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Abstract: Heavy metals (arsenic and manganese), particu­
late matter (PM), benzene, toluene, ethylbenzene, xylenes 
(BTEX), polycyclic aromatic hydrocarbons (PAHs) and 
endocrine disrupting chemicals (EDCs) have been linked 
to significant neurodevelopmental health problems in 
infants, children and young adults. These substances are 
widely used in, or become byproducts of unconventional 
oil and natural gas (UOG) development and operations. 
Every stage of the UOG lifecycle, from well construction 
to extraction, operations, transportation and distribution 
can lead to air and water contamination. Residents near 
UOG operations can suffer from increased exposure to ele­
vated concentrations of air and water pollutants. Here we 
focus on five air and water pollutants that have been asso­
ciated with potentially permanent learning and neuro­
psychological deficits, neurodevelopmental disorders and 
neurological birth defects. Given the profound sensitivity 
of the developing brain and central nervous system, it is 
reasonable to conclude that young children who experi­
ence frequent exposure to these pollutants are at particu­
larly high risk for chronic neurological diseases. More 
research is needed to understand the extent of these con­
cerns in the context of UOG, but since UOG development 
has expanded rapidly in recent years, the need for public 

health prevention techniques, well-designed studies and 
stronger state and national regulatory standards is becom­
ing increasingly apparent.

Keywords: BTEX; children; EDCs; heavy metals; PAHs; 
particulate matter; UOG.

Introduction
Since the mid-to-late-2000s, unconventional oil and gas 
(UOG) techniques, including hydraulic fracturing (frack­
ing) have enabled the extraction of fossil fuels from pre­
viously inaccessible geological formations such as shale, 
leading to the rapid spread of UOG development in the US. 
The scientific and medical communities are beginning to 
understand that each step of the UOG lifecycle uses and 
emits significant quantities of chemicals likely to be 
harmful to environmental and human health (1–10), par­
ticularly to infants and developing children (11–15). This 
paper explores the potential health risks of UOG activ­
ity; we are presenting the first literature review to focus 
explicitly on the effects of the UOG industry on the neu­
rodevelopmental and neurological health of infants and 
children.

Currently, there are now over 1000 peer-reviewed 
publications that assess various health hazards and 
risks of UOG. Some of these studies on UOG development 
have observed an increase in adverse perinatal outcomes 
(12–14). Published research focusing on the association 
between UOG and neurodevelopmental and neurological 
health in humans is limited and only a few studies to date 
address this issue, while no studies have focused exclu­
sively on this health topic. Neurological health problems 
have been reported by residents (16) and observed in com­
panion animals and livestock living in close proximity 
to UOG development in areas across the US (17). A study 
by University of Pennsylvania and Columbia University 
researchers found that UOG in Pennsylvania was associ­
ated with an increase in hospitalization rates, including 
inpatient prevalence rates for neurology among other 
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health categories (18). Another retrospective study in 2014 
of approximately 124,842 births found that there was a 
potential association between the density of natural gas 
wells within a 16-km radius of a residence and neural tube 
defects in infants (12).

Although data is still emerging in this specific health 
research area, the neurological and neurodevelopmental 
effects of many UOG chemicals including those we focus 
on in this review are well known and documented in the 
scientific literature in many other contexts (Table 1).

This review calls attention to the neurological health 
impacts of air and water pollution from UOG operations, 
focusing specifically on five pollutant categories: heavy 
metals (arsenic and manganese), particulate matter (PM), 
polycyclic aromatic hydrocarbons (PAHs), BTEX and 
endocrine-disrupting chemicals (EDCs). The purpose of 
this paper is to highlight how vulnerable populations, 
particularly newborns and growing children, may or 
may not suffer disproportionately from exposure to UOG-
related air and water pollutants. We also identify future 
research needs and present general policy recommenda­
tions in light of the identified health risks within these 
populations.

In our discussion of the health effects of air and water 
pollution from UOG, we chose these five particular pollut­
ant categories because these pollutant groups have been 
found in significant concentrations in air and water at or 
near UOG sites, and are most commonly found in epide­
miological studies to be associated with adverse neuro­
logical and developmental health outcomes. We do not 
discuss a number of other pollutants including: methyl­
ene chloride, ethylene glycol and other materials from 
UOG operations that are potentially neurotoxic.

It should be noted that unconventional oil and gas 
development is a broad and complex term which can refer 
to modern oil and gas development techniques that may 
not be covered in this review. UOG generally refers to oil 
and natural gas produced from atypical sources – includ­
ing shale/tight formations, oil/tar sands, coal seams and 
low permeability reservoirs – requiring techniques differ­
ent from those needed for conventional oil and gas pro­
duction. For this review, we focus specifically on research 
pertaining to onshore oil and gas development from shale 
and tight formations (i.e. low permeability) and do not 
include studies of coalbed methane, oil sands, or offshore 
oil and gas development. In a few examples we refer to 
studies that may also apply to other forms of oil and gas 
development. While the term hydraulic fracturing (“frack­
ing”) is used in the media to refer to UOG activities in 
general, we use it in this review to refer to its role in oil 
and gas development from shale and tight formations. 

