth certificate un-
adjusted analyses (also not shown), associations were
statistically significant for toluene third versus first and
styrene second versus first quartile. Results were of bor-
derline significance (p < 0.10) for second versus first
quartile for lead, PAHs, and diesel PM, and third versus
first quartile for benzene.
The adjusted odds ratios for the NATA air toxics

grouped into quartiles of exposure during pregnancy
with the three highest quartiles compared to the first
quartile are shown in Figs. 1a-d and 2a-d and Table 3.
For the interviewed case–control analyses, only styrene
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Table 1 Characteristics of ASD Cases and Controls (interviewed information versus information from birth certificate)a

Interviewed Birth Certificate

Characteristic Cases (n = 217) Controls (n = 226) Cases (n = 216) Controls (n = 4,971)

N (%) N (%) N (%) N (%)

Sex:

Male 169 (77.9) 175 (77.4) 168 (77.8) 3,980 (80.1)

Female 48 (22.1) 51 (22.6) 48 (22.2) 991 (19.9)

Year of birth – n(%)

2005 43 (19.8) 53 (23.5) 43 (20.0) 1,153 (23.2)

2006 59 (27.2) 44 (19.5) 59 (27.3) 1,151 (23.2)

2007 48 (22.1) 46 (20.4) 48 (22.2) 1,066 (21.4)

2008 37 (17.1) 41 (18.1) 36 (16.7) 888 (17.9)

2009 30 (13.8) 42 (18.6) 30 (13.9) 713 (14.3)

County at birth – n(%)

Allegheny 131 (60.4) 133 (58.8) 129 (59.7) 2,883 (58.0)

Armstrong 7 (3.2) 2 (0.9) 7 (3.2) 151 (3.0)

Beaver 7 (3.2) 18 (8.0) 7 (3.2) 393 (7.9)

Butler 17 (7.8) 19 (8.4) 18 (8.3) 409 (8.2)

Washington 22 (10.1) 24 (10.6) 21 (9.7) 448 (9.0)

Westmoreland 33 (15.2) 30 (13.3) 34 (15.7) 687 (13.8)

Maternal age (SD) – meanb 30.4(5.4) 31.8 (4.7) 30.4 (5.4) 28.5 (6.0)

Paternal age (SD) – mean2 32.6 (6.0) 33.6 (5.9) 32.8 (5.8) 31.4 (6.6)

Mother raced

White 194 (89.4) 219 (96.9) 196 (90.7) 4,055 (81.9)

Black 15 (6.9) 4 (1.8) 16 (7.4) 692 (14.0)

Other 2 (0.9) 2 (0.9) 4 (1.9) 205 (4.1)

Mother’s educatione

< High school graduate 3 (1.4) 2 (0.9) 6 (2.8) 475 (9.6)

High school graduate and some college 95 (43.8) 46 (20.4) 92 (42.6) 2,536 (51.3)

≥ College graduate 119 (54.9) 178 (78.7) 118 (54.6) 1,937 (39.2)

Low birth weight (<2500 g)f,i (based on
birth certificate)

23 (10.7) 9 (4.0) 23 (10.6) 341 (6.9)

Preterm birth (< 37 weeks)g,j (based on
birth certificate)

31 (14.8) 20 (9.0) 31 (14.8) 514 (10.6)

Multiple births 18 (8.4) 9 (4.0) 18 (8.4) 189 (3.8)

Maternal Smoking during pregnancy or in
3 months prior to pregnancyh

Yes 54 (24.9) 24 (10.6) 30 (13.9) 1,165 (23.9)

No 163 (75.1) 202 (89.4) 185 (86.0) 3,714 (76.1)
aIncludes multiples births
bMissing 2
cMissing 632
dMissing 19
eMissing 23
fMissing 13
gMissing 119
hMissing 92 controls and 1 case
iMissing 1 case
jMissing 4 cases and 6 controls
Interview missing information
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quartile four compared to quartile one remained signifi-
cant after adjustment for covariates. Thus, women living
in areas of the highest quartile of styrene exposure dur-
ing pregnancy had a 2.04 (95 % CI = 1.17–3.58) odds of
having an ASD diagnosed child than women living in
areas of the lowest quartile of styrene during pregnancy,
after adjusting for mother’s age, race, education, smok-
ing, child’s year of birth, and child’s sex. Additional file
1: Table S1 provides the information on associations of
NATA compounds for pregnancy, first year, and second
year time periods for the interviewed cases and controls.
The association with styrene was the only statistically
significant associations of all NATA compounds for

these periods. During the child’s first year of life, the
fourth quartile of styrene compared to the first quartile
resulted in a significantly elevated odds of ASD (OR =
1.86, 95 % CI = 1.07–3.25). During year two, the OR was
elevated but not significant.
As shown in Table 3 and Figs. 2a-d, there were signifi-

cantly elevated odds ratios for both styrene and chro-
mium for the BC control comparison. Styrene exhibited
a significant effect comparing fourth to first quartile
(OR = 1.61, 95 % CI = 1.08–2.40, p = 0.037). Chromium
was also associated with significantly higher odds of hav-
ing ASD (OR = 1.60, 95 % CI = 1.08–2.38, p = 0.018)
when comparing the fourth to the first quartile of

Table 2 Single pollutant percentiles of concentration (ng/m3), full pregnancy period, for ASD interviewed cases (n = 217) and
controls (n = 224) and birth certificate cases (n = 216) and controls (n = 4,971)

Class Compounds
(Concentration
In ng/m3)

Cases (217) Controls (224) Cases (216) Second Controls (4,971)

25 50 75 25 50 75 25 50 75 25 50 75

Metal
Compounds

Arsenic 1.03 1.14 1.33 0.98 1.11 1.30 1.02 1.13 1.33 1.00 1.13 1.35

Cadmium 0.13 0.15 0.18 1.13 0.15 0.18 0.13 0.15 0.18 0.12 0.15 0.19

Chromium 1.59 1.80 2.40 1.54 1.74 2.06 1.58 1.79 2.30 1.55 1.79 2.18

Mercury 0.04 0.05 0.08 0.04 0.06 0.08 0.04 0.05 0.08 0.04 0.06 0.08

Manganese 1.71 2.10 2.38 1.78 2.08 2.27 1.66 2.07 2.36 1.71 2.08 2.30

Nickel 0.79 0.91 1.06 0.82 0.92 1.02 0.78 0.91 1.04 0.79 0.92 1.07

Lead 3.40 3.83 4.31 3.29 3.84 4.25 3.36 3.79 4.34 3.27 3.81 4.42

Selenium 0.35 0.45 0.52 0.38 0.47 0.55 0.36 0.46 0.53 0.32 0.46 0.53

Aromatic
Solvents

Benzene 870.78 1102.56 1283.58 823.05 1069.07 1252.91 883.78 1091.58 1289.37 823.50 1082.76 1313.56

Ethyl benzene 98.16 128.00 188.42 87.25 123.49 181.64 97.35 124.72 188.50 85.25 125.73 196.10

Styrene 25.22 33.46 51.39 22.82 30.82 40.34 24.43 32.46 50.52 23.67 33.53 48.71

Toluene 1588.52 2034.18 2501.53 1494.39 2008.97 2439.93 1637.27 2027.70 2536.57 1470.03 2032.16 2553.37

Xylenes 430.15 591.08 864.09 385.16 536.36 816.75 429.88 583.81 865.79 382.52 588.09 897.42

Chlorinated
Solvents

Methylene chloride 241.83 266.47 272.42 241.57 265.99 270.82 244.06 266.47 272.48 239.39 266.53 272.60

1,1,1-Trichloroethane 215.38 230.86 248.70 210.65 227.25 245.87 215.16 230.84 246.74 211.62 230.70 250.15

Perchloroethylene 99.77 216.12 266.51 100.31 215.36 262.03 100.08 214.81 267.36 93.71 209.17 265.98

Trichloroethylene 70.59 74.75 82.92 70.04 73.50 81.64 70.55 74.33 82.46 70.03 74.93 84.26

Vinyl chloride 0.06 0.09 0.12 0.06 0.09 0.11 0.06 0.09 0.12 0.06 0.09 0.12

Other HAPs Hydrazine 0.04 0.06 0.06 0.06 0.06 0.06 0.04 0.06 0.06 0.04 0.06 0.07

PAHs 8.85 12.09 15.87 8.65 11.02 14.60 8.85 12.41 15.72 8.34 12.19 15.70

Diesel PM 291.11 427.28 660.14 255.12 399.98 589.45 296.99 411.34 614.12 253.58 417.56 666.33

Allyl chloride <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Carbon disulfide 1.60 2.35 3.35 1.46 2.35 2.97 1.55 2.35 3.38 1.55 2.38 3.27

Cresol 3.38 4.11 4.56 3.33 4.02 4.49 3.44 4.11 4.52 3.30 4.08 4.58

Cumene 0.95 1.38 1.68 0.91 1.20 1.65 0.94 1.37 1.66 0.90 1.32 1.69

Cyanide 48.02 68.14 93.24 44.19 59.91 88.38 45.72 67.14 93.11 44.92 67.32 95.47

2,4-Dinitrotoluene <0.01 0.01 0.01 <0.01 0.01 0.01 <0.01 0.01 0.01 <0.01 0.01 0.01

Ethylene oxide 3.48 3.98 4.64 3.37 3.96 4.54 3.48 3.94 4.57 3.40 3.97 4.77

Hexane 100.15 137.65 201.95 88.07 128.22 190.27 99.95 131.03 198.83 84.67 133.28 205.30

Methanol 197.44 273.58 408.06 183.92 253.36 348.18 191.54 272.65 396.41 189.02 277.16 403.32
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exposure, after adjustment for covariates. PAHs and
methylene chloride were of borderline significance (p =
0.060 and p = 0.080, respectively). Lead exposure, third
quartile compared to first, was significant (OR = 1.54,
95 % CI = 1.00–2.38) as well as toluene (OR = 1.54, 95 %
CI = 1.03–2.28) third to first quartile. There was a bor-
derline significant effect for benzene (OR = 1.46, 95 %
CI = 0.98–2.18) third quartile compared to first. Table 3
also shows the overall measure of metal compounds (ar-
senic, cadmium, chromium, mercury, manganese, nickel,
and lead), aromatic solvents (benzene, ethyl benzene,
styrene, toluene, and xylenes), and chlorinated solvents
(methylene chloride, trichloroethane, perchloroethylene,
and vinyl chloride), none of which were statistically
significant in either analysis. For the aromatic sol-
vents, the third compared to first quartile was border-
line (p = 0.064).
The supplement (Additional file 1: Tables S2 and S3,

Figures S1-S4) provides information on the sensitivity
analysis of the singleton births. The interviewed control,

singleton-only analysis again resulted in only styrene ex-
posure remaining significantly associated with ASD sta-
tus after adjustment for maternal education, race, age,
smoking, child’s year of birth, and child’s sex. For the BC
control, singleton-only analysis, exposure to arsenic,
methylene chloride, PAHs, lead and cyanide reached
statistical significance in addition to chromium and styr-
ene. Although the confidence intervals for these add-
itional suspect pollutants were wide in the interviewed
control analysis, the odds ratios were elevated to a simi-
lar degree.
We noted a possible differential response rate for cases

and BC controls in Armstrong and Beaver counties (see
Table 1), with fewer cases in Beaver and fewer controls
for Armstrong. We conducted a sensitivity analysis for
the second BC control analysis, excluding Beaver and
Armstrong County cases and controls, to determine if
there would be any effect on the results of the analyses.
We found similar results for chromium (OR = 1.60, 95 %
CI = 1.04 -2.47) and for styrene (OR = 1.70, 95 % CI =

Fig. 1 a Adjusted odds ratios with 95 % CI for interviewed ASD cases (n = 217) and controls (n = 224) associated with quartiles of exposure during
pregnancy for metals. b Adjusted odds ratios with 95 % CI for interviewed ASD cases (n = 217) and controls (n = 224) associated with quartiles of
exposure during pregnancy for aromatic solvents. c Adjusted odds ratios with 95 % CI for interviewed ASD cases (n = 217) and controls (n = 224)
associated with quartiles of exposure during pregnancy for chlorinated solvents. d Adjusted odds ratios with 95 % CI for interviewed ASD cases
(n = 217) and controls (n = 224) associated with quartiles of exposure during pregnancy for other HAPs
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Table 3 Adjusted OR with 95 % CI for ASD associated with quartiles of exposure during pregnancy: interviewed cases (n = 217) and
controls (n = 224) vs cases (n = 215) and birth certificate (BC) controls (n = 4856)a

Pollutant Quartile
(compared to 1)

Interviewed Control Adjusted BC Control Adjusted

OR Lower 95 % CI Upper 95 % CI p-value OR Lower 95 % CI Upper 95 % CI p-value

Metals

Arsenic 2 1.23 0.69 2.20 0.477 1.36 0.89 2.07 0.154

3 1.47 0.83 2.59 0.183 1.38 0.92 2.07 0.116

4 1.28 0.71 2.28 0.415 1.33 0.87 2.02 0.183

Cadmium 2 1.07 0.61 1.86 0.817 1.17 0.79 1.73 0.443

3 0.93 0.53 1.63 0.799 1.01 0.68 1.49 0.967

4 0.93 0.53 1.64 0.804 1.15 0.78 1.70 0.466

Chromium 2 1.14 0.64 2.03 0.664 1.29 0.84 1.96 0.240

3 1.14 0.64 2.03 0.651 1.28 0.85 1.95 0.240

4 1.52 0.87 2.66 0.139 1.60 1.08 2.38 0.020

Mercury 2 0.64 0.36 1.11 0.112 0.79 0.54 1.17 0.250

3 1.01 0.59 1.71 0.986 1.06 0.74 1.51 0.744

4 0.60 0.34 1.06 0.079 0.75 0.51 1.13 0.169

Manganese 2 0.77 0.44 1.36 0.370 0.94 0.64 1.40 0.770

3 0.75 0.43 1.32 0.321 0.92 0.62 1.36 0.665

4 1.10 0.64 1.90 0.733 1.22 0.84 1.76 0.295

Nickel 2 0.87 0.51 1.50 0.622 1.08 0.74 1.56 0.700

3 0.49 0.27 0.89 0.018 0.87 0.57 1.32 0.516

4 0.76 0.44 1.31 0.317 0.93 0.65 1.35 0.718

Lead 2 1.33 0.77 2.32 0.311 1.41 0.96 2.08 0.080

3 0.82 0.45 1.49 0.515 1.54 1.00 2.38 0.049

4 1.10 0.63 1.94 0.734 1.33 0.90 1.97 0.158

Selenium 2 0.72 0.42 1.25 0.247 0.97 0.66 1.43 0.880

3 0.93 0.54 1.58 0.776 1.21 0.85 1.74 0.292

4 0.59 0.33 1.05 0.071 0.80 0.53 1.20 0.285

Aromatic Solvents

Benzene 2 0.98 0.55 1.73 0.938 1.10 0.73 1.66 0.651

3 1.12 0.64 1.95 0.690 1.46 0.98 2.18 0.059

4 1.08 0.62 1.90 0.786 1.21 0.81 1.81 0.346

Ethyl benzene 2 0.92 0.52 1.62 0.763 1.15 0.76 1.74 0.498

3 1.04 0.60 1.81 0.891 1.38 0.92 2.05 0.116

4 1.16 0.66 2.03 0.609 1.23 0.84 1.82 0.291

Styrene 2 1.29 0.72 2.31 0.396 1.74 1.15 2.65 0.009

3 1.09 0.60 1.98 0.784 1.11 0.71 1.75 0.648

4 2.04 1.17 3.58 0.013 1.61 1.08 2.40 0.018

Toluene 2 0.97 0.55 1.70 0.914 1.26 0.84 1.90 0.262

3 1.02 0.58 1.77 0.955 1.54 1.03 2.28 0.033

4 0.98 0.55 1.72 0.930 1.20 0.80 1.79 0.376

Xylenes 2 0.76 0.42 1.36 0.352 1.12 0.73 1.73 0.593

3 1.25 0.72 2.15 0.427 1.35 0.92 1.98 0.121

4 1.04 0.59 1.83 0.895 1.23 0.83 1.83 0.310
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Table 3 Adjusted OR with 95 % CI for ASD associated with quartiles of exposure during pregnancy: interviewed cases (n = 217) and
controls (n = 224) vs cases (n = 215) and birth certificate (BC) controls (n = 4856)a (Continued)