This involves the well stimulation technique of injecting 
pressurized fluid consisting of water, sand and chemicals 
into a reservoir or low permeability rock formations, in 
order to mobilize oil or natural gas. Recently, hydraulic 
fracturing has been combined with other techniques such 
as directional drilling to increase oil and gas production 
from unconventional sources.

The neurotoxicity of chemical compounds that are 
foreign to the body is a serious though understudied public 
health issue. Ten percentage to 15% or approximately one 
out of every six children in the US suffers from neuro­
developmental abnormalities, including intellectual dis­
abilities, learning disabilities, autistic disorders, attention 
deficit disorders and/or emotional disorders (69). Specific 
epidemiology is further complicated by rapid increases in 
disorders that are subtle or difficult to diagnose, such as 
autism and attention deficit disorder (70).

There is ample evidence that environmental toxicants 
can cause neurodevelopmental problems. Developmental 
neurotoxicity has been called a “global silent pandemic” 
– “silent” because the “brain draining” impacts of early 
life exposure to neurotoxicants are often subtle and sub­
clinical, which can make them hard to detect (71–73). 
Another aspect of this “silent pandemic” is the lack of 
safety standards set by regulatory authorities on virtually 
any of the 85,000+ chemicals that we are exposed to daily, 
as well as the limited attention clinicians and academic 
researchers have paid to the “brain drain” caused by 
neurotoxicity in early life (74). In a 2006 review aimed at 
drawing attention to how little is known about neurotoxi­
cants, Grandjean and Landrigan (72) identified 201 chemi­
cals neurotoxic to adults and more than 1000 chemicals 
neurotoxic to animals. In discussing evidence for meas­
urable human consequences, they focused on the neu­
rodevelopmental toxicity of lead, methylmercury, arsenic, 
polychlorinated biphenyls and toluene. In 2014, the same 
authors, updated this review and highlighted newly iden­
tified developmental neurotoxicants, noting that the list 
of known neurotoxicants had been growing annually by 
two substances per year (71).

In this review we discuss the body of scientific and 
medical literature relevant to the neurodevelopmental 
health impacts of UOG development and production. We 
highlight what is currently known and identify data gaps 
and research limitations.

Methods
For this review, we focus on the scientific literature rele­
vant to the potential neurodevelopmental health effects of 
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UOG emissions on children and newborns. This required 
reviewing three different types of research, including 
studies of (1) UOG air and water emissions and concen­
trations; (2) documented neurological health risks and 
symptoms from exposure to our selected pollutant list; 
and (3) long-term neurological health outcomes from early 
life exposure to UOG associated pollutants in other con­
texts as documented in the literature. We did not include 
a formal quality assessment of the literature. Addition­
ally, although we primarily focus on human studies, we 
also refer to experimental animal studies to understand 
biological mechanisms of neurotoxicity. It should also be 
noted that in some cases, where literature was limited, 
we looked at adult and occupational studies. This review 
draws predominantly from peer-reviewed scientific lit­
erature, including animal and human (both in vitro and 
in vivo) studies, literature reviews on specific pollutants, 
and book chapters, with an emphasis on more recent 
publications. However, we included where appropriate, 
reports and other gray literature.

Our methods are intended to help identify exposure 
pathways and mechanisms as well as potential neurologi­
cal health risks and long-term consequences of air and 
water pollutants associated with UOG. We also intended 
to promote research to assess the neurotoxicity of air and 
water pollutants involved with UOG development. We note 
cases where concentrations exceed relevant air and water 
quality standards or guidelines and/or levels known to be 
hazardous to human health (3, 4, 6, 75–80).

This assessment was conducted using a number 
of search methods, including (1) keyword systematic 
searches across three science databases (PubMed, Web of 
Science, ScienceDirect), and (2) searches in existing col­
lections of scientific literature on unconventional oil and 
natural gas development, such as the PSE Healthy Energy 
Citation Database on Shale and Tight Gas Development 
and the Marcellus Shale Initiative Publications Database 
at Bucknell University. We complemented our search 
using the Columbia University Library database (CLIO) 
and Google Scholar, and additionally conducted manual 
searches of the references included in many of the studies 
identified.

Results

Sources of air pollution from UOG

UOG operations emit air pollutants linked to adverse 
neurological effects throughout their lifecycle. In a Po
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study assessing air pollution near natural gas opera­
tions in rural Colorado, Colborn et  al. (6) identified 
35 potential neurotoxins that are associated with the 
process. Stages of the UOG lifecycle associated with 
air pollution include the extraction and processing of 
natural gas, transportation via compressor stations and 
pipelines, truck transportation of materials to and from 
well pads, use of vehicular equipment during construc­
tion and maintenance, and venting, flaring, production, 
and leaks from faulty casings (3, 81). These processes 
release numerous contaminant categories into the air, 
including our five pollutant categories of concern (1, 3, 
4, 6, 12, 77, 79, 80, 82–85).

Sources of water pollution from UOG

Oil and gas development processes release numerous 
contaminant categories into surrounding water sources, 
including our pollutant categories of concern (75, 76, 
78, 86–90). Water pollution can occur during wastewa­
ter disposal, transport, and during and after hydraulic 
fracturing, processing, production and distribution to 
the market (7, 91). “Flowback” or “produced” water, the 
water that travels to the surface following the hydraulic 
fracturing procedure (typically a mixture of water, gas, 
oil, metals and fracking fluids), can contaminate ground­
water (76). The fracturing fluid used in shale gas develop­
ment contains organic and inorganic chemicals harmful 
to human health. Although these chemicals are currently 
unregulated at the federal or state level, many environ­
mental and public health experts, including the EPA, 
have reported the presence of fracturing fluids in drink­
ing water (75, 92).

People may be exposed to chemical fluids from UOG 
development processes in a number of ways, including 
spills, releases from surface tanks, surface leaks, poor 
well integrity, accidents during transportation, flow­
back and produced water during hydraulic fracturing, 
run-off from storms and blowouts and other events (91). 
There is often inadequate filtering at treatment facilities 
which can then lead to harmful chemicals entering the 
local water supplies and/or being used in agriculture 
(93). These chemicals are then released into landfills or 
surface waters. In different areas, this water has been 
used for other purposes such as irrigation, or for spray­
ing roads to reduce dust or melt ice (94). While surface 
spills and leaks occurring both during and after well 
stimulation can lead to water contamination, other oil 
and gas development processes can also lead to water 
contamination. In California, for example, researchers 

are investigating the potential health concerns associ­
ated with the reuse of oil field produced water for crop 
irrigation (95).

Particulate matter (PM)

PM levels near UOG sites

PM is a mixture of solid particles, particle droplets, dust 
particles, heavy metals, and other organic chemicals that 
have become suspended in the air, are small enough to be 
inhaled, and can travel long distances (96–98).

Diesel PM and PM of 10 μm or smaller in diameter are 
known to be emitted into surrounding air throughout all of 
the stages of the UOG lifecycle. Such stages include well-
site preparation and road construction (which involves 
trucks and heavy machinery), hydraulic fracturing, pro­
duction (gas flaring/venting and maintenance), process­
ing and storage (involving compressors), transmission 
(involving compressor stations), and well abandonment 
and site rehabilitation (which includes the use of trucks 
and heavy machinery) (81, 99).

The U.S. Environmental Protection Agency (EPA) 
National Ambient Air Quality Standards (NAAQS) 
estimates that levels posing a potential health risk are 
35 μg/m3 for a 24-h average and 15 μg/m3 for an annual 
average for PM2.5 (100). One study reported PM levels 
exceeding the NAAQs around fracking mining opera­
tions. In this study, Walters et al. (79) found PM2.5 levels 
of 5.82–50.8 μg/m3 in six 24-h samples around fracksand 
mines and processing sites in Wisconsin and Minnesota. 
Five of the six air samples exceeded the EPA standard 
of 12 μg/m3, and researchers pointed out that these may 
underestimate true levels given that weather condi­
tions can lower PM2.5 atmospheric concentration levels 
(Table 2).

Brown et al. (85) used an air exposure model to deter­
mine the concentrations of PM2.5 in the air during different 
6-h periods over 24 h near three UOG facilities in Pennsyl­
vania. They reported that peak PM2.5 exposures occurred 
83 times over 14  months of well development with the 
greatest intensity exposures occurring during well devel­
opment, drilling, flaring and gas production. Peak expo­
sure levels from compressor stations were reported to take 
place 118 times and there were 99 peak exposures from a 
gas processing plant.

Although the EPA has not conducted adequate 
ambient air quality models of PM2.5 near UOG sites, it 
has emphasized the need for their emission reductions 
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Table 2: Reported pollutant concentrations and exposure media near UOG sites.

Pollutant groups   Pollutant   Studies for which values 
were reported

  Exposure media and 
concentrations detected

  Standards or guidelines

Heavy metals   Arsenic  

Fontenot et al. (75)
Glenn and Lester (101)

  Air: No data available
Water: 
2200–1.61 × 105 μg/m3

1000–5.69 × 105 μg/m3

 
Water:
EPA MCL: 10,000 μg/m3

  Manganese  

Boyer et al. (88)
Alawattegama et al. (78)

  Air: No data available
Water:
2.63 × 106 μg/m3

2.0 × 103–2.63 × 106 μg/m3

 
Water:
EPA Lifetime Health Advisorya: 
3 × 105 μg/m3

Polycyclic aromatic 
hydrocarbons 
(PAHs)

  Benzo(a)
pyrene (BaP)

 
Colborn et al. (6)b

Paulik et al. (102)