Chlorinated Solvents

Methylene chloride 2 1.02 0.58 1.78 0.958 1.13 0.75 1.71 0.548

3 0.80 0.45 1.42 0.446 1.15 0.77 1.72 0.497

4 1.07 0.61 1.85 0.822 1.41 0.96 2.07 0.082

Trichloroethane 2 1.25 0.71 2.21 0.447 1.16 0.77 1.75 0.485

3 1.22 0.69 2.15 0.493 1.16 0.78 1.73 0.467

4 1.22 0.68 2.17 0.509 1.23 0.82 1.85 0.323

Perchloroethylene 2 0.91 0.53 1.58 0.743 1.19 0.80 1.75 0.388

3 0.93 0.53 1.62 0.791 1.14 0.76 1.71 0.530

4 0.92 0.52 1.63 0.778 1.14 0.77 1.69 0.515

Trichloroethylene 2 1.00 0.57 1.76 0.996 1.23 0.81 1.85 0.331

3 1.09 0.62 1.91 0.770 1.17 0.80 1.72 0.416

4 1.04 0.59 1.84 0.902 1.18 0.79 1.76 0.423

Vinyl chloride 2 0.99 0.56 1.74 0.962 1.00 0.67 1.49 0.991

3 1.02 0.58 1.79 0.950 1.03 0.68 1.56 0.879

4 1.18 0.67 2.07 0.561 1.06 0.72 1.56 0.782

Other HAPs

Hydrazine 2 0.71 0.42 1.17 0.178 0.62 0.28 1.39 0.248

3 1.23 0.62 2.44 0.559 1.04 0.74 1.46 0.813

4 0.82 0.47 1.44 0.492 1.23 0.83 1.84 0.304

PAHs 2 1.10 0.62 1.95 0.738 1.41 0.92 2.16 0.112

3 1.01 0.57 1.79 0.973 1.27 0.85 1.90 0.251

4 1.33 0.76 2.32 0.323 1.44 0.98 2.11 0.064

Diesel PM 2 1.15 0.66 2.00 0.634 1.38 0.93 2.06 0.112

3 1.00 0.57 1.77 0.992 1.30 0.86 1.96 0.210

4 1.04 0.59 1.84 0.887 1.25 0.83 1.87 0.282

Allyl chloride 2 0.75 0.41 1.34 0.328 1.13 0.75 1.71 0.548

3 1.15 0.66 1.99 0.628 1.28 0.86 1.88 0.221

4 1.26 0.73 2.17 0.405 1.17 0.80 1.70 0.424

Carbon disulfide 2 1.36 0.78 2.37 0.281 1.13 0.76 1.67 0.558

3 0.79 0.44 1.45 0.451 0.82 0.53 1.27 0.371

4 1.28 0.74 2.24 0.382 1.20 0.82 1.76 0.349

Cresols 2 0.86 0.49 1.53 0.611 1.12 0.74 1.69 0.591

3 1.03 0.60 1.79 0.904 1.31 0.88 1.94 0.183

4 1.05 0.60 1.85 0.854 1.18 0.79 1.76 0.424

Cumene 2 0.93 0.52 1.66 0.804 1.27 0.83 1.95 0.278

3 1.43 0.82 2.48 0.205 1.33 0.91 1.93 0.143

4 1.01 0.57 1.79 0.975 1.36 0.91 2.05 0.138

Cyanide 2 1.20 0.67 2.14 0.550 0.90 0.58 1.40 0.637

3 1.42 0.81 2.49 0.218 1.17 0.80 1.71 0.430

4 1.19 0.67 2.12 0.546 1.36 0.92 2.01 0.123

2,4-Dinitrotoluene 2 0.73 0.40 1.31 0.288 1.11 0.73 1.69 0.618

3 1.18 0.68 2.03 0.566 1.35 0.92 1.98 0.130

4 1.25 0.73 2.16 0.422 1.19 0.81 1.74 0.373
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1.12–2.58). The remaining compounds were not statisti-
cally significant in either the original or the sensitivity
analysis excluding Armstrong and Beaver, indicating very
little effect on the overall results from the study popula-
tion in these counties.
Shown in Table 4 are the adjusted odds ratios and

95 % CIs for ASD (fourth compared to first quartile) as-
sociated with exposure to individual NATA air toxics
that were statistically significant in either the interviewed
case–control or the BC case–control analysis of all
births or in the sensitivity analysis of only the singleton
births. Seven compounds were found to be related to
ASD risk (arsenic, chromium, methylene chloride, PAHs,
styrene, cyanide and lead). There is consistency in the
adjusted odds ratios for NATA compounds when com-
paring the results from the two different control groups.
The most notable difference in the two control groups is
the wider confidence intervals for the first control due
to its smaller sample size.
A backward stepwise multiple logistic regression ana-

lysis was conducted in order to consider the contribution
of these seven compounds identified as “compounds of
interest” while controlling for important covariates of
mother's education, race, age, smoking, child’s birth year
and sex. For both the interviewed case–control and
BC comparisons, only styrene remained in the final
model of the seven air toxics, adjusting for covariates
(fourth to first quartile, interviewed: OR = 2.04, 95 %

CI = 1.17–3.58, p = 0.013; BC: OR = 1.61, 95 % CI =
1.08–2.40, p = 0.018).
Finally, a factor analysis using PCA and varimax rota-

tion produced seven factors that explained almost 75 %
of the variance of the original set of 30 air toxics. These
factors appeared to represent pollution sources such as
traffic, metal manufacturing, and plastic and rubber pro-
duction. It is therefore possible that styrene or chro-
mium, both individually associated with ASD risk in our
study, are surrogates for related groups of agents. Future
work will investigate methods to assess whether any of
these groups of air toxics are associated with increased
risk for ASD.

Discussion
Although this study was exploratory in nature, we tar-
geted air toxics found to be associated with ASD in
three previous epidemiology studies using NATA [17–
19]. Of the twelve compounds found to be associated
with ASD in these previous three investigations, five
compounds (arsenic, lead, chromium, styrene and
methylene chloride) were found to be statistically signifi-
cant in at least one of our four sets of control compari-
sons (interviewed all births, BC all births, interviewed
singletons, and BC singletons). Styrene was statistically
significant across all four comparisons, and chromium
was statistically significant for all births and singleton
births within the BC control adjusted analyses. Of the

Table 3 Adjusted OR with 95 % CI for ASD associated with quartiles of exposure during pregnancy: interviewed cases (n = 217) and
controls (n = 224) vs cases (n = 215) and birth certificate (BC) controls (n = 4856)a (Continued)

Ethylene Oxide 2 1.36 0.78 2.38 0.277 1.11 0.76 1.63 0.588

3 1.13 0.64 2.00 0.686 1.08 0.72 1.62 0.710

4 1.04 0.58 1.87 0.885 0.97 0.65 1.46 0.890

Hexane 2 0.90 0.51 1.60 0.718 1.23 0.82 1.85 0.313

3 1.04 0.60 1.81 0.891 1.28 0.86 1.90 0.228

4 1.12 0.64 1.96 0.689 1.27 0.86 1.87 0.239

Methanol 2 1.08 0.60 1.92 0.805 0.87 0.57 1.33 0.520

3 1.31 0.74 2.29 0.353 1.21 0.82 1.79 0.328

4 1.29 0.73 2.26 0.379 1.10 0.74 1.63 0.642

Index Scores

Metals 2 0.69 0.39 1.23 0.209 0.96 0.65 1.42 0.842

3 0.76 0.45 1.27 0.295 1.03 0.70 1.50 0.889

4 0.93 0.53 1.63 0.790 1.17 0.80 1.70 0.423

Aromatic Solvents 2 0.81 0.47 1.40 0.447 1.17 0.79 1.73 0.446

3 1.16 0.66 2.04 0.599 1.45 0.98 2.16 0.064

4 1.10 0.63 1.93 0.745 1.20 0.81 1.78 0.368

Chlorinated Solvents 2 0.88 0.50 1.55 0.653 1.15 0.76 1.73 0.512

3 1.00 0.58 1.73 1.000 1.10 0.75 1.62 0.609

4 0.99 0.56 1.75 0.967 1.21 0.81 1.79 0.357
aAll births, adjusted for mother’s age, education, race, smoking, child’s birth year (continuous), and child’s sex
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remaining 18 compounds examined, four exhibited stat-
istical significance for the fourth compared to the first
quartile or the third compared to the first quartile in at
least one of the analyses. PAHs and cyanide exhibited el-
evated odds ratios comparing the fourth to the first
quartile of exposure, with confidence limits that did not
include one in the singleton BC comparisons. In the

singleton BC analysis, benzene and toluene also exhib-
ited statistically significant ORs in comparisons of the
third to the first quartile, and diesel PM for the second
to the first quartile. The odds ratios for a number of
other compounds we evaluated were also elevated, but the
confidence intervals included one. There was consistency
in the magnitude of the adjusted odds ratios for NATA

Table 4 Adjusteda OR (95 % CI) for ASD associated with exposure during pregnancy to NATA air toxics (fourth vs first quartile)

Pollutant Interviewed (217 Cases and 224 Controls) Birth Certificate (215 Cases and 4,856 Controls)

All Births Singleton Births All Births Singleton Births

Arsenic 1.28 (0.71–2.28) 1.38 (0.75–2.52) 1.33 (0.87–2.02) 1.62 (1.03–2.54)**

Chromium 1.52 (0.87–2.66) 1.58 (0.88–2.81) 1.60 (1.08–2.38)** 1.65 (1.09–2.50)**

Methylene chloride 1.07 (0.61–1.85) 1.33 (0.74–2.36) 1.41 (0.96–2.07)* 1.63 (1.08–2.45)**

PAHs 1.33 (0.76–2.32) 1.56 (0.87–2.77) 1.44 (0.98–2.11)* 1.64 (1.09–2.46)**

Styrene 2.04 (1.17–3.58)** 2.23 (1.24–4.00)** 1.61 (1.08–2.40)** 1.67 (1.09–2.54)**

Lead 1.10 (0.63–1.94) 1.21 (0.67–2.18) 1.33 (0.90–1.97) 1.52 (1.00–2.30)**

Cyanide 1.19 (0.67–2.12) 1.32 (0.73–2.36) 1.36 (0.92–2.01) 1.52 (1.01–2.30)**

aModels adjusted for maternal smoking, age, education, race, child’s birth year, and sex of the child
**Significant (p-value < 0.05) *p < .10

Fig. 2 a Adjusted odds ratios with 95 % CI for ASD cases (n = 215) and BC controls (n = 4,856) associated with quartiles of exposure during pregnancy
for metals. b Adjusted odds ratios with 95 % CI for ASD cases (n = 215) and BC controls (n = 4,856) associated with quartiles of exposure during
pregnancy for aromatic solvents. c Adjusted odds ratios with 95 % CI for ASD cases (n = 215) and BC controls (n = 4,856) associated with quartiles of
exposure during pregnancy for chlorinated solvents. d Adjusted odds ratios with 95 % CI for ASD cases (n = 215) and BC controls (n = 4,856) associated
with quartiles of exposure during pregnancy for other HAPs
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compounds when comparing the results based on the
two different control groups within our study for
the seven compounds found to be related to ASD risk
(arsenic, chromium, methylene chloride, styrene, lead,
cyanide and PAHs). The most notable difference in
the two control groups is the wider confidence inter-
val for the first control due to its smaller sample size
resulting in lower power to detect small differences.
Styrene and chromium showed the strongest estimates
of risk for both case–control comparisons with a
range of odds ratios of 1.61–2.23 for styrene and
1.52–1.65 for chromium in the four sets of case–control
comparisons.
This study used a semi-ecological design. Personal

risk factors were obtained at the individual level, but
exposure to the air toxics was assessed at the group
level (census tract level). Also, we applied the NATA
concentration estimates for 2005 to the full time period
of this study, and they may not have been representa-
tive of exposures for other years. In the interviewed
analysis, although we had information on changes in
residential addresses in the prenatal and postnatal
period, we did not have explicit mobility patterns for
the mother-child pairs outside of these residential cen-
sus tracts.
Each control group analysis had its unique strengths

and weaknesses. We were able to conduct maternal in-
terviews for cases and for the first control group to
obtain full residential history information, thereby de-
creasing exposure misclassification bias. We were also
able to examine the association between ASD and esti-
mated exposure to NATA air toxics not only during
pregnancy, but also for the first and second years of
life—the first study to do so. The second control group,
because it was a random sample representative of all
births in the six county area (weighted 4:1 male:female),
removed the issue of response bias among the controls.
However, a limitation of the second set of case–control
analyses was the inability to capture residences during
pregnancy other than the address reported at the time
of birth. We noted that 16.1 % of the case mothers and
12.9 % of the interviewed control mothers reported
moving to a new address during the year before the
infant’s birth. Based on the sociodemographic charac-
teristics of the birth certificate controls, the percentage
that moved during pregnancy may have been even
higher among the birth certificate controls, leading to
exposure misclassification for the second set of control
analyses.
Of the four studies (including ours) that used NATA

to assess the risk of ASD associated with air toxics,
the Windham et al. and Kalkbrenner et al. studies are
the most similar with regard to case selection, and the
use of birth certificates for residence and covariates.

They identified cases using an existing surveillance
system for California [19] and North Carolina and
West Virginia [17]. Cases of ASD were identified as
diagnosed through age 8. Windham et al. matched
284 cases by sex and month of birth to 657 controls
from the same area randomly selected from the
California birth–infant death certificate file; whereas
Kalkbrenner et al. identified 383 children with ASD
and 2,829 control children with speech and language
impairment. Both used NATA chemicals from the
1996 HAP database as potential risk factors for ASD,
which were assigned by census tract of the birth
residence. In Windham’s investigation, because con-
centrations of many of the chemicals were highly
correlated, chemicals were combined into mechanistic
and structural groups calculating summary index
scores. The adjusted odds ratios (AORS) were
elevated by 50 % in the top quartile of chlorinated
solvents (95 % CI = 1.08–2.23) (methylene chloride,
trichloroethylene, and vinyl chloride) and heavy
metals (95 % CI = 1.05 to 2.12) (nickel, cadmium and
mercury) compared to the combined lower two quar-
tiles in cases compared to controls [19]. Kalkbrenner
et al. calculated odds ratios corresponding to the odds
of ASD for high pollutant concentrations (80th percentile)
compared to low pollutant concentrations (20th percent-
ile). Hazardous air pollutants with more precise and ele-
vated OR estimates included methylene chloride,
quinoline and styrene, with odds ratios that were between
1.4 and 1.8 [17]. Results of these two studies suggested a
potential association between ASD and metals and pos-
sibly solvents.
Our interviewed case–control group was most like the

Roberts et al. investigation as neither study utilized a
surveillance system to identify ASD cases and both re-
lied on personal interview for residential history of the
mother during pregnancy and afterwards and other po-
tential risk factors. Roberts et al. was able to identify the
offspring of mothers who participated in the Nurses’
Health Study II between 1987 and 2002 diagnosed with
ASD [18]. Roberts et al. compared a total of 325 ASD
cases to 22,098 controls from the same birth cohort
matched on age and gender. Although ASD diagnosis
was not confirmed, the authors did administer a diag-
nostic test by telephone to a randomly selected subset,
and the medical background of the participants most
likely adds strength to the accuracy of the diagnosis. We
obtained diagnostic test results from the psychologist or
health care provider of record. Roberts et al., comparing
the highest quintile of exposure to the lowest for both
sexes, found significant associations between ASD and
exposure to overall metals (OR = 1.6, 95 % CI = 1.1–2.4),
lead (OR = 1.6, 95 % CI = 1.1–2.3), manganese (OR = 1.5,
95 % CI = 1.1–2.2), mercury (OR = 1.4, 95 % CI = 0.9–
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2.0), nickel (OR = 1.7, 95 % CI = 1.1–2.5) and methylene
chloride (OR = 1.5, 95 % CI = 1.0–2.1). Other HAPS that
reached significance in the highest quintile were cadmium
and diesel PM. They adjusted for possible confounding
factors including socioeconomic level, census tract level
SES measures, maternal age, and year of birth [18].
Our second control was similar to Windham’s investi-

gation because residence and personal risk factors were
obtained from the birth certificate in both studies. In
general, the four NATA studies noted increased risk
of ASD for certain heavy metals, chlorinated solvents
(methylene chloride) and specific aromatic solvents
(styrene).
Each previous NATA study investigated a different

geographical area and used NATA assessments from
varying years. Windham et al. and Kalkbrenner et al.
used the 1996 NATA assessment, while our present
study used the most recent NATA data available (2005).
Roberts assigned exposure using the assessment closest
to each year of birth, so all assessments from 1990 to
2002 were included. The US EPA advises that NATA re-
sults from different years should not be compared since
there are changes in the methodology and emissions or
source inputs for each assessment [20].
Nevertheless, we compiled the results for 13 NATA

compounds for cases and controls from each of the
major NATA/autism studies [17–19] for comparison
purposes (see Additional file 1: Table S4). In general, the
means and standard deviations in the Windham study
using 1996 NATA reflect higher estimates of exposure
for 9 of the 13 compounds. These levels were higher
than those in our study for many of the metals (chro-
mium, lead, mercury, and nickel), as well as for benzene,
diesel PM, methylene chloride, styrene, and trichloro-
ethylene. It should be noted that Windham’s population
was from the San Francisco Bay area, which is also
highly urban and industrial and reflects air toxics mod-
eled for 1996. In our study (SW PA), the arsenic and
cadmium mean levels were higher compared to the
other three studies. With respect to styrene, which was
significantly associated with ASD in our study using ei-
ther control group, the levels in the four studies ranked
(from highest to lowest): Windham et al. (100 ng/m3

cases, 90 ng/m3 controls), Roberts et al. (60 ng/m3), our
present study (39 ng/m3 cases, 38 ng/m3 controls), and
Kalkbrenner et al. (23 ng/m3 North Carolina, 10 ng/m3

West Virginia). The exposures for the West Virginia par-
ticipants in the Kalkbrenner study tended to be the low-
est, most likely because West Virginia is more rural
compared to the regions considered in the other in-
vestigations. Both Roberts and Kalkbrenner found re-
lationships with ASD and styrene exposure. Styrene
was not entered as an individual pollutant in any of
Windham’s models.