  Air:
1.34 × 10−3–3.72 × 10−3 μg/m3

<0.16 km from natural gas well: 
14 × 10−7 μg/m3

0.16–1.6 km from natural gas 
well: 7.1 × 10−9 μg/m3

>1.6 km from natural gas well: 
2.9 × 10−9 μg/m3

Water: No data available

  Air:
NIOSH REL-TWA: 100 μg/m3

  Phenanthrene 
Colborn et al. (6)c

Paulik et al. (102)

  Air:
1.53 × 10−3–4.45 × 10−3 μg/m3

<0.16 km from natural gas well: 
2.5 × 10−4 μg/m3

0.16–1.6 km from natural gas 
well: 1.8 × 10−4 μg/m3

>1.6 km from natural gas well: 
1.7 × 10−4 μg/m3

Water: No data available

  Air:
NIOSH REL-TWA: 100 μg/m3

  Naphthalene  
Colborn et al. (6)c

Paulik et al. (102)c

  Air:
4.25 × 10−3–3.19 × 10−2 μg/m3

<0.16 km from natural gas well: 
7.4 × 10−3 μg/m3

0.16–1.6 km from natural gas 
well: 8.4 × 10−3 μg/m3

>1.6 km from natural gas well: 
6.7 × 10−3 μg/m3

Water: No data available

  Air:
NIOSH REL-TWA: 5 × 104 μg/m3

Volatile organic 
compounds (VOCs)

  Benzene  
Colborn et al. (6)
Helmig et al. (4)
McKenzie et al. (12)
Macey et al. (77)

DiGiulio et al. (86)

Gross et al. (76)d

  Air:
0.96–3.51 μg/m3

9.9 μg/m3

0.096–14 μg/m3

5.7–110,00 μg/m3

Water:
Max conc.:
2.47 × 105 μg/m3

Inside excavated area:
1.1 × 106 μg/m3

  Air:
EPA RfC: 30 μg/m3

ATSDR chronic inhalation MRL: 
9.58 μg/m3

Water:
EPA MCL: 5000 μg/m3

  Toluene  
Colborn et al. (6)
McKenzie et al. (12)
Macey et al. (77)

  Air:
1.51–16.2 μg/m3

0.11–79 μg/m3

ND–270,000 μg/m3

  Air:
EPA RfC: 5000 μg/m3

ATSDR chronic inhalation MRL: 
3800 μg/m3

   
DiGiulio et al. (86)

Gross et al. (76)d

  Water:
Max conc.:
6.77 × 105 μg/m3

Inside excavated area:
1.4 × 106 μg/m3

  Water:
EPA MCL: 1 × 106 μg/m3
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Pollutant groups   Pollutant   Studies for which values 
were reported

  Exposure media and 
concentrations detected

  Standards or guidelines

  Ethylbenzene  
Colborn et al. (6)e

McKenzie et al. (12)
Macey et al. (77)

DiGiulio et al. (86)

Gross et al. (76)d

  Air:
3.04 μg/m3

0.056–8.1 μg/m3

ND–1200 μg/m3

Water:
Max conc.:
1.01 × 105 μg/m3

Inside excavated area:
1.2 × 105 μg/m3

  Air:
EPA RfC: 1000 μg/m3

ATSDR chronic inhalation MRL: 
261 μg/m3

Water:
EPA MCL: 7.0 × 105 μg/m3

  Xylenes  
Colborn et al. (6)
McKenzie et al. (12)
Macey et al. (77)f

DiGiulio et al. (86)g

DiGiulio et al. (86)h

Gross et al. (76)d

  Air:
8.68 × 10−4 to 3.04 × 10−3 μg/m3

0.064–3.6 μg/m3

ND–4100 μg/m3

Water:
Max conc.:
2.53 × 105 μg/m3

9.73 × 105 μg/m3

Inside excavated area:
1.8 × 106 μg/m3

  Air:
EPA RfC: 100 μg/m3

ATSDR chronic inhalation MRL: 
217 μg/m3

Water:
EPA MCL: 1 × 107 μg/m3

Particulate matter   PM2.5  
Walters et al. (79)

  Air:
5.82–50.8 μg/m3

  Air:
Primary 1-year average National 
Air Quality Standard: 12 μg/m3

aLifetime Health Advisories serve as technical guidance for unregulated drinking water contaminants. bColborn et al. (6) reported low PAH 
air concentrations; however, they may have public health significance. The summed composite of eight PAHs analyzed by Colborn et al. (6) 
was 15.5 ng/m3. Perera et al. (44, 46) also analyzed these same PAHs and found that a summed concentration >4.16 ng/m3 and >2.26 ng/m3 
resulted in lower mental development scores and lower IQ, respectively. cPaulik et al. (102) reported an aggregate measure of PAHs (ΣPAH62). 
Naphthalene contributed an average of 62% to ΣPAH62 air concentration measures. dGross et al. (76) reported Kaplan-Meier means for BTEX 
compounds. eColborn et al. (6) only detected ethylbenzene in one air sample. fMacey et al. (77) reported air concentration measurements for 
mixed xylenes. gDiGiulio et al. (86) reported the following max water concentration for o-Xylene. hDiGiulio et al. (86) reported the following 
max water concentration for m-Xylene and p-Xylene. Table summarizing reported exposure media and concentrations for different pollutants 
found near UOG sites. Regulatory standards and guidelines are listed. Reported concentrations are ranked in ascending order, and those 
that are in excess of standard or guideline, are shown in bold. EPA, Environmental Protection Agency; MCL, maximum contaminant level; 
NIOSH, National Institute for Occupational Safety and Health; REL-TWA, reference exposure level time weighted average; RfC, reference 
concentration.

Table 2 (continued)

given adverse health effects identified in the scientific 
and medical literature and based on their own regulatory 
analysis of the industry (103).

Exposure pathways and mechanisms

The primary exposure pathway for particulate matter 
is through inhalation and the particle size influences 
where the particles travel in the body. Coarse particles 
(2.5–10 μm in aerodynamic diameter) are usually depos­
ited in the airways and upper respiratory tract, while fine 
particles (<2.5 μm) may reach terminal bronchioles and 
alveoli (104). Compared to large particles, fine particles 

can remain suspended in the air for longer durations of 
time and travel over longer distances (104). PM2.5 (≤2.5 
μm) in particular poses a significant health concern, as 
particles of this size are known to contribute to cardiovas­
cular and respiratory diseases as well as premature death 
(105, 106).

Experimental studies in both animals and humans 
have shown that PM can enter the brain through inhala­
tion. In a rodent study, for example, inhalation of particles 
resulted in translocation of these particles to the brain 
(107) specifically the brainstem and hippocampus (108). 
Studies show that high exposure of PM can result in pen­
etration of multiple functional areas of the brain and lead 
to detrimental effects (109, 110).
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Neurological and neurodevelopmental 
effects

While more research is needed on the mechanisms of par­
ticulate matter’s toxicity, the effect on the brain is clear 
(111). There is direct evidence of various types to support 
the hypothesis exposure to elevated levels of particulate 
matter can lead to certain brain diseases and functional 
clinical impairment [for an extensive review, see (112)].

Neuroinflammation, especially in prenatal and early 
life appears to have a profound effect on brain develop­
ment, potentially leading to disorders such as autism, 
schizophrenia, bipolar disorder and anxiety (67). Immune 
mechanisms of fighting infection is important for proper 
brain development and functioning (113). Recent evidence 
suggests that inflammation and its processes can modify 
cellular processes in the brain and spinal cord, affecting 
the synaptic connections and plasticity that is required for 
learning and memory (64).

In a series of studies comparing the effects of air 
pollution in Mexico City with those of similar cities with 
significantly lower pollution levels, researchers have con­
sistently encountered neuroinflammation, damage sug­
gestive of oxidative stress, direct neuronal damage, and 
poor clinical outcome in both animals and humans (66, 
109, 110, 114–117).

White matter hyperintensities (WMHs) are extreme 
vascular lesions routinely found in the elderly, predicting 
increased risk of dementia and death, signal blood-brain 
barrier (BBB) disruption and neuroinflammation (118). 
In one study comparing children from Mexico City with 
children from less polluted areas, magnetic resonance 
imaging (MRI) prefrontal white matter hyperintensities 
(WMHs), were found in 56% of clinically healthy children 
from Mexico City, compared to 7.6% of children that were 
from the control site. The children residing in Mexico City 
in Calderón-Garcidueñas et al.’s (65) study with prefron­
tal WMHs displayed problems with memory and executive 
functions, and also had large deficits in cognition (meas­
ured by the Weschler Intelligence Test for Children and 
IQ), compared to children from the control sites where 
there was less pollution.

The same researchers conducting work on children 
residing in Mexico City have also found evidence of lesions 
at several levels of the brain, down to the brainstem. They 
additionally found damage to the nuclei, which are key to 
basic functions such as auditory processing, balance and 
autonomic regulation (119). Early lesions such as these can 
lead to severe developmental problems, although correlat­
ing such issues with the lesions is not clinically feasible in 
most cases. Therefore, this burden is likely underestimated.

In addition to developmental and degenerative disor­
ders, psychiatric disorders may be associated with partic­
ulate matter exposures. Fine particulate matter exposure 
has been associated with high symptoms of anxiety 
(68). Although largely unexplored, mechanisms such as 
inflammatory changes and oxidative stress could explain 
these findings.

Polycyclic aromatic hydrocarbons 
(PAHs)

PAH levels near UOG sites

PAHs refer to several hundred chemically-related organic 
compounds. Benzo[a]pyrene (BaP) is most commonly 
used as an indicator species of PAH pollution and is one 
of the PAHs that are found in crude oil. PAHs, found in 
common crude oil, are known constituents in produced 
water from UOG but are not being monitored in areas 
impacted by oil and gas operations. PAH compounds 
are present in fossil fuels and are also products of their 
combustion. Fossil fuel combustion is one of the primary 
sources to ambient PAHs (120).