Current research points to a variety of cellular, mo-
lecular and inflammatory pathways that directly damage
brain structure or lead to a predisposition for disease
that affects the CNS system through neuroinflammation,
oxidative stress and glial activation [23, 24]. Diodovich
et al. noted that styrene has been shown to cross the pla-
centa. Animal studies clearly support the role of styrene
in promoting cell proliferation and cell cycle progression
as potentially favoring alterations in gene expression [25].
Styrene emissions come from a variety of sources, in-

cluding point sources (e.g. plastic manufacturing, hazard-
ous waste treatment, paint and coating manufacturing,
and organic chemical manufacturing facilities) and on-
road sources such as car exhaust [26, 27]. According to
NATA 2005 county-level estimates, 4–30 % of styrene
emissions across our six county study area were attributed
to point sources. Non-point sources contributed 13–77 %,
and on-road sources contributed 14–49 %. Other possible
sources of styrene include occupational exposures and
cigarette smoke [28]. Maternal smoking was considered in
our analysis.
Chromium is also emitted from a variety of sources,

processes, and industries, such as coal and oil combus-
tion, electroplating, leather tanning, cement-producing
plants, tobacco smoke, and the metal and textile indus-
tries [29]. Chromium is an additive in steel production
as a hardener and a primary component of stainless
steel. In our study area, point sources contributed 50–
83 % of chromium emissions, non-point sources 7–
22 %, and mobile sources <1 %.

Conclusions
Results of this case–control study in Southwestern
Pennsylvania suggest that living in areas with higher am-
bient levels of styrene and chromium is associated with
increased risk of ASD; moreover, there are borderline
effects for PAHs and methylene chloride. When consid-
ering singleton births only, there were additional signifi-
cant associations with arsenic, lead and cyanide. Our
study was unique in that we were able to utilize two dif-
ferent kinds of control group analyses: the first using
personal interviews capturing the period of pregnancy to
age two, and the second a random sample of all births
(weighted by sex) from the same time period based on
birth certificate information. Our dataset enabled us to
adjust for other suspected risk factors of ASD (age of
mother, smoking history, maternal education, and race).
The above compounds represent air toxics of interest

which require greater scrutiny to determine individual
risk beyond the census tract or group level. Ground level
monitoring of these targeted compounds should be con-
ducted for multiple time periods (days of week and
hours of the day) at multiple locations, including around
major industrial sources. Future work should also
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include time activity patterns to obtain spatiotemporal
estimates of exposure to air toxics, taking into account
the dynamic movement of individuals during daily life.
In addition, a national or statewide autism registry
would enhance access to a greater proportion of all
ASD cases and enable greater participation into future
research.

Additional file

Additional file 1: Recruitment flowcharts and results of the singleton
only analysis. (DOCX 294 kb)
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Abstract

Background: Test the hypothesis that exposure to fine particulate matter in the air (PM2.5) is associated with increased
risk of preterm birth (PTB).

Methods: Geo-spatial population-based cohort study using live birth records from Ohio (2007–2010) linked to average
daily measures of PM2.5, recorded by 57 EPA network monitoring stations across the state. Geographic coordinates of
the home residence for births were linked to the nearest monitoring station using ArcGIS. Association between PTB
and high PM2.5 levels (above the EPA annual standard of 15 μg/m3) was estimated using GEE, with adjustment for age,
race, education, parity, insurance, tobacco, birth season and year, and infant gender. An exchangeable correlation
matrix for the monitor stations was used in the models. Analyses were limited to non-anomalous singleton births at
20-42weeks with no known chromosome abnormality occurring within 10 km of a monitor station.

Results: The frequency of PTB was 8.5 % in the study cohort of 224,921 singleton live births. High PM2.5 exposure
(>EPA recommended maximum) occurred frequently during the study period, with 24,662 women (11 %) having high
exposure in all three trimesters. Pregnancies with high PM2.5 exposure through pregnancy had increased PTB risk even
after adjustment for coexisting risk factors, adjOR 1.19 (95 % CI 1.09–1.30). Assessed per trimester, high 3rd trimester
PM2.5 exposure resulted in the highest PTB risk, adjOR 1.28 (95 % CI 1.20–1.37).

Conclusions: Exposure to high levels of particulate air pollution, PM2.5, in pregnancy is associated with a 19 % increased
risk of PTB; with greatest risk with high 3rd trimester exposure. Although the risk increase associated with high PM2.5

levels is modest, the potential impact on overall PTB rates is robust as all pregnant women are potentially at risk. This
exposure may in part contribute to the higher preterm birth rates in Ohio compared to other states in the US, especially
in urban areas.
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Background
Since the industrial revolution, it has become increas-
ingly evident that environmental toxicants contribute to
human disease. Air pollution is associated with several
acute and chronic cardiopulmonary diseases. Particulate
air pollution, in particular, has been found to be harmful
in numerous studies, and was 9th leading risk factor in
the 2010 Global Burden of Disease Study [1]. Particulate
air pollution is a heterogeneous group of airborne matter
that ranges in size from a few hundredths of a microm-
eter to visible particles up to 100 μm. Combustion is the
main source of harmful particulate matter (PM). Fine
particulate matter (PM2.5, referring to the upper limit of
this fraction being 2.5 μm) has received much research
and regulatory attention. As opposed to ultrafine parti-
cles – which are stable for only a short period of time,
and coarse particles – whose travel is generally limited
by the large size of the particles, PM2.5 can be both
stable for long periods of time and are small enough to
be distributed far from their source. PM2.5 comprises
particles composed of hydrocarbons, organic compounds,
ultrafine particle aggregates, biologic endotoxins, metals,
and ions. Short-term exposure to PM2.5 can cause prema-
ture death, especially from cardiac and pulmonary disease.
Long-term exposure to PM2.5 can also cause premature
death from cardiac and pulmonary disease, but can also
reduce lung development and lead to chronic respiratory
diseases in children [2]. The EPA does monitor and set
regulations for safe PM2.5 levels (www.epa.gov/ttn/naaqs/).
The connections between maternal toxin exposures

and adverse birth outcomes is an emerging field of study
that has begun to show that environmental toxicants are
likely to be associated with some poor birth outcomes
including stillbirth, low birthweight, some congenital
anomalies, and preterm birth [3].
Several prior studies have reported the association be-

tween air pollutants and preterm birth, but report incon-
sistent findings of the association between preterm birth
and increased PM2.5 levels [4–13]. Previous studies have
been limited in design by exposures with measures at a
single time point or with a lack of thorough adjustment
for important clinical or socio-demographic risk factors.
In this study we aim to integrate air quality measures
from statewide monitoring stations with vital records to
perform geospatial analyses testing the hypothesis that
exposure to fine particles in the air (PM2.5) is associated
with preterm birth risk.

Methods
The Ohio Department of Health and Human Subjects
Institutional Review Board approved a protocol for this
study. This study was exempt from review by the
Institutional Review Board at the University of Cincinnati,
Cincinnati, Ohio. A data set generated from vital records

of all live births that occurred in the state from 2007–2010
was provided for this analysis by the Ohio Department of
Health, n = 597,000.
This is a geo-spatial population-based cohort study.

The primary exposure was high level of airborne PM2.5,
fine particulate matter in the air measuring <2.5 μm in
diameter. Trimester-specific and total pregnancy average
daily PM2.5 levels were categorized as high exposure if
the average over the specified time period was greater
than 15 μg/m3, which was the EPA annual standard
during the period of study. A secondary analysis was
then performed modeling PM2.5 levels as a continuous
variable. The primary outcome was preterm birth was
defined as delivery prior to 37 completed weeks of gesta-
tion. Gestational age was defined by the best obstetric
estimate variable in the birth record, which combines
last menstrual period and ultrasound parameters, as is
commonly accepted in clinical practice for gestational
age estimation. Analyses were limited to non-anomalous
singleton live births.
Daily measures of PM2.5, recorded by 57 monitoring

stations across the state of Ohio, were obtained from the
Environmental Protection Agency from 2007–2010 and
monthly averages were calculated for each station [14].
Maternal address at time of birth was geocoded and
distance to the nearest EPA monitoring station was
calculated using ArcGIS 10.1 (ESRI, Redlands, CA)
software. Births at gestational ages 20 to 42 weeks
with a maternal home address within 10 km of an
EPA PM2.5 monitoring station were included in this
analysis (n = 224,921, Fig. 1). Average monthly PM2.5

levels from the nearest EPA station were linked to the
birth record data. Average PM2.5 levels for each trimester
and an average for the entire pregnancy were calculated
for each birth included in this analysis.
Demographic, medical and delivery characteristics of

preterm live births (<37 weeks) were compared to term
live births (37–42 weeks) using t-test for continuous
variable comparisons and χ2 tests for categorical vari-
ables. The association between preterm birth and high
PM2.5 exposure was estimated using generalized
estimating equations (GEE), with adjustment for the
confounding influences of age, race, education, parity,
insurance, tobacco, birth season and year, and infant
sex. Odds ratios for high PM2.5 exposure during the
first, second, and third trimester as well as high
exposure averaged over the entire pregnancy were
estimated from separate models with adjustment for
all factors listed above. Covariates include in the
models were chosen based on significant differences
noted among bivariate comparisons, biologic plausibil-
ity, and parsimony within the model.
An exchangeable correlation matrix for the monitoring

stations was used in the GEE models to account for
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spatial correlation within the same PM2.5 monitor.
Analyses were performed using SAS version 9.3, SAS
Institute Inc., Cary, NC, USA. Comparisons with a prob-
ability value <0.05 or 95 % confidence interval without
inclusion of the null were considered statistically signifi-
cant. Population attributable risk percentage (PAR%) was
calculated as: PAR% = 100 × Pe (RR - 1)/(Pe(RR-1) + 1),
where Pe is percentage of high exposure in the entire
population (approximately 10 % for the population in-
cluded in this study) and RR is relative risk. Odds ratios
approximate the relative risk in studies with an outcome
rate of less than 10 %, as in this study. Therefore we uti-
lized estimated odds ratios in lieu of relative risk in the
PAR calculation. The PAR calculation inherently assumes
a causal relationship, which is yet unproven in the associ-
ation of particulate matter and preterm birth. With this in
mind, we provide this calculation in effort to estimate the
potential contribution of high PM2.5 exposure to preterm
birth on a population level.

Results
The study population included 224,921 singleton non-
anomalous live births: 19,027 preterm births and
205,894 term births, Fig. 1. The preterm rate decreased
during the study period, from 8.6 % in 2007 to 8.2 % in
2010, Table 1. Most births analyzed (97 %) occurred in
very urban areas, where most monitoring stations are

located and exposure levels are likely to be highest. Pre-
term birth rates were higher among the oldest mothers,
age ≥40 years, 10.9 %, and non-Hispanic black mothers,
11.2 %, as well as women with lower education level and
tobacco use. Women with no prenatal care had the high-
est rate of singleton preterm birth, 19.8 %. Season of
conception had no influence on preterm birth rate.
The locations of PM2.5 monitor stations in Ohio and

preterm births during the study period are demonstrated
in Fig. 2. The mean PM2.5 level during the study period
(2007–2010) in Ohio was 13.03 μg/m3 [±1.57 μg/m3,
IQR (Q1: 11.84, Q3: 14.13, IQR: 2.3)], which is higher
than the current US EPA National Ambient Air Quality
Standard (NAAQS) of 12 μg/m3. Mean PM2.5 level, IQR
for the entire cohort per trimester was: 1st trimester
13.19, 2.36 μg/m3; 2nd trimester 12.98, 2.08 μg/m3; 3rd

trimester 12.93, 2.30 μg/m3.
The frequency of high exposure to PM2.5 greater than

the EPA standard of 15 μg/m3 ranged from 17 to 20 %
for each trimester of pregnancy, and 11 % of parturients
had high exposure throughout pregnancy in all three
trimesters. The frequency of high PM2.5 exposure was
higher in preterm births compared to term births, see
Table 2. The preterm birth rate was also increased with
high PM2.5 exposure during the first and third trimester,
and when there was high PM2.5 exposure averaged over
the entire pregnancy, as demonstrated in Table 3.

Fig. 1 Flow diagram of the study population, Ohio births 2007–2010
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Likewise, the mean PM2.5 levels during each trimester
when compared between term and preterm pregnan-
cies demonstrated significantly higher average PM2.5

levels during the first and third trimester for the pre-
term birth group compared to term births, p = 0.01
(data not displayed in table). Likewise, the overall
pregnancy average PM2.5 levels were higher for the
preterm birth group compared to the term birth
group, p < 0.01.
Logistic regression models were constructed to identify

factors associated with preterm birth. Factors with
significant associations included maternal age > 35,

non-Hispanic black race, Hispanic ethnicity, high
school education or less, no prenatal care, tobacco
use, high PM2.5 exposure during the third trimester,
and high PM2.5 exposure over the entire pregnancy
(Table 4 and Fig. 3). High PM2.5 levels > 15 μg/m3

during the third trimester or high when averaged over
the entire pregnancy were associated with an increased
risk of preterm birth <37 weeks of gestation, adjOR 1.28
(CI 1.20, 1.37) and adjOR 1.19 (CI 1.09, 1.30), respectively
(Table 4). When PM2.5 exposure was modeled as a
continuous variable in a secondary analysis, no significant
association between exposure and preterm birth was

Table 1 Maternal Characteristics, Ohio 2007–2010

Preterm (%)
N = 19,027

Term (%)
N = 205,894

p-value Total births (%)
N = 224,921

Demographic factors

Advanced maternal age

35 – 39 years 1901 (10.0) 19,302 (9.4) <0.01 21,203 (9.4)

≥40 years 482 (2.5) 3952 (1.9) 4434 (2.0)

Race and ethnicity

Non-Hispanic White 9940 (52.7) 127,636 (62.6) <0.01 137,576 (61.2)

Non-Hispanic Black 7507 (39.8) 59,630 (29.2) 67,137 (30.1)

Hispanic 937 (5.0) 10,583 (5.2) 11,520 (5.2)

Other 457 (2.4) 6.116 (3.0) 6573 (2.9)

Social behaviors & socioeconomic factors

Education

Less than high school 4778 (25.4) 40,658 (19.9) <0.01 45,436 (20.4)

High school graduate 5127 (27.3) 50,721 (24.9) 55,848 (25.1)

Some postsecondary 8875 (47.3) 112,590 (55.2) 121,465 (54.5)

Tobacco use 4568 (24.0) 38,292 (18.6) <0.01 42,860 (19.1)

Medicaid insurance 9672 (50.8) 87,631 (42.6) <0.01 97,303 (43.3)

Prenatal care initiation

First trimester 8051 (61.6) 103,232 (67.7) <0.01 111,283 (67.2)

Second trimester 3219 (24.6) 36,882 (24.2) 40,101 (24.2)

Third trimester 708 (5.4) 7897 (5.2) 8605 (5.2)

No prenatal care 1092 (8.4) 4422 (2.9) 5514 (3.3)

Year of birth

2007 5234 (27.5) 55,325 (26.9) 0.01 60,559 (26.9)

2008 4969 (26.1) 52,708 (25.6) 57,677 (25.6)

2009 4600 (24.2) 50,364 (24.5) 54,964 (24.4)

2010 4225 (22.2) 47,497 (23.1) 51,721 (23.0)

Season

Winter 4755 (25.0) 50,205 (24.4) 0.26 54,960 (24.4)

Spring 4787 (25.1) 51,827 (25.2) 56,614 (25.2)

Summer 4835 (25.4) 53,173 (25.8) 58,008 (25.8)

Fall 4650 (24.4) 50,689 (24.6) 55,339 (24.6)

Dichotomous variables for first 2 columns are presented as percent of total for each characteristic
Continuous variables are presented as median (IQR) for non-normally distributed data and mean +/- standard deviation for normally distributed data
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observed: adjOR 0.99 (CI 0.98, 1.00) for first trimester,
adjOR 0.98 (CI 0.97, 1.00) second trimester, adjOR 1.0 (CI
0.99, 1.00) third trimester, and pregnancy average adjOR
0.98 (CI 0.96, 1.0).
The attributable risk of preterm birth related to

high PM2.5 exposure > 15 μg/m3 was 0.0172 (95 % CI
0.0135 – 0.0208). The attributable risk percent: (Ie-Iu)/Ie
is 17.18 (13.49 – 20.86) %, i.e. for the exposed population,
17.18 % of preterm births were from high PM2.5 exposure.
In our study sample in which 10.96 % of the population
was exposed to high PM2.5, the population attributable
risk percentage of high PM2.5 exposure was 2.22 % for
preterm birth.

Discussion
Our study adds to the growing body of evidence that
particulate matter in the air is deleterious to human
health. In our study sample, exposure to high levels of
PM2.5 > 15 μg/m3 was significantly associated with
preterm birth – both when high exposure occurred on
average over the course of pregnancy and with high ex-
posure limited to just the third trimester. Our calculated
attributable risk percent estimates that decreasing PM2.5

levels below this EPA standard threshold could theoret-
ically decrease preterm birth by 17.18 % in the exposed
group, corresponding to a 2.22 % decrease in preterm
birth rate in the population.

Fig. 2 Preterm births and PM2.5 monitoring stations in Ohio, 2007–2010

Table 2 PM2.5 levels in Ohio 2007 – 2010, by trimester of exposure in pregnancy and preterm status

Preterm births
N = 19,027

Term births
N = 205,894

All live births
N = 224,921

% PM2.5 ≥ 15 μg/m3 % PM2.5 ≥ 15 μg/m3 p-value % PM2.5≥ 15 μg/m3

First trimester 22.97 21.81 <0.001 21.91

Second trimester 17.30 17.36 0.835 17.36

Third trimester 22.84 18.90 <0.001 19.23

Entire pregnancy 12.94 10.78 <0.001 10.96

% PM2.5 ≥ 15 μg/m3 = percent of births in Ohio with average exposure level exceeding the EPA standard of 15 μg/m3
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An association between air pollution and preterm
birth was first suggested in an analysis of the Nashville
Air Pollution Study that showed increased risk of death
in preterm infants whose mothers were likely to be
exposed with high levels of particulate pollution [15].
Subsequent studies have further explored the link
between preterm birth and other air pollutants using
measurements of a variety of pollutants (TSP, SO2, NOx,
CO, and PM10) in proximity to maternal residence, mea-
sured by stationary or remote sensing satellite monitors.
These studies demonstrated mixed results with regard to
associations with preterm birth and timing of high expos-
ure periods during the pregnancy [16–21].
Prior studies that have attempted to link preterm birth

specifically to PM2.5 have also reported varied results.
Gray et al. did not find significant effects in a study
using EPA modeled data in North Carolina [6]. In a
multi-country study, Fleisher found significant differ-
ences in preterm birth only in China when comparing
areas with very high average PM2.5 levels (>36.5 μg/m3)
compared to low levels (<12.5 μg/m3) [22]. Recent stud-
ies using satellite measurements have also been mixed:
Rudra [23] found no effect, Gehring [5] found a non-
significant trend toward increased risk of preterm birth
with increased PM2.5 exposure, while Lee (2013) found
high first trimester exposure was associated with mod-
estly increased risk (OR 1.10 [1.01–1.20]) [24]. Jalaludin
found that high PM2.5 levels associated only with risk of
preterm birth in pregnancies conceived in the winter
(OR 1.426) [25]. Kloog found an increased risk of
prematurity using a model that incorporated measured
and estimated exposure values (OR 1.06 (1.01–1.13) per
10 μg/m3 increase in third trimester) [9]. A recent meta-
analysis combining previous studies found a modestly
increased risk of preterm birth for each 10 μg/m3

increase in PM2.5 (OR 1.10 [1.03–1.18]); however, they

Table 3 Preterm birth rate by PM2.5 levels in Ohio 2007 – 2010
and trimester of exposure in pregnancy

PM2.5 < 15 μg/m3 PM2.5≥ 15 μg/m3

n % Preterm n % Preterm p-value

First trimester 175,649 8.34 49,272 8.87 <0.001

Second trimester 185,883 8.47 39,038 8.43 0.835

Third trimester 181,665 8.08 43,256 10.05 <0.001

Entire pregnancy 200,259 8.27 24,662 9.99 <0.001

% preterm represents the rate of birth <37 weeks of gestational age among
the study cohort of singleton non-anomalous live births

Table 4 Logistic regression of factors associated with preterm
birth, Ohio 2007-2010

Adjusted odds ratio2 95 % confidence
interval

Maternal age, years

<20 0.93 0.84, 1.02

20–24 0.99 0.94, 1.05

25–29 1.00 Referent

30–34 1.04 0.97, 1.10

35–39 1.27 1.19, 1.36

≥40 1.52 1.37, 1.69

Maternal race

Non-Hispanic white 1.00 Referent

Non-Hispanic black 1.46 1.36, 1.57

Hispanic 1.10 1.01, 1.18

Other Non-Hispanic 1.02 0.88, 1.18

Maternal education level

Less than high school 1.13 1.07, 1.19

High school only 1.23 1.17, 1.29

Postsecondary education 1.00 Referent

Prenatal care initiation

First trimester 1.00 Referent

Second trimester 0.97 0.94, 1.01

Third trimester 0.94 0.85, 1.05

No prenatal care 2.51 2.22, 2.84

Tobacco Use 1.28 1.22, 1.35

High PM2.5 exposure
2

Average over pregnancy 1.19 1.09, 1.30

First trimester 1.02 0.97, 1.07

Second trimester 0.96 0.90, 1.01

Third trimester 1.28 1.20, 1.37

1. Odds ratio estimates for covariates are adjusted for other factors listed in the first
column of the table as well as parity, infant sex, year of birth, season of birth, and
insurance type in the model with high average PM2.5 exposure over pregnancy
2. The odds ratio estimates for first, second, third trimester high Pm2.5 exposure
are from separate models with adjustment for the same covariates as listed above

Fig. 3 Relative risk of preterm birth associated with exposure to
high levels of PM2.5, by trimester of pregnancy, Ohio 2007–2010
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did not find evidence of increased risk in trimester
specific exposures, as we identified in this study [26].
The PM2.5 concentration threshold at which health is

harmed is not well defined. We used the cutoff of 15 μg/m3

average to define high exposure as this was the EPA
National Ambient Air Quality standard for annual mean
levels of PM2.5 during the time period of the study. The
standard was reduced to 12 μg/m3 in 2012, after the EPA
determined that the threshold level for harm may be in the
13–14 μg/m3 range [27]. We used the cutoff of 15 μg/m3 in
these analyses because it may be more representative of ex-
posure levels in relation to the EPA standard in our region
during the time period of study. Using this threshold to de-
fine high exposure, we identified significant associations
with preterm birth risk. However, when PM2.5 exposure
was modeled as a continuous variable, no risk increase for
preterm birth was identified. This may suggest a threshold
effect in which a critical level of exposure is necessary
before harmful health effects are seen.
There are multiple mechanisms by which particulate

matter may lead to deleterious health effects. Three
broad pathways exist that may explain how air pollution
may affect organs outside of the lung: 1) Toxic sub-
stances may enter the blood via the lungs and be carried
throughout the circulation. 2) There may be a systemic
oxidative stress and inflammatory response that is either
triggered in the lungs, or by substances once they gain
access to the general circulation. 3) Toxicants may
disrupt the autonomic nervous system causing imbal-
ance of sympathetic and parasympathetic systems. There
is evidence of the importance for each of these pathways
at the cellular and molecular level in non-pregnant
humans, especially related to cardiovascular events [28].
It is plausible that any or all of these mechanisms may
contribute to alterations in uteroplacental perfusion,
nutrient and oxygen transfer to the fetus, or stimulate
the inflammatory response that commonly precedes the
onset of preterm parturition.
There are a number of methodological limitations of

our study, which are common to studies examining
exposure to ambient air pollution and birth outcomes:
1) Specific pollutants and their ambient concentrations
not considered independently but rather grouped as
PM2.5. 2) Individual level exposure not quantified by
personal sampling. Quantification of an individual’s
exposure is imprecise without either a completely
controlled environment or portable sampling equip-
ment – both of which are not practical for population
cohort studies. 3) It is not known when the critical
time for exposure is for specific outcomes. 4) Birth
certificate data may not adequately describe poten-
tially confounding socioeconomic or medical informa-
tion. Regarding exposure quantification, there is likely
some degree of sampling bias as EPA measurement

stations are not randomly placed. Rather, monitoring
sites are intended to capture ambient air levels and
may be strategically placed to avoid major industrial
sources of air, which could contribute to selection,
and information bias. This misclassification could bias
the results toward the null, and contribute to the lack
of significant association identified when exposure
was modeled in quartiles or as a continuous variable.
Additionally, categorizing third trimester exposure as
high levels occurring after 28 weeks would not ac-
count for early preterm births that occur prior to the
third trimester. Despite statistical adjustment for
available socioeconomic factors, unidentified socioeco-
nomic factors or co-existent environmental risk
factors may confound the interpretation of results in
our study or similar studies. More populated areas
tend to have higher proportions of patients with
socioeconomic risk factors for preterm birth. Likely
the best way to truly determine the connection
between air pollution and preterm birth would be to
have subjects carry continuous pollutant monitoring
systems. This would allow more precise assessment of the
threshold of risk and would allow us to further define
behaviors associated with high pollutant exposure.

Conclusions
Our data suggest that women exposed to higher than
the EPA standard exposure level of PM2.5 over the
course of pregnancy are at increased risk for preterm
birth. Based on trimester-specific high exposure periods,
high exposure during the third trimester of pregnancy
are also significantly associated with increased preterm
birth risk. While this study does not precisely define a
safe threshold for exposure, it does support the EPA’s de-
cision to decrease the standard exposure limit of PM2.5

concentration for individuals in the US. Additional
research is needed to determine individual-level exposure
as measured by ambient air and internal biomarkers of
exposure and effect.
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INVESTIGATING LINKS BETWEEN SHALE GAS

DEVELOPMENT AND HEALTH IMPACTS THROUGH A

COMMUNITY SURVEY PROJECT IN PENNSYLVANIA
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ABSTRACT

Across the United States, the race for new energy sources is picking up speed
and reaching more places, with natural gas in the lead. While the toxic and
polluting qualities of substances used and produced in shale gas development
and the general health effects of exposure are well established, scientific
evidence of causal links has been limited, creating an urgent need to under-
stand health impacts. Self-reported survey research documenting the symp-
toms experienced by people living in proximity to gas facilities, coupled
with environmental testing, can elucidate plausible links that warrant both
response and further investigation. This method, recently applied to the gas
development areas of Pennsylvania, indicates the need for a range of policy
and research efforts to safeguard public health.

Keywords: health surveys, shale gas, toxic exposure, hydraulic fracturing, fracking

Public health was not brought into discussions about shale gas extraction
at earlier stages; in consequence, the health system finds itself lacking critical
information about environmental and public health impacts of the tech-
nologies and unable to address concerns by regulators at the federal and state
levels, communities, and workers. . . .
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For many years, extracting natural gas from deep shale formations across the
United States (such as the Marcellus Shale in the East or the Barnett Shale
in Texas) was considered economically and technologically infeasible. More
recently, changes in hydraulic fracturing technology and its combination with
horizontal drilling have made it possible to drill much deeper and farther.
Bolstered by declining global oil resources and a strong political push to expand
domestic energy production, this has resulted in a boom in shale gas production
nationwide and projections of tens or even hundreds of thousands of wells being
drilled in the coming decades.

By mid-2012, there were nearly 490,000 producing natural gas wells in the
United States, 60,000 more than in 2005 [2]. In Pennsylvania alone, more than
5,900 unconventional oil and gas wells had been drilled, and more than 11,700
had been permitted, between 2005 and September 2012; the pace of expansion
has been rapid, with 75 percent of all unconventional wells drilled just in the last
two years [3]. The rapid pace of industry expansion is increasingly divergent
from the slower pace of scientific understanding of its impacts, as well as policy
and regulatory measures to prevent them—in turn raising many questions that
have yet to be answered [4]. Further, the limited availability of information has
both contributed to the public perception and supported industry assertions that
health impacts related to oil and gas development are isolated and rare.

Modern-day industrial gas and oil development has many stages, uses a
complex of chemicals, and produces large volumes of both wastewater and solid
waste, which create the potential for numerous pathways of exposure to sub-
stances harmful to health, in particular to air and water pollution [5]. Many
reports of negative health impacts by people living in proximity to wells and
oil and gas facilities have been documented in the media and through research
by organizations [6-8]. In addition, several self-reporting health survey and
environmental testing projects have been conducted in response to complaints
following pollution events or the establishment of facilities [9-12].

Such short-term projects have been initiated in a research context in which
longer-term investigations—particularly ones that seek to establish causal links
between health problems and oil and gas development—have historically been
narrow and inconsistent [13]. Reflecting growing concern over the need to
deepen knowledge among scientists, public agency representatives, and environ-
mental and health professionals, four conferences on the links between shale
gas development and human health were convened in just a one-year period
(November 2011–November 2012), including by the Graduate School of Public
Health at the University of Pittsburgh; by Physicians, Scientists, and Engineers
for Healthy Energy; and by the Institute of Medicine of the National Academy
of Sciences.

In-depth research on the health impacts of oil and gas development has
also begun to appear in the literature. In 2011, a review of more than 600 known
chemicals used in natural gas operations concluded that many could cause cancer
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and mutations and have long-term health impacts (including on the skin, eyes,
and kidneys and on the respiratory, gastrointestinal, brain/nervous, immune,
endocrine, and cardiovascular systems) [14]. In early 2012, a study by researchers
at the University of Colorado concluded that the toxicity of air emissions near
natural gas sites puts residents living close by at greater risk of health-related
impacts than those living farther away [15]. Also in 2012, a paper (published
in this journal) documented numerous cases in which livestock and pets
exposed to toxic substances from natural gas operations suffered negative
health impacts and even death [16].

Public health has not been a priority for decision-makers confronting the
expansion of natural gas development and consumption. Commissions to study
the impacts of shale gas development have been established by Maryland and
Pennsylvania and by the U.S. Secretary of Energy, but of the more than 50
members on these official bodies, none had health expertise [17]. In addition,
state and federal agencies in charge of reviewing energy proposals and issuing
permits do not require companies to provide information on potential health
impacts, while only a few comprehensive health impact assessments (HIAs)
on oil and gas development have ever been conducted in the United States [18].
Data on air and water quality near oil and gas facilities are also lacking because
federal environmental testing and monitoring has long focused on a limited
number of air contaminants and areas of high population density [19], while
testing at oil and gas facilities in states like Pennsylvania began only recently
[20]. Finally, only a few states (including Pennsylvania, Ohio, and Colorado)
have any requirements for baseline air and water quality testing before drilling
begins, making it difficult for researchers and regulators—as well as individuals
who are directly impacted—to establish a clear connection afterwards.

SUMMARY OF THE RELEVANCE OF SELF-REPORTING
HEALTH SURVEYS

For many individuals and communities living amidst oil and gas development
and experiencing rapid change in their environments, too much can be at stake to
rely solely on the results of long-term studies, especially those that are just now
being developed. Recent examples include a new study by Guthrie Health and
the Geisinger Health System in Pennsylvania, set to take from 5 to 15 years [21],
and research proposals solicited in April 2012 by the National Institute of
Environmental Health Sciences [22].

In contrast, self-reporting health survey research facilitates the collection and
analysis of data on current exposures and medical symptoms—thereby helping
to bridge the prevailing knowledge gap and pointing the way toward possible
policy changes needed to protect public health. Another premise throughout
the various phases of this project (location selection, survey distribution and
completion, environmental testing, report development and distribution, and
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outreach to decision-makers) was the value of public participation in science
and the engagement of a variety of actors and networks to both conduct the
research and ensure its beneficial application [23].

With this in mind, this health and testing project reflects some of the core
principles of community-based participatory research (CBPR), including an
emphasis on community engagement, use of strengths and resources within
communities, application of findings to help bring about change, and belief in the
research relevance and validity of community knowledge [24]. For example, the
current project selected areas for investigation based in part on the observations
of change in environmental conditions by long-time residents, and upon com-
pletion, participants received resources on air and water testing and reporting
of drilling problems for use in their communities.