Some studies have reported PAHs in ambient air samples 
near UOG operations. Colborn et al. (6) for example, found 
levels of PAHs (PAH16 ~ 15.5 ng/m3) near natural gas well 
pads dangerous to human health. These levels have been 
associated with significant decreases in IQ and delayed 
mental development in children exposed in utero (Table 2).

Paulik et al. (102) analyzed for 62 PAHs in rural Ohio 
where there has been a huge natural gas exploration and 
production boom and found levels of benzo[a]pyrene, 
phenanthrene, and other PAH mixtures closest to active 
natural gas wells to be highest (Table 2).

Exposure pathways and mechanisms

PAHs attach themselves to particles in the air; distribute 
across air, soil and water and can travel long distances 
(121). PAHs can enter the body through inhalation, traveling 
through the lungs into the bloodstream. PAH neurotoxicity 
is thought to occur indirectly through microglial activation 
(51). PAHs are thought to cause antiestrogenic effects (122) 
and DNA damage (123), and can also lead to changes at the 
cellular level that then affect the exchange of nutrients and 
oxygen (124). Exposure to PAHs in utero may affect neu­
rological function, immune and metabolic function, and 
potentially epigenetic programming (44, 121, 125).
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Some PAHs are transplacental carcinogens which 
can cause phenotypic or genotypic changes in cells in the 
fetus following carcinogenic exposure. In-utero exposure 
to transplacental carcinogens can result in the production 
of tumors in the lung, liver, lymphatic and nervous system 
in children (126).

In a 2005 study conducted by Environmental Working 
Group (EWG), 217 chemicals known to be toxic to the brain 
and nervous system were found in the umbilical cord 
blood of 10 babies born in US hospitals in 2004. Nine of 
the 217 chemicals were PAHs (127).

Neurological and neurodevelopmental 
effects

Fetal growth problems

Gestational and in-vivo PAH exposure in humans has 
been linked with several adverse neurodevelopmental 
effects, including small for gestational age (SGA), reduced 
length, reduced weight and head circumference (41, 42). 
Choi et al. (41) found that children with high prenatal PAH 
exposure were more likely to be preterm and/or be SGA 
(have a fetal growth ratio of <85%).

Researchers believe that these adverse effects during 
fetal development may be caused by PAHs’ ability to 
change endocrine hormone and receptor levels (128). 
In one study, researchers found an association between 
exposure to outdoor airborne PAHs in the urban industri­
alized state of New Jersey and births that were small for 
gestational age (SGA) (42). Fifteen thousand four hundred 
and fifty-one live births were examined in a retrospective 
cohort study in the Marcellus Shale formation of South­
west Pennsylvania from 2007 to 2010. Results indicated 
that mothers who lived next to six or more wells per 
1.6 km reported lower birth weight and a higher incidence 
of SGA than mothers who lived near less than 0.87 wells 
per 1.6  km (13). Two separate but parallel prospective 
cohort studies found prenatal exposure to airborne PAHs 
(ranging from 1.80 to 36.47 ng/m3) to be associated with 
lower birth weight and head circumference in children of 
non-smoking African-American and Dominican mothers 
in inner-city New York and non-smoking Caucasian 
mothers in Krakow, Poland (129).

Neural tube defects (NTDs)

While several studies have shown that prenatal expo­
sure to PAHs is associated with reduced birth weight and 

birth head circumference as well as smaller birth size 
for gestational age, other studies have shown a positive 
association between maternal exposure to PAHs during 
pregnancy and increased rates of neural tube defects. 
Ren et al. (43) reported that higher levels of PAHs in the 
placenta were associated with a 4.5-fold increase in the 
risk of NTDs (both anencephaly and spina bifida) relative 
to controls.

Mental development and cognitive functioning

Neurodevelopmental outcomes such as head circumfer­
ence and low birth weight can have important implica­
tions for future learning; both have been correlated with 
poorer cognitive functioning and school performance as 
well as lower IQ (130–132).

Perera et  al. (45) performed follow-up assessments 
of the children with high prenatal exposure to PAH and 
reported impaired neurodevelopmental health (at 3 years 
old, the children had lower mental development scores), 
whereas in children with low prenatal exposure to PAHs 
there were no such effects. Perera et al. (44, 46) reported 
reductions in full-scale and verbal IQ scores in children 
5 years of age (44), and symptoms of depression, anxiety 
and problems with attention in children 7 years of age as 
measured by the Child Behavior Checklist (CBCL) and a 
slower processing speed index on the Weschler Scale of 
Intelligence for Children (WISC-IV) (46).