In addition, CBPR is often used by public agencies and academic researchers
to gather information on health conditions that may be related to social or
environmental factors manifested on the community as well as individual level
[25]. Relevant examples include identification of linkages between environ-
mental health and socioeconomic status [26], adverse health impacts associated
with coal mining [27], and the perception of health problems from industrial
wind turbines [28].

Community survey and environmental testing projects such as the current
one are also valuable in identifying linkages and considerations that can be
used to develop protocols for additional research and policy measures. For
example, community survey projects similar to the current one have revealed
the presence of toxic chemicals in water and air that were known to be associated
with health symptoms reported by residents, resulting in the strengthening of state
standards for the control of drilling-related odors in Texas [9], expansion of a
groundwater contamination investigation by the U.S. Environmental Protection
Agency in Wyoming [10], and relocation of residential communities away from
nearby oil refineries and contaminated waste storage areas in Louisiana [29].

METHODS

Between August 2011 and July 2012, a self-reporting health survey and environ-
mental testing project was undertaken in order to:

• investigate the extent and types of health symptoms experienced by people
living in the “gas patches” (that is, gas development areas) of Pennsylvania;

• provide air and water quality testing to some of the participating households
in need of such information;

• identify possible connections between health symptoms and proximity to
gas extraction and production facilities;

• provide information to researchers, officials, regulators, and residents con-
cerned about the impact of gas development on health and air and water
quality; and
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• make recommendations for both further research and the development of
policy measures to prevent negative health and environmental impacts.

This project did not involve certain research elements, such as structured
control groups in non-impacted areas and in-depth comparative health history
research, that aim to show a direct cause-and-effect relationship or to rule out
additional exposures and risks. Such work, while important, was beyond the
scope of the project.

The primary routes of exposure to chemicals and other harmful substances
used and generated by oil and gas facilities are inhalation, ingestion, and
dermal absorption—of substances in air, drinking water, or surface water—
which can lead to a range of symptoms. The health survey instrument explored
such variations in exposure through checklists of health symptoms grouped into
categories (skin, sinus/respiratory, digestive/stomach, vision/eyes, ear/nose/mouth,
neurological, urinary/urological, muscles/joints, cardiac/circulatory, reproduc-
tive, behavioral/mood/energy, lymphatic/thyroid, and immunological). A similar
structure was followed for different categories of problems in participants’
disease history (kidney/urological, liver, bones/joints, ulcers, thyroid/lymphatic,
heart/lungs, blood disorders, brain/neurological, skin/eyes/mouth, diabetes, and
cancer). Questions were also asked about occupational background and related
toxic exposure history. In addition, the survey included questions on proximity
to three types of facilities (compressor and pipeline stations, gas-producing
wells, and impoundment or waste pits) to explore possible sources of exposure.
It also asked participants to describe the type and frequency of odors they
observe, since odors can both indicate the presence of a pollutant and serve as
warning signs of associated health risks [30].

As indicated in Table 1, the survey was completed by 108 individuals (in 55
households) in 14 counties across Pennsylvania, with the majority (85 percent)
collected in Washington, Fayette, Bedford, Bradford, and Butler counties.
Taken together, the counties represent a geographical range across the state
and have active wells and other facilities that have increased in number in the
past few years, allowing reports of health impacts and air and water quality
concerns by residents to surface [31, 32]. The survey and testing locations were
all in rural and suburban residential communities.

All survey participants were assured that their names, addresses, and other
identifying information on both the surveys and environmental testing results
would be kept confidential and used only for purposes related to this project,
such as following up with clarifying questions, responding to requests for assist-
ance, or providing resources. Due to expressed concerns about confidentiality,
participants had the option of completing the surveys anonymously, which some
chose to do. Most participants answered questions on their own. In some cases,
spouses, parents, or neighbors completed surveys for participants, and a few
provided answers to the project coordinator in person or over the phone.

INVESTIGATING HEALTH IMPACT LINKS / 59



While less formal and structured, the approach taken to identifying project
participants has similarities to established non-random research methods that
are respondent-driven and rely on word-of-mouth and a chain of referrals to
reach more participants, such as “snowball” and “network” sampling [33]. As
in studies in which these methods are used, the current project had a specific
purpose in mind, focused on a group of people that can be hard to identify or
reach, and had limited resources available for recruitment [34].

The survey was distributed in print form either by hand or through the mail
and was initiated through existing contacts in the target counties. These indi-
viduals then chose to participate in the project themselves and/or recommended
prospective participants, who in turn provided additional contacts. The survey
was also distributed to individuals who expressed interest in participating directly
to the project coordinator at public events or through neighbors, family members,
and friends who had already completed surveys.

A second phase of the project involved environmental testing conducted at
the homes (i.e., in the yards, on porches, or at other locations close to houses) of a
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Table 1. Survey Locations

County
surveyed

Number of surveys
collected and percent

of all surveys

Washington

Fayette

Bedford

Bradford

Butler

Jefferson

Sullivan

Greene

Warren

Elk

Clearfield

Erie

Susquehanna

Westmoreland

Total

24 (22%)

20 (18%)

20 (18%)

17 (16%)

12 (11%)

3 (3%)

2 (2%)

2 (2%)

2 (2%)

2 (2%)

1 (1%)

1 (1%)

1 (1%)

1 (1%)

108



subset of the survey participants (70 in total) in order to identify the presence
of pollutants that may be coming from gas development facilities. In all, 34 air
tests and nine water tests were conducted at 35 households. Test locations were
selected based on household interest, the severity of symptoms reported, and
proximity to gas facilities; results were made available to the households where
the testing took place. The air tests were conducted with Summa Canisters put
out for 24 hours by trained individuals and the results analyzed with TO-14 and
TO-15 methods, which are used and approved by the U.S. Environmental Protec-
tion Agency to test for volatile organic compounds (VOCs) such as benzene,
toluene, ethylbenzene, and xylene (known as BTEX chemicals). The water tests
were based on samples drawn directly from household sinks or water wells
by technicians employed by certified laboratories and covered the standard
Tier 1, Tier 2, and Tier 3 (including VOCs/BTEX) and in one case, gross
alpha/beta radiation, radon, and radium.

FINDINGS

Health Surveys

Among participants, 45 percent were male, ranging from 18 months to 79 years
of age, and 55 percent were female, ranging from 7 to 77 years of age. The closest
a participant lived to gas facilities was 350 feet and the farthest away was 5 miles.

Participants had a wide range of occupational backgrounds, including animal
breeding and training, beautician, child care, construction, domestic work, farm-
ing, management, mechanic, medical professional, office work, painter, retail,
teaching, and welding. About 20 percent of participants reported an occupation-
related chemical exposure (for example, to cleaning products, fertilizers, pesti-
cides, or solvents). At the time of survey completion, 80 percent of participants did
not smoke and 20 percent did. More than 60 percent of the current nonsmokers
had never smoked, although 20 percent of nonsmokers lived with smokers.

Almost half of the survey participants answered the question on whether
they had any health problems prior to shale gas development. A little less than
half of those responses indicated no health conditions before the development
began and a little more than half reported having had one or just a few—in par-
ticular allergies, asthma, arthritis, cancer, high blood pressure, and heart, kidney,
pulmonary, and thyroid conditions were named by respondents.

While not asked specifically in the survey, some participants volunteered
(verbally or in writing) additional information that points to health-related
concerns warranting further investigation. For example, five reported that their
existing health symptoms became worse after shale gas development started and
15 that their symptoms lessened or disappeared when they were away from
home. Participants in 22 households reported that pets and/or livestock had
unexplained symptoms (such as seizures or losing hair) or suddenly fell ill and
died after gas development began nearby.
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Some variation was noted with regard to the specific symptoms reported
for each category surveyed, and some symptoms were reported to a notable
degree in only one or a few locations. However, as seen in Table 2, the
same overall categories of problems reported by survey participants
garnered high response rates among survey participants regardless of
region or county. For example, sinus/respiratory problems garnered the
highest percentage of responses by participants overall, as well as in four
of the five focus counties; the second top complaint category, behavioral/
mood/energy, was the first in one county, second in three, and fourth in
one. The total number of symptoms reported by individual participants
ranged from 2 to 111; more than half reported having more than 20 symp-
toms and nearly one-quarter reported more than 50 symptoms. The highest
numbers were reported by a 26-year-old female in Fayette County (90),
a 51-year-old female in Bradford County (94), and a 59-year-old female in
Warren County (111).

The 25 most prevalent individual symptoms among all participants were
increased fatigue (62%), nasal irritation (61%), throat irritation (60%), sinus
problems (58%), eyes burning (53%), shortness of breath (52%), joint pain
(52%), feeling weak and tired (52%), severe headaches (51%), sleep disturbance
(51%), lumbar pain (49%), forgetfulness (48%), muscle aches and pains
(44%), difficulty breathing (41%), sleep disorders (41%), frequent irritation
(39%), weakness (39%), frequent nausea (39%), skin irritation (38%), skin
rashes (37%), depression (37%), memory problems (36%), severe anxiety
(35%), tension (35%), and dizziness (34%).

Many symptoms were commonly reported regardless of the distance from
the facility (in particular sinus problems, nasal irritation, increased fatigue,
feeling weak and tired, joint pain, and shortness of breath). In addition, there was
some variability in the percentage of respondents experiencing certain symptoms
in relation to distance from facility, including higher rates at longer distances
in a few instances. Possible influencing factors could include topography,
weather conditions, participant reporting, the use of emission control tech-
nologies at facilities, or type of production (e.g., wet gas contains higher levels
of liquid hydrocarbons than dry gas).

However, many symptoms showed a clearly identifiable pattern: as the
distance from facilities increases, the percentage of respondents reporting the
symptoms generally decreases [35]. For example, when a gas well, compressor
station, and/or impoundment pit were 1500-4000 feet away, 27 percent of par-
ticipants reported throat irritation; this increased to 63 percent at 501-1500
feet and to 74 percent at less than 500 feet. At the farther distance, 37 percent
reported sinus problems; this increased to 53 percent at the middle distance and
70 percent at the shortest distance. Severe headaches were reported by 30 percent
of respondents at the farther distance, but by about 60 percent at the middle
and short distances.
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Figure 1 shows, for the top 20 symptoms, the percentage of residents living
within 1500 feet of a natural gas facility (well, compressor, or impoundment)
who reported the symptom, compared to the percentage among residents living
more than 1500 feet from the facility. For 18 of the 20 symptoms, a higher
percentage of those living within 1500 feet of a facility experienced the symptom
than of those living further away.

The difference in percentages reporting the symptom in the two groups
(i.e., 1500 feet or closer vs. more than 1500 feet from a facility) was statistically
significant for 10 of the 20 symptoms. Notably, this finding reinforces the value
of data attained through self-reporting health surveys. It shows that, regardless of
how symptom data were acquired, they suggest that increased proximity to gas
facilities has a strong association with higher rates of symptoms reported.

When the most prevalent symptoms are broken out by age and distance from
facility, some patterns stand out [35]. Within each age group, the subset living
within 1500 feet of any oil and gas facility had a higher percentage of most
symptoms than the age group as a whole.

Among the youngest respondents (1.5-16 years of age), for example, those
within 1500 feet experienced higher rates of throat irritation (57% vs. 69%)
and severe headaches (52% vs. 69%). It is also notable that the youngest group
had the highest occurrence of frequent nosebleeds (perhaps reflective of the
more sensitive mucosal membranes in the young), as well as experiencing
conditions not typically associated with children, such as severe headaches,
joint and lumbar pain, and forgetfulness.

Among 20- to 40-year-olds, those living within 1500 feet of a facility reported
higher rates of nearly all symptoms; for example, 44 percent complained
of frequent nosebleeds, compared to 29 percent of the entire age group. The
same pattern existed among 41- to 55-year-olds with regard to several symptoms
(e.g., throat and nasal irritation and increased fatigue), although with smaller
differences and greater variability than in the other age groups.

The subset of participants in the oldest group (56- to 79-year-olds) living
within 1500 feet of facilities had much higher rates of several symptoms, includ-
ing throat irritation (67% vs. 47 %), sinus problems (72% vs. 56%), eye burning
(83% vs. 56%), shortness of breath (78% vs. 64%), and skin rashes (50% vs. 33%).

In sum, while these data do not prove that living closer to oil and gas facilities
causes health problems, they do suggest a strong association since symptoms are
more prevalent in those living closer to facilities than those living further away.
Symptoms such as headaches, nausea, and pounding of the heart are known to
be the first indications of excessive exposure to air pollutants such as VOCs [36],
while the higher level of nosebleeds in the youngest age group is also consistent
with patterns identified in health survey projects in other states [9, 10].

The survey also asked respondents to indicate whether they were smokers.
While the average number of symptoms for smokers was higher for smokers
than nonsmokers (30 vs. 22), the most frequently reported symptoms were very
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similar (including forgetfulness, increased fatigue, lumbar pain, joint pain, eye
burning, nasal irritation, sinus problems, sleep disturbances, severe headaches,
throat irritation, shortness of breath, frequent nausea, muscle aches or pains,
and weakness). The fact that the nonsmokers experienced symptoms that are
commonly considered to be side effects of smoking (e.g., persistent hoarseness,
throat irritation, sinus problems, nasal irritation, shortness of breath, and sleep
disturbances) suggests that factors other than smoking were at play.

In addition, while the smoking subpopulation generally reported a larger
number of symptoms, the symptoms most frequently reported by smokers and
nonsmokers were remarkably similar within each age group [35]. For example,
for 20- to 40-year-olds, increased fatigue, sinus problems, throat irritation, fre-
quent nausea, and sleep problems were among the top symptoms for both
smokers and nonsmokers. In the 41- to 55-year-old group, increased fatigue,
throat irritation, eye burning, severe headaches, and nasal irritation were among
the top symptoms for both smokers and nonsmokers, and in the over-55 age
group, eye burning, sinus problems, increased fatigue, joint pain, and forget-
fulness were among the top symptoms of both smokers and nonsmokers.

Participants were asked if they had noticed any odors and were asked whether
they knew the source of the odors. In all but a few cases, survey participants
mentioned only gas-related sources. Responses focused on locations, facilities,
and processes, including drilling, gas wells, well pads, fracturing, compressor
stations, condensate tanks, flaring, impoundments and pits, retention ponds,
diesel engines, truck traffic, pipelines and pipeline stations, spills and leaks,
subsurface ground events or migrations from underground, seismic testing, blue-
colored particles in the air (possibly catalytic compounds or particulate matter),
and water and stock wells. Odors were among the most common of complaints,
with 81 percent of participants experiencing them sometimes or constantly. The
frequency ranged from one to seven days per week and from several times per
day to all day long; 18 percent said they could smell odors every day.

Participants were also asked to describe odors and whether they noticed any
health symptoms when odor events occurred. The most prevalent links between
odors and symptoms reported were:

• nausea: ammonia, chlorine, gas, propane, ozone, rotten gas;
• dizziness: chemical burning, chlorine, diesel, ozone, petrochemical smell,

rotten/sour gas, sulfur;
• headache: chemical smell, chlorine, diesel, gasoline, ozone, petrochemical

smell, propane, rotten/sour gas, sweet smell;
• eye/vision problems: chemical burning, chlorine, exhaust;
• respiratory problems: ammonia, chemical burning, chlorine, diesel, perfume

smell, rotten gas, sulfur;
• nose/throat problems: chemical smell, chlorine, exhaust, gas, ozone, petro-

chemical smell, rotten gas, sulfur, sweet smell;
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• nosebleeds: kerosene, petrochemical smell, propane, sour gas;
• skin irritation: chemical smell, chlorine, ozone, sulfur;
• decreased energy/alertness: chemical gas, ozone, rotten/sour gas, sweet

smell; and
• metallic/bad taste in mouth: chemical burning, chlorine, turpentine.

Environmental Testing

As detailed in Table 3, the air tests detected a total of 19 VOCs in ambient air
sampled outside of homes.

The number of compounds detected in a single sample ranged from one to 25;
there was some consistency with regard to the chemicals present in most of
the samples, although the concentrations of VOCs detected varied across
counties [35]. The highest numbers of VOCs were detected in air samples from
Washington County (15), Butler County (15), Bradford County (12), and Fayette
County (9). Washington County also had the highest measured concentration
of five VOCs and the second highest concentration of 12 chemicals. Samples
from Butler and Bradford Counties had the highest concentrations of five
and three VOCs, respectively. Five chemicals were detected in all nine of the
samples from Washington County and in the six samples from Butler County:
1,1,2-trichloro-1,2,2-trifluoroethane, carbon tetrachloride, chloromethane, toluene,
and trichlorofluoromethane.