The adverse neurodevelopmental effects of PAHs – 
such as development of learning disorders or neurocogni­
tive problems – have been reported for a long time (47, 48). 
In rats, Saunders et al. (133) found a significant correla­
tion between gestational exposure to PAHs and deficits in 
behavioral and motor effects.

Brain disorders and neuropsychology

Some researchers have followed PAHs’ impairment of 
normal cognitive function and implicated PAH exposure in 
the etiology of brain disorders. Perera et al. (49) followed 
children of nonsmoking African-American and Domini­
can mothers in a prospective cohort study, and assessed 
the risk of attention deficit hyperactivity disorder (ADHD) 
diagnosis through the Diagnostic and Statistical Manual of 
Mental Disorders (DSM) and found a possible connection 
between early life exposure to PAHs and childhood ADHD 
behavior problems.

In this same cohort, Peterson et al. (51) conducted the 
largest MRI study of the neurological effects of prenatal 
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exposure to PAHs, following urban youth from gestation 
to school age. The researchers found a dose-response rela­
tionship between prenatal PAH exposure and reductions 
of white matter in the brain that resulted in high scores for 
ADHD symptoms and conduct disorder problems. They also 
found an association between PAH exposure and reduced 
processing speed during intelligence testing (51). Follow-
up assessments of postnatal PAH exposure at 5 years of age 
found disruption in dorsal prefrontal white matter. Although 
they could not conclude how these postnatal effects on pre­
frontal white matter impact cognition or behavior, they pre­
dicted further difficulty with processing speed, attention, 
and impulse control functions supported by the prefrontal 
cortices. Based on their findings, these researchers hypoth­
esized that PAH could alter levels of monoaminergic neuro­
transmitters, or their receptors, which regulate early brain 
development and lateralization (51).

Recently, researchers from Columbia Center for Chil­
dren’s Environmental Health and New York State Psychiat­
ric Institute reported that early life exposure (in utero) to 
PAH air pollution in 462 children (3–11 years of age) may play 
a role in the cause of many childhood behavior disorders 
including ADHD, obsessive-compulsive disorder, Tourette’s 
syndrome and eating disorders (50). PAH was measured 
by the presence of PAH-DNA adducts in maternal blood at 
delivery. Children between 3 and 11 years of age, that had 
been prenatally exposed to PAHs, failed to improve their 
self-regulation skills, while children of mothers that did 
not appear to have the presence of PAH-DNA adducts dis­
played increased capacity for self-regulation (50). In other 
words, children with prenatal exposure to PAH had persis­
tent problems with self-regulation, as evidenced through a 
variety of domains such as managing attention, aggression, 
anxiety/depression, as well as the ability to get along with 
others. Based on these findings, researchers concluded that 
childhood exposure PAH significantly heightens the risk for 
various disorders (50).

Endocrine disrupting chemicals 
(EDCs)

Levels of EDCs near UOG sites

Of the over 750 chemicals used throughout the process of 
hydraulic fracturing, more than 100 are known or suspected 
EDCs, and many others have yet to be assessed due to lack 
of Chemical Abstract Service numbers and/or proprietary 
information concerns. This can make searching for health 
data difficult (1, 134). The 2005 Energy Policy Act, exempted 

hydraulic fracturing from the Underground Injection 
Control program and the EPA is prohibited from regulating 
fracking under the Safe Drinking Water Act (1974) (7). Due 
to these actions, fracturing fluids are excluded from federal 
disclosure rules and a number of chemicals associated with 
UOG are not reported to the public.

A mounting number of studies have reported EDC 
activity in surface and/or groundwater near UOG opera­
tions (89, 90, 135). Kassotis et al. (89) found greater EDC 
activity in surface and ground water from fracturing fluid 
spill sites in areas where more intensive natural gas devel­
opment, compared with reference sites with limited UOG 
activity.

In another study, the same researchers, assessed EDC 
activity of fracturing chemicals in surface water at a West 
Virginia injection well disposal site accepting wastewater 
partly from UOG operations (90). The researchers reported 
antagonist activities for most of the chemicals that were 
analyzed. Given that currently in this country, over 95% 
of end disposal of hydraulic fracturing wastewater from 
UOG operations occurs via injection wells (with over 
140,000  such wells in operation), these environmental 
impacts and health consequences on surrounding organ­
isms can be thought to be widespread (90).

Exposure pathways and mechanisms

The Endocrine Society defines EDCs as “exogenous 
chemical(s), or mixtures of chemicals, that interfere with 
any aspect of hormone action” (52, 55). Once EDCs are 
absorbed into the body, they act via a range of mecha­
nisms to alter hormone action, thereby causing a spectrum 
of adverse effects such as hormone-dependent cancers, 
infertility, miscarriage and birth defects (55, 136–138). 
These mechanisms can include direct agonism or antago­
nism of hormone receptors, disruption of steroidogenic 
enzymes, and impairment of steroid receptor expression 
among others (56).