It is also possible that in some places, sampling did not occur at the precise
times when facilities were emitting high concentrations of chemicals or when
the wind was blowing contaminants toward canisters. Some of the additional
variation in number of chemicals and concentrations could be due to differences
in topography, the total number of active oil and gas wells, the types of wells
(conventional versus unconventional), the use of emission control technologies,
and the number of active drilling sites, compressor stations, and oil and gas waste
impoundments located within a certain radius of the sampling locations.

In 2010, the Pennsylvania Department of Environmental Protection (DEP)
conducted air testing around natural gas wells and facilities in three regions
across the state, in part using the same canister sampling methods as in this
project [37]. When compared to DEP’s results, our results showed some striking
similarities in both the chemicals detected and concentrations. In particular,
BTEX chemicals that we measured in Butler and Washington counties were
consistently higher than concentrations found at DEP control sites (ethylbenzene
and — and p-xylenes were not detected at any of the control sites). When
compared to the sampling done by DEP around oil and gas facilities, the con-
centrations in Butler and Washington counties were in the same range for
benzene, but were considerably higher for toluene, ethylbenzene and m- and
p-xylenes. It is also striking that some of the concentrations of ethylbenzene and

INVESTIGATING HEALTH IMPACT LINKS / 67



T
a
b

le
3

.
V

o
la

til
e

O
rg

a
n

ic
C

o
m

p
o

u
n

d
s

(V
O

C
s)

in
A

m
b

ie
n

t
A

ir
,

S
o

rt
e
d

b
y

P
e
rc

e
n

t
D

e
te

c
tio

n
a

T
o

ta
l

n
u

m
b

e
r

o
f
sa

m
p

le
s

N
u

m
b

e
r

o
f

sa
m

p
le

s
d

e
te

c
tin

g
V

O
C

s

P
e
rc

e
n

t
o

f
sa

m
p

le
s

d
e
te

c
tin

g
V

O
C

s
M

in
im

u
m

c
o

n
c
e
n

tr
a
tio

n
M

a
xi

m
u

m
c
o

n
c
e
n

tr
a
tio

n

C
h

e
m

ic
a
lr

e
p

o
rt

in
g

lim
its

fo
r

th
e

th
re

e
la

b
s

C
o

m
p

o
u

n
d

C
o

lu
m

b
ia

C
o

n
-T

e
st

P
a
c
e

b

2
-B

u
ta

n
o

n
e

A
c
e
to

n
e

C
h

lo
ro

m
e
th

a
n

e

1
,1

,2
-T

ri
c
h

lo
ro

-1
,2

,2
-t

ri
flu

o
ro

e
th

a
n

e

C
a
rb

o
n

te
tr

a
c
h

lo
ri

d
e

T
ri

c
h

lo
ro

flu
o

ro
m

e
th

a
n

e

T
o

lu
e
n

e

D
ic

h
lo

ro
d

ifl
u

o
ro

m
e
th

a
n

e

n
-H

e
xa

n
e

B
e
n

ze
n

e

1
7

1
7

3
4

3
4

3
4

3
4

3
4

1
7 8

3
4

1
6

1
5

2
7

2
6

2
6

2
6

2
2 9 3

1
1

9
4

8
8

7
9

7
6

7
6

7
6

6
5

6
3

3
8

3
2

0
.9

5

8
.0

1
.0

0
.5

4

0
.4

0
.6

0
.6

8

1
.9

3
.0

3

0
.3

1

2
.9

1
9 1
.6

6

0
.7

3

0
.7

6

1
.8

7
.9

2
.8

7
.0

4

1
.5

0
.8

5
-1

.3

6
.5

-1
0

0
.5

9
-0

.9
0

0
.2

2
-0

.3
4

0
.0

9
1

-0
.1

4

0
.8

1
-1

.2

0
.5

3
-0

.8
2

N
A

N
A

0
.4

6
-0

.6
7

N
A

N
A

0
.1

0
.3

8

0
.3

1

0
.2

8

0
.1

9

0
.2

5

N
A

0
.1

6

N
A

N
A

1
.3

9
-1

.5
3

5
.1

3
-5

.6
7

4
.2

1
-4

.6
5

3
.3

2
-3

.6
6

2
.5

2
-2

.7
9

3
.3

2
-3

.6
6

2
.3

7
-2

.6
1

2
.1

4
-2

.3
6

68 / STEINZOR, SUBRA AND SUMI



M
e
th

yl
e
n

e
c
h

lo
ri

d
e

T
o

ta
lh

yd
ro

c
a
rb

o
n

s
(g

a
s)

c

T
e
tr

a
c
h

lo
ro

e
th

yl
e
n

e

1
,2

,4
-T

ri
m

e
th

yl
b

e
n

ze
n

e

E
th

yl
b

e
n

ze
n

e

T
ri

c
h

lo
ro

e
th

yl
e
n

e

X
yl

e
n

e
(—

a
n

d
p

-)

X
yl

e
n

e
(o

)

1
,2

-D
ic

h
lo

ro
e
th

a
n

e

3
4 8

3
4

1
7

3
4

3
4

3
4

3
4

3
4

1
0 2 8 4 6 6 5 5 1

2
9

2
5

2
4

2
4 1

1
8

1
5

1
5 3

1
.9

4
9

.8

0
.1

2

0
.3

8

0
.2

7

0
.1

7

0
.9

2

0
.3

9

0
.6

4

3
2

.6
2

1
4

6

1
0

.8
5

0
.6

1

1
.5

5
.3

7

5
.2

1
.9

0
.6

4

0
.4

9
-0

.7
6

N
A

0
.1

0
-0

.1
6

N
A

1
.4

-1
.9

0
.0

8
-0

.1
2

2
.5

-3
.8

1
.2

-1
.9

0
.5

9
-0

.9
0

1
.7 N
A

0
.3

4

0
.2

5

0
.2

2

0
.2

7

0
.4

3

0
.2

2

0
.2

2
.3

3
-2

.5
7

4
6

.9
-5

2
.2

4
.5

4
-5

.0
2

3
.3

0
-3

.6
4

2
.9

1
-3

.2
1

3
.6

0
-3

.9
8

2
.8

2
-3

.1
2

2
.9

1
-3

.2
1

2
.7

1
-2

.9
9

a
C

o
n

c
e
n

tr
a
tio

n
s

a
re

in
m

ic
ro

g
ra

m
s

p
e
r

c
u

b
ic

m
e
te

r,
µ

g
/m

3
(n

=
to

ta
l
n

u
m

b
e
r

o
f

c
a
n

is
te

r
sa

m
p

le
s

th
a
t

w
e
re

a
n

a
ly

ze
d

fo
r

a
p

a
rt

ic
u

la
r

c
h

e
m

ic
a
l)

.
b
P

a
c
e

L
a
b

’s
re

p
o

rt
in

g
lim

its
w

e
re

in
p

a
rt

s
p

e
r

b
ill

io
n

vo
lu

m
e

(p
p

b
v)

.
W

e
c
o

n
ve

rt
e
d

to
m

ic
ro

g
ra

m
s

p
e
r

c
u

b
ic

m
e
te

rs
(µ

g
/m

3
)

u
si

n
g

e
q

u
a
tio

n
s

in
th

e
A

ir
U

n
it

C
o

n
ve

rs
io

n
T

a
b

le
(T

o
rr

e
n

t
L
a
b

s,
w

w
w

.t
o

rr
e
n

tla
b

.c
o

m
/t

o
rr

e
n

t/
H

o
m

e
/R

e
so

u
rc

e
C

e
n

te
r.

h
tm

l)
.

c
T

o
ta

lh
yd

ro
c
a
rb

o
n

s
re

p
o

rt
e
d

a
s

p
a
rt

s
p

e
r

b
ill

io
n

vo
lu

m
e

(p
p

b
v)

.

INVESTIGATING HEALTH IMPACT LINKS / 69



xylene measured at rural and suburban residential homes in Butler and
Washington counties were higher than any concentration detected by the DEP
at the Marcus Hook industrial site in 2010.

As stated above, several factors can influence air results. However, it is also
highly possible that the poorer air quality in the areas where we tested—which
were rural and residential, with little or no other industry nearby—can be
attributed to gas facilities. While the DEP reports on the agency’s air testing
indicated that some of the VOCs we found in our study may not be due to
oil and gas development since they persist in the atmosphere and have been
widely used (for example, as refrigerants), the agency also indicates that acetone
and the BTEX chemicals can be attributed to gas development [37].

With regard to the water tests conducted, Table 4 shows the 26 parameters
that were detected in at least one sample. More than half of the project water
samples contained methane; although some groundwater contains low concen-
trations of methane under normal conditions, this finding could also indicate
natural gas migration from casing failure or other structural integrity problems
[38]. Four of the substances detected in water well samples in Bradford and
Butler Counties—manganese, iron, arsenic, and lead—were found at levels
that exceed the Maximum Contaminant Levels (MCLs) set by Pennsylvania
DEP’s Division of Drinking Water Management [39]. Two of the water samples,
both from Butler County, were more acidic than the recommended pH for
drinking water.

Some metals, such as manganese and iron, are elevated in Pennsylvania
surface waters and soils, either naturally or due to past industrial activities, and
levels can vary regionally [40]. In 2012, Pennsylvania State University (PSU)
researchers found that some drinking water wells in the state contained somewhat
elevated concentrations of certain contaminants prior to any drilling in the
area [41]. However, seven out of the nine water supplies sampled in our study
(78%) had manganese levels above the state MCL—a much higher percentage
than what was found in the pre-drilling samples in the PSU study (27%). Even
where metals are naturally occurring or predate gas development, drilling and
hydraulic fracturing can contribute to elevated concentrations of these con-
taminants [42] and have the potential to mobilize substances in formations such
as Marcellus Shale, which is enriched with barium, uranium, chromium, zinc,
and other metals [43].

LINKAGES BETWEEN SURVEYS AND
ENVIRONMENTAL TESTING

More research would be required to identify cause-and-effect connections
between the chemicals present in air and water in Pennsylvania’s gas patches
and symptoms reported by residents in specific locations. Nonetheless,
such links are plausible since many of the chemicals detected in the testing are
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known to be related both to oil and gas operations and to the health symptoms
reported by individuals living at the sites where air and water testing was
conducted [13-15].

The air tests together detected 19 chemicals that are known to cause sinus, skin,
ear/nose/mouth, and neurological symptoms, 17 that may affect vision/eyes, and
16 that may induce behavioral effects; as well as 11 that have been associated
with liver damage, nine with kidney damage, and eight with digestive/stomach
problems. In addition, the brain and nervous system may be affected by five
of the VOCs detected, the cardiac system by five, muscle by two, and blood
cells by two [44, 45].

Using these sources [44, 45], we compared lists of the established health
effects of the chemicals detected at households where testing occurred with
lists of the symptoms reported in surveys by participants at those testing locations
in order to identify associations. We then calculated the rate of association, in
which the denominator is the total number of health impacts reported by an
individual and the numerator is the total number of health impacts reported
by that individual that are consistent with the known health impacts of the
chemicals detected through air or water testing where they live.

Benzene, toluene, ethylbenzene, xylene, chloromethane, carbon disulfide,
trichloroethylene (TCE), and acetone were detected through testing at the same
households where survey participants reported symptoms established in the
literature [13-15, 44, 45] as associated with these chemicals, including symptoms
in the categories of sinus/respiratory, skin, vision/eyes, ear/nose/mouth, and
neurological. Some of these chemicals, as well as others (such as carbon tetra-
chloride and tetrachloroethylene) were found at sites where survey participants
reported known associated symptoms in the categories of digestion, kidney and
liver damage, and muscle problems. Specific examples of chemicals and symp-
toms that are linked in the research literature, and were found together at
households where testing and surveys were conducted, are: benzene and dizzi-
ness and nasal, eye, and throat irritation; carbon tetrachloride and nausea, head-
aches, and liver and kidney disease; and tetrachloroethylene and skin rashes,
persistent cough, and nerve damage.

As shown in Table 5, health symptoms reported by the individuals living
in a home where testing occurred matched the known health effects of
chemicals detected in that home at an overall rate of 68 percent. Fayette and
Washington counties had the highest match, followed by Greene, Bedford, and
Butler counties.

In addition, the percent of individuals reporting symptoms that have been
associated with chemicals detected in air testing at households participating in
this study showed some consistency across counties with regard to the most
significant categories of problems reported, as shown in Table 6—indicating
that patterns in both chemicals detected and symptoms exist despite different
geographic locations.
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As mentioned above, levels of iron, manganese, arsenic, and lead were
detected in our water well samples in Bradford and Butler Counties at levels
that exceeded drinking water standards set by the Pennsylvania DEP. These
substances are known to be associated with numerous symptoms reported by
individuals living in the homes where these particular exceedances occurred,
including symptoms in the categories of sinus/respiratory, skin reactions,
digestive/stomach, vision/eyes, ear/nose/mouth, neurological, muscle/joint,
behavioral/mood/energy, and liver and kidney damage. Survey participants
in the homes where water samples contained methane reported health symp-
toms known to be associated with methane, including in the categories of
sinus/respiratory, digestive/stomach, neurological, and behavioral/mood/energy.
While the water samples taken for this project did not show detectable exceed-
ances of safety standards for other substances, it is notable that no drinking
water standards have been set for methane, bromide, sodium, strontium, or
Total Suspended Solids (TSS)—and thus no exceedances would be indicated
in laboratory reports.
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Table 5. Match between Health Symptoms Reported by Individuals at
Air Testing Sites and Known Effects of Chemicals Detected

Number of
individuals

surveyed at homes
where testing was

conducted

Match between known health
effects of chemicals detected

and symptoms reported (percent)a

County Average Range

Overall

Fayette

Washington

Bradford

Butler

Bedford

Elk

Clearfield

Greene

Susquehanna

59

16

15

8

8

6

2

1

1

1

68

73

73

58

63

69

64

none

70

50

33-100

33-100

33-100

16-100

56-68

63-100

53-74

none

70

50

aWhen a health symptom was associated in the literature with more than one of the
chemicals detected, only one match was counted for that symptom.
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DISCUSSION

Complete evidence regarding health impacts of gas drilling cannot be
obtained due to incomplete testing and disclosure of chemicals, and non-
disclosure agreements. Without rigorous scientific studies, the gas drilling
boom sweeping the world will remain an uncontrolled health experiment
on an enormous scale.

—Michelle Bamberger and Robert Oswald [16]

While the survey and testing results, and their related findings, do not con-
stitute definitive proof of cause and effect, we believe they do indicate the
strong likelihood that the health of people living in proximity to gas facilities
is being affected by exposure to pollutants from those facilities. Most participants
report a high number of health symptoms; similar patterns of symptoms were
identified across project locations and distances from facilities; and consistency
in symptoms reported exists regardless of age group or smoking history. In
addition, contaminants that result from oil and gas development were detected
in air and water samples in areas where residents are experiencing health symp-
toms that are established in the literature as consistent with such exposures.

Because of the short-term nature of the air-canister testing (24 hours) and
the single water tests conducted at households, our results were contingent on
conditions at particular “moments in time.” Thus additional chemicals, or the
same chemicals at different concentrations, might be captured through expanded
testing; and residents could be experiencing exposures that were not detected
but would be detectable through such testing. In addition, some of the variation
in the air test results may have been due to the different reporting protocols of the
laboratories used in this project. Although all the labs test for the same core suite
of chemicals, both their reporting limits and the additional chemicals for which
they test vary. These will be key considerations for future testing work.

Another consideration that warrants further exploration involves the estab-
lished standards on both the state and federal levels for “safe” concentrations,
which are set only for exposure to single contaminants. This prevailing regula-
tory approach can not adequately address the potential risks posed by chronic,
long-term exposure to lower levels of multiple contaminants simultaneously—
in other words, the experience of people living in oil and gas areas day in and day
out, and of workers at job sites where toxic substances are continuously used.
In addition, for many substances in the environment (including those that come
from gas operations and were detected in our air and water sampling), data on
health risks or safe exposure levels simply do not exist.

More research is also needed that focuses on the sources of odors and odor
events experienced by residents living near gas facilities. In some cases,
participants reported different health impacts associated with specific sources and
odor events than those they reported in the overall health survey. Since odors are

76 / STEINZOR, SUBRA AND SUMI



a clear sign of the presence of airborne substances (such as fuel and chemicals),
this aspect warrants tracking and analysis.

Although we did not investigate additional factors that can influence health
conditions (e.g., through ordered control groups, in-depth health history research,
or identification of other potential sources of contaminants), such factors may
affect an individual’s health independent of gas operations. The relationship
between symptoms and distance from gas facilities also warrants more research.

At the same time, we strongly suggest that for individuals with a history of
other health concerns (e.g., asthma or heart conditions) and who are already
living with other exposures (e.g., traffic fumes or workplace chemicals), the
presence of gas facilities and related pollution could have a strong “trigger effect”
that can make existing problems worse and put individuals at higher risk of
developing new ones.

RECOMMENDATIONS

As discussed earlier, scientific knowledge about the health and environmental
impacts of shale gas development—and also the adoption of policy and regu-
latory measures to prevent them—are proceeding at a far slower pace than the
development itself. This timing mismatch creates situations (already being
experienced by residents of Pennsylvania and other states) in which problems are
widely reported but left unaddressed. Several measures can be taken to ensure
that public health impacts are fully understood and given greater priority in
decision-making about shale gas development.

1) Elevate the role of public health considerations in gas development deci-
sions. A key measure would be to conduct health impact assessments before
permitting begins. HIAs aim to minimize negative impacts and to improve health
outcomes associated with land use decisions by analyzing problems that could
arise over time, as well as existing health and environmental risks that could
be exacerbated by new activities [46]. HIAs can also have a strong preventive
effect by identifying mitigation measures related to aspects such as toxic expo-
sures, air and water pollution, and emergency response [47]. In addition, regu-
latory agencies could comprehensively plan the scope and pace of permits for
wells and other facilities in order to reduce impacts on air and water quality,
rather than continuing the permit-by-permit process currently being followed
in Pennsylvania and other states. Information on where wells and facilities would
be built in relation to places where health could be at risk (e.g., homes, schools,
and hospitals) could also be required in permit applications.

2) Increase the involvement of state departments of health in assessing the
impacts of gas development. Efforts should be increased to track and respond
to health concerns, and a database should be established to document these
problems and the agency response. Health departments could provide training for
health and medical professionals on exposure pathways and health symptoms
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related to gas operations, so that residents receive more informed advice and
appropriate testing and care referrals. Financial aid mechanisms should be
established to enable low-income residents to have blood and urine tests for
chemical exposure.

3) Conduct baseline water testing and continuous long-term monitoring of
air quality. Such testing would apply to private wells and public drinking water
supplies prior to drilling and to the air at or near facilities during all phases of
operations. Testing and monitoring should cover a full suite of chemicals, and
contaminants and results should be reported regularly and made available to the
public. Air quality testing in particular should be conducted at a range of facilities
(e.g., compressor stations, impoundment pits, dehydrators) that cause emissions.
These efforts could be carried out by the state regulatory agencies that issue
permits or through an agreement between those agencies and health depart-
ments. Inter-agency agreements could also be developed to track potential health
impacts that could result following spills of chemicals and waste, the under-
ground migration of fracturing fluids, leaks, and other problems.

4) Strengthen regulations for facilities to minimize air and water pollution
risks. These could include significantly increased setback distances; the instal-
lation of advanced technologies on all equipment to reduce emissions, odors,
and noise; the use of closed-loop storage systems for waste and drilling fluids
(rather than open pits); and the practice of “green completions” to reduce or
eliminate flaring and venting of methane gas and other pollutants.

5) Advance changes in testing parameters that determine “safe” exposure in
order to account for low-level, chronic exposure and multiple chemical exposure
in testing and monitoring. Such changes are necessary to reflect impacts on
people living in oil and gas development areas day in and day out, as well as
workers at facilities. Under current testing parameters (which are based largely
on acute episodes involving single contaminants), results may show below-
threshold levels even though residents are negatively affected. For example, a
recent paper showed that endocrine-disrupting chemicals can have different but
still harmful effects at lower doses than at higher ones and concluded that funda-
mental changes in chemical testing and safety protocols are needed to protect
human health [48]. Additionally, current health guidelines should be updated to
capture more of the chemicals currently in use and to assess complex or indirect
sources of contamination, such as oil and gas operations that rely on a variety of
substances, equipment, and facilities at numerous stages of development.

CONCLUSION

While we realize that human activities may involve hazards, people must
proceed more carefully than has been the case in recent history. Corporations,
government entities, organizations, communities, scientists, and other indi-
viduals must adopt a precautionary approach to all human endeavors. . . .
When an activity raises threats of harm to human health or the environment,
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precautionary measures should be taken even if some cause and effect
relationships are not fully established scientifically.

—Wingspread Consensus Statement on the Precautionary Principle [49]

Across the gas patches of the United States, people experiencing health
problems voice the simple wish to be believed. Many say that their health has
worsened since gas development began in their communities and that they feel
better when they are away from home. Often these conversations turn to what
it will take for regulators and policymakers to view their stories not just as
“anecdotes,” but as valid concerns worthy of an effective response.

There is no doubt that more research on the environmental and health impacts
of shale gas development is needed and can play a critical role in making sound
decisions about a complex and controversial issue. Yet an equally important
consideration is how to respond to the presence of unanswered questions. For
many proponents of unfettered gas development, the absence of definitive causal
links between gas facilities and specific health impacts indicates the absence of a
problem. But for impacted communities and others who believe health and the
environment deserve protection and that water and air quality should be main-
tained, what we don’t yet know makes the need for caution even greater.

We believe that the findings of this survey and testing project in Pennsylvania,
coupled with similar projects elsewhere and an emerging body of research,
provide sufficient evidence for decision-makers to take action to slow the rush to
drill, at least until the wide gaps in scientific knowledge, policies, and regulations
are bridged. Much is already known about the chemicals used and pollution
caused by oil and gas activities, which alone create the real potential for negative
health effects in any area where development occurs [50]. The precautionary
principle should be applied to decisions about shale gas development (both in
existing gas patches and in areas slated for new development), and this should
include shifting the burden of proof that harm does or does not occur to those
proposing the action.

The status quo—in which science and policy changes proceed slowly while
gas development accelerates rapidly—is likely to worsen air and water quality,
resulting in negative health impacts and possibly a public health crisis. Greater
understanding of the experiences reported by individuals living near gas facil-
ities can play an important role in pointing the way forward to preventing these
problems, both in Pennsylvania and nationwide.
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Abstract: Unconventional oil and gas (UOG) operations 
have the potential to increase air and water pollution in 
communities located near UOG operations. Every stage 
of UOG operation from well construction to extraction, 
operations, transportation, and distribution can lead to 
air and water contamination. Hundreds of chemicals are 
associated with the process of unconventional oil and 
natural gas production. In this work, we review the sci-
entific literature providing evidence that adult and early 
life exposure to chemicals associated with UOG opera-
tions can result in adverse reproductive health and devel-
opmental effects in humans. Volatile organic compounds 
(VOCs) [including benzene, toluene, ethyl benzene, and 
xylene (BTEX) and formaldehyde] and heavy metals 
(including arsenic, cadmium and lead) are just a few of 
the known contributors to reduced air and water quality 
that pose a threat to human developmental and reproduc-
tive health. The developing fetus is particularly sensitive 
to environmental factors, which include air and water pol-
lution. Research shows that there are critical windows of 
vulnerability during prenatal and early postnatal devel-
opment, during which chemical exposures can cause 
potentially permanent damage to the growing embryo 
and fetus. Many of the air and water pollutants found 
near UOG operation sites are recognized as being devel-
opmental and reproductive toxicants; therefore there is a 
compelling need to increase our knowledge of the poten-
tial health consequences for adults, infants, and children 
from these chemicals through rapid and thorough health 
research investigation.
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Chemicals and wastewater  
associated with unconventional oil 
and natural gas (UOG) operations
The rapid rise in unconventional oil and natural gas 
(UOG) operations that combine directional drilling and 
hydraulic fracturing (fracking) increases the opportunity 
for air and water pollution from these processes, with over 
15 million Americans living within one mile of UOG opera-
tions. UOG operations involve the injection of millions of 
gallons of water and thousands of gallons of chemicals 
into the ground under high pressure to liberate oil and 
gas. More than 750 chemicals are added throughout the 
UOG process (1). A subset of chemicals is typically used 
for individual well pads in order to maximize production 
based on geology and other factors. These chemicals are 
added for a number of reasons including the following: 
increasing the viscosity to keep proppants suspended, 
preventing corrosion and build-up within pipes, helping 
to dissolve chemicals into fracturing fluids that facili-
tate the formation of fractures underground, preserving 
the viability of the fluids during storage, and prevent-
ing bacterial growth in fracturing fluids and pipes (1–3). 
Some fluids return to the surface immediately and some 
return to the surface over the life of a producing well; 
these contain the hydraulic fracturing chemicals and also 
naturally occurring compounds such as radioactive mate-
rials, salts, and heavy metals that are liberated from the 
shale layer (2, 4–7). Industry reports using approximately 
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13 known or suspected carcinogens (including benzene 
and acrylamide), known developmental neurotoxicants, 
and many volatile organic compounds (VOCs) including 
the BTEX (benzene, toluene, ethylbenzene, and xylene) 
chemicals, which have numerous associated adverse 
health outcomes in humans (1).

UOG operations release large amounts of reproduc-
tive, immunological, and neurological toxicants, carcin-
ogens as well as endocrine disrupting chemicals (EDCs) 
into the environment that may negatively affect human 
health (8). The chemicals used in or produced by UOG 
have been linked to negative health effects, including 
adverse reproductive and developmental outcomes in 
men, women, infants and children. This article will review 
evidence that adult and early life exposure to chemicals 
associated with UOG operations can lead to adverse repro-
ductive and developmental health effects in humans, 
including infertility, miscarriage, impaired fetal growth, 
low birth weight, preterm birth, and birth defects (9–14). 
Many of these same reproductive health impacts have also 
been observed in companion and farm animals living in 
intensively drilled areas in the United States (15).

Endocrine disrupting chemicals (EDCs)

Hormones are essential for normal health and devel-
opment. The Endocrine Society defines EDCs as “Any 
chemical or mixture of chemicals that interferes with any 
aspect of hormone action” (16). EDCs can interfere with 
hormone action in a number of ways, but the two most 
common are through binding to endogenous hormone 
receptors or altering endogenous hormone concentra-
tions. EDCs can bind to endogenous hormone receptors 
and activate or repress the normal response; these can 
also modify endogenous hormone concentrations by 
altering hormone synthesis or metabolism and clearance. 
EDCs are often small lipophilic molecules that can dis-
solve in the plasma membrane and bind to intracellular 
receptors. Hence, common targets are ligand activated 
transcription factors in the nuclear receptor superfamily, 
including estrogen, androgen, glucocorticoid, progester-
one, and thyroid hormone receptors. Hormones work at 
very low concentrations, for example, estrogens stimu-
late cell proliferation in the part per trillion range; more-
over, while typically less potent, EDCs are often present 
at much higher concentrations than endogenous hor-
mones (17). EDCs can also stimulate nonmonotonic dose 
responses, that is, effects seen at high doses do not neces-
sarily predict the quantitative and/or qualitative effects 
seen at low doses (18).

A potential source of exposure to EDCs is through 
their use in UOG operations. More than 130 fracturing 
chemicals have been identified as known or potential 
EDCs, and many others have yet to be assessed due to lack 
of Chemical Abstract Service numbers and/or proprietary 
information concerns (1, 8, 19). Kassotis et al. previously 
assessed the EDC activities of 24 fracturing chemicals on 
five hormone receptors, reporting antagonist activities for 
the majority of the chemicals examined (19, 20), the first 
report of direct receptor activity for many of them (21–26). 
Additional work found that surface and ground water from 
fracturing fluid spill sites in Garfield County, Colorado, 
exhibited higher EDC activities than samples collected 
outside the active drilling region (19). Adverse reproduc-
tive health outcomes associated with EDC exposures are 
well documented, with reported effects on reproductive 
organs, body weight, puberty, fertility, and reproductive 
cancer incidence (27–31).

Wastewater associated with UOG operations

After the drilling and fracturing phase, a portion of the 
fracturing fluids immediately return to the surface as 
flowback water. Large volumes of water, which originate 
from within the shale layer, later comes to the surface 
throughout the life of the well and is termed “produced 
water”. Residual fracturing chemicals can continue to 
emerge with produced water in addition to other com-
pounds that are naturally occurring in the bedrock. 
Some components of fracturing chemicals remain under-
ground and have an unknown fate. After the desired oil 
and natural gas components have been separated, the 
remaining flowback and produced water are considered 
“wastewater”, which now contains industrial fracking 
chemicals plus naturally occurring substances from the 
shale or coal bed layer. These include heavy metals, salts, 
minerals and radioactive substances, which escape from 
their natural underground location along with the oil and 
natural gas. Recycling of UOG fluids is often employed, 
however, this practice is limited in frequency because 
chemicals can become concentrated in these fluids. Ulti-
mately, a large amount of waste is generated. Traditional 
wastewater treatment does not adequately remove all of 
these chemicals.

Currently, there are many strategies to dispose of 
the millions of gallons of wastewater generated by UOG 
operations, but none are without risks of environmental 
contamination. UOG wastewater is disposed of in injec-
tion disposal wells, landfills, evaporation pits, munici-
pal wastewater treatment plants, direct discharge into 
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surface water and other miscellaneous uses like spray-
ing onto roads to reduce dust or melt ice on roads (32). 
Most of these practices can either directly or indirectly 
aerosolize chemicals or contaminate surface and ground 
water. The current practice of injecting large volumes 
of wastewater, under high hydraulic pressure, has been 
shown to cause increased seismic activity and earth-
quakes (33, 34). Although the separation of some natu-
rally occurring radioactive elements in fracturing fluids is 
known to occur at wastewater treatment centers through 
the co-precipitation of radium with barium and strontium 
sulfate, the radium still persists in the environment either 
through incomplete removal from wastewater or as solid 
waste produced via co-precipitation (35, 36). Thus, radio-
active elements like radium (a known carcinogen) will 
persist in wastewater, in river sediments, and in waste 
facilities where precipitate and sludge are disposed. Even 
when disposed of in landfills and other waste facilities, 
eventual migration or release of leachate into surface and 
ground water can still occur (37), thus creating another 
potential mechanism for environmental contamination 
with these compounds (35, 36).

Potential routes of exposure to UOG 
chemicals
Human and animal exposure to UOG chemicals can occur 
through oral routes like eating, through drinking and 
dermal routes like cleaning and bathing, and via inha-
lation of airborne contaminants emitted throughout all 
stages of UOG lifecycle including production (38, 39).

Water

UOG operations can contaminate both surface and ground 
water (5, 7, 35, 38, 40–47). Routes of contamination include 
spills during transport to and from well pads, injection of 
fluids, failure of cement well casings, and from improper 
treatment and disposal of wastewater (38, 41, 48–50). Spills 
are commonly reported, occurring in approximately 1% of 
all Colorado wells in 2013 (51, 52), with subsequent leach-
ing into ground water occurring at some of these locations 
(45, 53). Gas and heavy metal concentrations increase in 
drinking water with proximity to natural gas wells (7, 42, 
43, 54). In fact, a recent work has suggested that faulty 
well casings may be the primary source of this contamina-
tion (55). The transportation of chemicals and wastewater 
to and from well pads also contributes to contamination 

through traffic accidents and equipment failures of tanker 
trucks (56, 57). Even when wastewater is treated, it is com-
monly sent to facilities not designed to remove many of 
the anthropogenic and naturally occurring compounds 
present (56, 58–60), resulting in elevated downstream 
concentrations of radium, barium, strontium, benzene, 
and other compounds (35, 47). Importantly, surface water 
accounts for two-thirds of all drinking water use (61).

Air

Oil and natural gas production processes contribute 
numerous contaminants into the air, resulting in elevated 
concentrations of hydrocarbons, methane, ozone, nitro-
gen oxides (NOx), and VOCs like BTEX, alkenes, alkanes, 
aromatic compounds, and aldehydes (39, 62–75). VOCs are 
carbon-based chemicals that easily evaporate at ambient 
temperatures due to high vapor pressure. Many of these 
can become dangerous if inhaled in large amounts from 
the ambient air. BTEX chemicals and formaldehyde are 
just a few of the many VOCs associated with the various 
stages of UOG operations. Diesel truck exhaust, emissions 
from drilling rigs and pumps to obtain chemicals released 
from natural gas wells also produce VOCs (76). The release 
of VOCs from some of these sources can include BTEX, and 
can occur during venting, flaring, production, and from 
leaks due to faulty casings (77). A cluster of wells located 
in a small area can lead to the significant accumulation of 
VOCs in the surrounding air (76). Formaldehyde was found 
in air samples in a drilling dense area in Garfield County 
in rural western Colorado and near residential sites (78); 
it can also be produced during the combustion of natural 
gas (79). Formaldehyde and acetaldehyde can also form 
from the chemical reaction caused by sunlight interacting 
with NOx and VOCs (78). Air emissions around drill sites 
and compressor stations have been reported to have ele-
vated concentrations of benzene, formaldehyde, hexane, 
and hydrogen sulfide. In some cases, their concentrations 
significantly exceeded the Minimal Risk Level of Hazard-
ous Substances (MRL) of the Agency for Toxic Substances 
and Disease Registry (ATSDR) and were associated with 
health impacts on residents (80). Table 1 shows a selected 
list of hazardous substances on the ATSDR MRL list, which 
coincide with some of the most common air pollutants.

Ground level ozone is a health concern associated 
with UOG operations. Ground level ozone is a pollutant 
that forms when NOx react with VOCs in the presence of 
sunlight (81). Release of NOx and VOCs begins with the 
use of diesel powered equipment during site prepara-
tion and emissions from diesel powered equipment, and 
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Table 1 Selected chemicals from ATSDR Minimal Risk Levels for Hazardous Substances.

Chemical   Exposure Route  Aa/Ib/Cc   MRL   Toxic endpoint

Benzene   Inhalational   A   0.009 ppmd   Immuno
  Inhalational   I   0.006 ppm   Immuno
  Inhalational   C   0.003 ppm   Immuno
  Oral   C   0.0005 mg/kg/day  Immuno
        Immuno

Formaldehyde   Inhalational   A   0.04 ppm   Resp
  Inhalational   I   0.03 ppm   Resp
  Inhalational   C   0.008 ppm   Resp
  Oral   I   0.3 mg/kg/day   Gastro
  Oral   C   0.2 mg/kg/day   Gastro

Hexane   Inhalational   C   0.6 ppm   Neuro
Hydrogen sulfide   Inhalational   A   0.07 ppm   Resp

  Inhalational   I   0.02 ppm   Resp
Ethylbenzene   Inhalational   A   5 ppm   Neuro

  Inhalational   I   2 ppm   Neuro
  Inhalational   C   0.06 ppm   Renal
  Oral   I   0.4 mg/kg/day   Hepatic

Toluene   Inhalational   A   1 ppm   Neuro
  Inhalational   C   0.08 ppm   Neuro
  Oral   A   0.8 mg/kg/day   Neuro
  Oral   I   0.02 mg.kg.day   Neuro

Xylenes (mixed)   Inhalational   A   2 ppm   Neuro
  Inhalational   I   0.6 ppm   Neuro
  Inhalational   C   0.05 ppm   Neuro
  Oral   A   1 mg/kg/day   Neuro
  Oral   I   0.4 mg/kg/day   Neuro
  Oral   C   0.2 mg/kg/day   Neuro

aA, Acute; bI, Intermediate; cC, Chronic; dppm, parts per million. These data were last updated on July 12, 2013.
Source: Agency for Toxic Substance and Disease Registry. http://www.atsdr.cdc.gov/mrls/mrllist.asp.

continues through the processes of drilling and extraction 
using hydraulic fracturing when millions of gallons of 
water, chemicals and sand are transported to and from the 
well pads (46). Modeling studies in the Haynesville and 
Barnett Shales have suggested increased NOx and ozone 
levels in UOG regions (82, 83), whereas increases have 
been measured in active production areas in New Mexico 
and Wyoming (84, 85).

Health effects associated with 
chemicals used in UOG operations

Semen quality

Exposure to chemicals associated with UOG operations 
has been associated with reduced semen quality in men 
and laboratory animals. Specifically, exposure to BTEX 
chemicals has been associated with negative impacts 
on sperm quantity and quality. Exposure to rubber 

manufacturing workers has been associated with low 
sperm count, reduced sperm motility, abnormal sperm 
morphology, and abnormal semen viscosity (OR > 14, 9, 
27, and 4 respectively) (86). Workers exposed to toluene, 
xylene, and benzene showed reduced sperm vitality and 
activity (87). Toluene metabolites may have the ability 
to directly target the male reproductive organs by initi-
ating oxidative stress mechanisms resulting in damage 
to the DNA in the testis (88). Chromosomal abnormali-
ties in sperm have also been associated with benzene 
exposure (89, 90). Formaldehyde has been associated 
with decreased sperm count, motility, viability and mor-
phology in mice (91). Ethylene glycol ethers have also 
been associated with lower sperm count in men (92, 93), 
an endpoint that may, in part, be due to reduced tes-
tosterone (94, 95). Ambient ozone has been negatively 
associated with sperm concentration in men (96) and 
in rats (97). Taken together, chemicals associated with 
UOG operations (e.g., benzene, toluene, formaldehyde, 
ethylene glycol and ozone) have been associated with 
negative impacts on semen quality, particularly reduced 
sperm counts.
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Menstrual cycle and fecundity

UOG chemicals have been associated with adverse effects 
on the menstrual cycle and overall fecundity in women. 
A study in the manufacturing industry suggests ethylene 
glycols might be a contributing factor to longer menstrual 
periods in women (98). Benzene and toluene exposure 
have been associated with abnormal menstrual cycle 
length in Beijing petrochemical workers (99).

Women exposed to toluene in the printing industry 
had lower fecundity (100). A two-fold overall reduction in 
fecundity was found in women working in areas of expo-
sure to toluene in a cross-sectional time to pregnancy study 
(100). Toluene has been associated with difficulty conceiv-
ing, the inability to conceive, as well as premature meno-
pause in women. Women exposed to toluene at work had 
more difficulty becoming pregnant than did their unex-
posed co-workers (9), and levels of benzene and toluene 
measured in breath have been associated with hormone 
profiles of nonconceptive menstrual cycles (101). In the 
laboratory, direct adverse effects of BTEX chemicals have 
been observed on ovarian cell apoptosis, proliferation, and 
hormone release in animal ovarian cells (102).

Miscarriage and stillbirth

The endocrine etiologies of miscarriage (spontaneous 
abortion) and stillbirths are not well understood, though 
they have been associated with exposure to environmen-
tal agents. Miscarriage and stillbirth are common disor-
ders, occurring in 15%–20% of human pregnancies (103, 
104). These can be caused by placental oxidative stress, 
degeneration, and a deterioration of placental function 
known as placental insufficiency (105), all leading to sub-
sequent decreases in oxygen and nutrient transport to the 
fetus (106). Exposure to heavy metals during pregnancy is 
associated with increased risks of miscarriage and/or still-
births. Heavy metals may be routinely mobilized during 
hydraulic fracturing operations and have been shown to 
contaminate surface and ground water (7, 35, 107); in some 
cases (e.g., lead), they are also inadvertent contaminants 
in fracturing fluids (1).

Specifically, lead exposure is associated with an 
increased risk of miscarriage and stillbirth (108–112), 
potentially due to placental rupture (113). Exposure to 
cadmium has been shown to result in miscarriage and 
stillbirths in exposed mothers (114–116), potentially 
through decreased levels of antioxidants or enhanced 
lipid peroxidation resulting in oxidative stress (115, 116). 
Arsenic has also been associated with increased risk of 

miscarriage (117). Animal models have modeled transport 
of arsenic across the placenta and subsequent distribu-
tion and accumulation in the fetal liver and brain (118). 
Arsenic can cause placental insuffiency through multiple 
mechanisms like placental dysmorphogenesis (119), inhi-
bition of enzymes and oxidative stress (117, 120) leading 
to inflammation (121, 122), and disruption of neovasculo-
genesis leading to aberrant placenta formation (117, 119). 
Further investigation is needed to evaluate the potential 
reproductive and developmental effects associated with 
exposure to heavy metals mobilized by UOG operations.

Meanwhile, exposure to benzene and toluene, com-
monly used and produced by UOG operations, have been 
associated with increased risks for miscarriage (9, 101). 
Women with high exposure to toluene had three to five 
times the miscarriage rate of those with low exposure 
(123), and women with occupational benzene exposure 
have been shown to have an increased rate of miscarriages 
based on retrospective recall (124). Paternal occupational 
exposure to toluene and formaldehyde has also been 
linked to miscarriage in their partners (125, 126).

Direct epidemiological associations between UOG 
development and miscarriage is lacking, though recent 
reports have raised concerns about potential effects. The 
first reported an unusually high rate of miscarriages and 
stillbirths from Glenwood Springs, Colorado in January 
2014 (127). The majority of these cases presented from 
the Piceance Shale Basin, a densely-drilled UOG region 
in Western Colorado, though the Colorado Department of 
Public Health and Environment concluded that no single 
environmental factor could explain these anomalies (127). 
The second anecdotally reported an unusually high rate of 
miscarriages and stillbirths in Vernal, Utah. This region has 
seen active UOG development since 2005 and also receives 
substantial wastewater from other states, with recent work 
reporting elevated ozone concentrations in this area due to 
UOG activities (128). Researchers are currently investigat-
ing potential links between these adverse outcomes and 
the UOG processes that occur nearby.

Preterm birth and low birth weight

Exposure to chemicals associated with UOG operations is 
associated with increased risks of low birth weight (LBW) 
and preterm birth. LBW is defined as an infant birth 
weight of  < 2.5 kg (5.5 lbs), and preterm birth is the birth 
of an infant prior to 37 weeks of pregnancy. Preterm birth 
occurs in 12%–13% of US pregnancies, and is a leading 
global cause of perinatal morbidity and mortality (129, 
130). Intrauterine growth restriction (IUGR) refers to the 
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poor growth of an infant in the womb, and is defined as a 
birth weight in the lowest 10% of normal weights for ges-
tational age (131). Of the four million neonatal deaths that 
occur each year, at least 60% are due to LBW associated 
with IUGR and/or preterm birth (132). Several chemicals 
associated with UOG operations have been associated 
with negative birth outcomes. Mechanistically, LBW and 
preterm birth have been associated with reduced fetal 
estrogen or estrogen action. Smokers are more likely to 
have LBW babies (133), due, in part, to decreased estro-
gens from aromatase inhibitors in the smoke (134, 135). 
LBW has also been associated with exposure to anti-estro-
genic polychlorinated biphenyls (PCBs) (136–139).

Particulate matter is one of the most common air pol-
lutants to be linked to adverse birth outcomes. Fine par-
ticulate matter has been linked to preterm birth (140–142), 
IUGR and LBW (11, 143, 144). Particulate matter (PM) is 
also commonly released into the surrounding air during 
tight oil and shale gas operations, especially where there 
are diesel emissions (66). A relationship between NOx and 
preterm birth has been observed (12), whereas exposure to 
NOx has been linked to reductions in birth weight (145, 146) 
and IUGR (147). Ozone, another byproduct of UOG opera-
tions, has also been linked in a number of studies to LBW 
and preterm birth (140, 144, 148, 149).

There is an association between air pollution and 
UOG operations and between air pollution and low birth 
weight, IUGR and preterm birth. Studies have now begun 
to assess a more direct link between UOG and adverse fetal 
outcomes. A preliminary study from the Marcellus Shale 
region reports increased LBW children from mothers 
living within 2.5 km of a natural gas well (150). By con-
trast, a recent work has reported a slight negative associa-
tion between maternal residence proximity to natural gas 
wells and preterm birth and LBW (14). The findings from 
these and other studies indicate that exposure to chemi-
cals from UOG operations (including BTEX, formalde-
hyde, and ethylene glycols) have the potential to adversely 
impact male and female fertility, as well as increase rates 
of miscarriage, preterm birth, and LBW.

Birth defects and developmental origins of 
health and disease

Maternal exposure to chemicals via inhalation or inges-
tion of contaminated air, water and foods can adversely 
affect developing fetuses (151, 152). Most chemicals pass 
from mother through the placenta to expose the devel-
oping embryo and fetus and many chemicals pass from 
breast milk to baby (152–154). This includes heavy metals, 

many persistent organic pollutants (POPs), and lipophilic 
chemicals including aromatic hydrocarbons like BTEX. 
POPs are characterized by their long half-lives and inabil-
ity to be metabolized or excreted. These characteristics 
lead to bioaccumulation in the adipose tissue and result 
in a persistent “body burden” of hundreds of chemicals. 
Changes in absorption and metabolism during pregnancy 
and lactation can liberate chemicals from maternal fat 
and bone through fat mobilization and demineralization 
and expose the fetus and infant (155, 156).

McKenzie et al. examined maternal proximity to natural 
gas wells in rural Colorado and the incidence of three births 
defects recorded by the state of Colorado. Living within 10 
miles of a natural gas well was associated with increased 
risk of congenital heart and neural tube defects (14). There 
is a clear potential mechanistic association between UOG 
chemicals and these birth defects because maternal expo-
sure to chemicals used in UOG processes have been linked 
to specific birth defects. For example, maternal benzene 
exposure has been linked to neural tube defects in their 
children (13, 157). BTEX exposure during the first trimester 
of pregnancy is negatively associated with biparietal brain 
diameter between weeks 20 and 32 of pregnancy (158). 
Maternal EDC exposure has been linked to congenital heart 
defects, with increased risks for those with polymorphisms 
in multidrug resistance gene ABCB1 (159).

In addition to birth defects, fetuses and young children 
are uniquely sensitive to long-term adverse effects from 
chemical, environmental and nutritional exposures that 
may not always be apparent at birth. Alterations in the pre-
natal and postnatal environment can have long-term nega-
tive consequences, termed developmental origins of health 
and disease. Normal development is highly controlled by 
hormones, and disruption by manmade chemicals can 
permanently change the course of development. A senti-
nel example of developmental programming in humans is 
the use of diethystilbestrol (DES) by pregnant women in 
the attempt to prevent miscarriage. Later, it was found that 
maternal DES use increased the risk of reproductive tract 
abnormalities, vaginal and breast cancer, spontaneous 
abortion, and stillbirth in DES daughters whose mothers 
took DES during pregnancy (160, 161). DES sons also expe-
rienced long-term negative health impacts. These highlight 
the fact that some effects from developmental program-
ming by EDCs may not become fully expressed until sexual 
maturity or even middle age.

The development of the human reproductive system 
begins during fetal life with sexual differentiation and the 
development of the reproductive organs. Many chemicals 
associated with UOG processes are EDCs that can block or 
antagonize hormone receptors, particularly androgen and 
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estrogen receptors, termed antiestrogens and antiandro-
gens, respectively (19). Prenatal exposure to anti-andro-
genic EDCs like ethylene glycol can lead to delayed sexual 
development, hypospadias, cryptorchidism, decreased 
anogenital distance, which is associated with poor semen 
quality, and other problems (10, 162). Many pesticides 
have anti-androgenic activity, and a strong association 
has been found between pesticides and hypospadias (10, 
25). Prenatal exposure to ethylene glycol-methyl cellosolve 
can lead to reproductive damage, congenital birth defects, 
intrauterine growth restriction and death (163). Perinatal 
exposure to toluene can reduce serum testosterone in pre- 
and post-pubertal rats (164). Prenatal exposure to anties-
trogenic EDCs has been associated with reduced serum 
testosterone and elevated FSH in Taiwanese boys whose 
mothers had been exposed to polychlorinated biphenyls 
(PCBs) and dibenzofurans (PCDFs) during pregnancy 
(165). Abnormal menstruation and high FSH serum levels 
in adolescent girls have been associated with PCBs and 
PCDEs exposure during prenatal development [reviewed 
in (166)].

The reproductive tract is not the only target for EDCs 
during development. Perinatal exposure to EDCs has been 
shown to cause permanent changes in the brain, behavior, 
obesity, fertility, cancer and other adverse health outcomes 
in laboratory animals [reviewed in (18, 167, 168)]. These 
effects are dependent on the timing of exposure; these 
are also possibly inherited and passed through epigenetic 
changes that can be silent for years only to become apparent 
later (169). Further work should carefully assess the poten-
tial for exposure to UOG chemicals and developmental 
programming as the exposed populations age, particularly 
in regions like Texas and Colorado, that have experienced 
UOG production for the longest periods of time.

Conclusions
Exposure to chemical pollution can be linked to repro-
ductive and developmental health impacts including 
infertility, miscarriage or spontaneous abortion, impaired 
fetal growth, and LBW. Given that many of the air and 
water pollutants found near UOG sites are recognized as 
being developmental and reproductive toxicants, there 
is a compelling need to increase our knowledge of the 
potential health consequences for infants, children, and 
adults from these chemicals through rapid and thorough 
further health research investigation. Chemicals used and 
produced in UOG operations are associated with human 
health effects and demonstrated to cause reproductive and 
developmental damage in laboratory animals. Whereas 

environmental human and animal monitoring is needed 
to measure actual exposure (170), we know enough to 
know the following:

 – There has been and continues to be a dramatic expan-
sion of UOG operations.

 – Spills, leaks and discharges of UOG wastewater are 
common.

 – UOG chemicals have been measured in air and water 
near operations.

 – UOG chemicals have been directly linked with adverse 
reproductive and developmental health outcomes in 
laboratory studies.

 – UOG chemicals have been associated with adverse 
human reproductive and developmental health out-
comes in epidemiological studies.

Taken together, there is an urgent need for the following: 
1) biomonitoring of human, domestic and wild animals 
for these chemicals; and 2) systematic and comprehen-
sive epidemiological studies to examine the potential for 
human harm.
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