Commonly used UOG chemicals have been shown to 
be able to act as antagonistic EDCs in animal studies. In one 
animal study, prenatal exposure (via maternal ingestion) to 
concentrations equal to and less than those found in three 
oil and gas wastewater samples (first, from a ruptured 
pipeline actively leaking; second, an open storage tank, 
and third, a closed storage tank in Colorado) resulted in 
adverse male reproductive outcomes in mice. Specifically, 
there was an increase in weight of testis, body and heart 
and a decrease in sperm counts (135). Kassotis et al. (139) 
found that pregnant mice that were prenatally exposed to 
drinking water contaminated with UOG chemicals from 
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gestational day through birth displayed a host of fertil­
ity and endocrine-related adverse health effects includ­
ing suppressed pituitary hormone concentrations across 
experimental groups (prolactin, luteinzing hormone (LH), 
follicle stimulating hormone (FSH), etc.), increased body 
weights, changes in uterine and ovary weights, disrupted 
folliculogenesis, among other reported effects. Exposure to 
EDCs during the perinatal period has been shown to cause 
permanent changes in the brain and behavior (52–54).

Neuroendocrine systems coordinate virtually all 
homeostatic processes and functions, including growth, 
stress, energy balance, stress, lactation and reproduction. 
Importantly, the neuroendocrine system coordinates an 
organism’s response to the environment including chemi­
cal exposures. Although still lacking a formal definition, 
the term “neuroendocrine disruptors (nEDCs)” has been 
used to describe chemical impacts on endocrine-related 
brain development and function including the function 
of the nervous system (140, 141). Importantly, neuroen­
docrine disruption is different than neurotoxicity, which 
defines processes resulting in neuronal cell death and 
related to up or downstream consequences (e.g. oxida­
tive stress or inhibition of neurotransmission) including 
peripheral neuropathies. The neuroendocrine system, like 
other neural systems, is not fully mature at birth and can 
be extremely sensitive to hormones and nEDCs at many 
points in the life span, most notably the prenatal window 
and the pubertal transition (142). It is also, in many 
aspects, sexually dimorphic, thus resulting in sex-specific 
vulnerabilities (143).

Cognition, behavior and learning

Although beyond the scope of the present review, numer­
ous prior analyses have linked nEDCs with adverse neural 
and behavioral outcomes in a variety of animal models, 
including impaired social interaction/activity, com­
promised learning and memory, increased anxiety and 
aggression, modified brain sex differences, altered hip­
pocampal spine density and advanced puberty (55, 56). 
Other endocrine disruptors (including those not appar­
ently associated with UOG development) such as BPA 
appear to affect social and maternal behavior and repro­
ductive functions. Low dose oral BPA exposure have been 
observed on oxytocin and related pathways. Oxytocin is a 
peptide hormone critical for mediating social and mater­
nal behaviors, such as licking-grooming in animals (56, 
144). Developmental exposure to bisphenol A (BPA) has 
been shown to alter the sexual differentiation of neural 
circuits involved in the control of reproductive functions 

and behavior including ovulation and sexual receptivity 
(143, 145).

Brain disorders and neuropsychology

Exposure to nEDCs that disrupt hormone function during 
critical periods of prenatal development may enhance 
susceptibility to sex- and/or hormonally-differentiated 
behavioral disorders. This is an outcome which has been 
interpreted to indicate that EDC exposure might contrib­
ute to the etiology of disorders with sex-biased preva­
lence rates such as autism spectrum disorders, ADHD 
and depression (56). These potential linkages should 
be viewed with caution, however, because although it 
is widely postulated that EDCs are contributing to clini­
cal neural and behavioral disorders, specific evidence 
for such a relationship is sparse, even for well-studied 
EDCs like BPA. That said, detrimental effects on aspects 
of cognitive function and reasoning, including IQ, have 
clearly been shown in both animal models and humans 
for EDCs such as the PBDEs and PCBs. Effects are particu­
larly evident in arctic populations where exposure is espe­
cially high and chronic. These effects can be exacerbated 
by co-exposure to other contaminants, including heavy 
metals, emphasizing their significance within a complex 
exposure paradigm. While difficult to quantify, the eco­
nomic costs of EDC exposure on neurobehavioral deficits 
and diseases have been estimated to be in the range of 150 
billion euros for the EU (146). These estimates contextual­
ize the real “costs” of EDC exposures even if they cannot 
be specifically attributed to a clinically diagnosable cog­
nitive or other neural disorder. Currently, the research on 
specific UOG chemicals that are nEDCs is sparse, but due 
to what is emerging about well-studied EDCs like BPA, 
more research exploring the potential link between UOG 
EDC exposures and disruptions during prenatal neurode­
velopment is apparently needed.

Arsenic and manganese

Levels of heavy metals near UOG sites

Arsenic has been found in both flowback wastewater and 
produced water (water that is found in gas formations 
underground and comes to the surface over the lifetime 
of the well) from hydraulic fracturing sites on the Marcel­
lus Shale (87). Studies have also confirmed arsenic con­
tamination of ground/drinking water from flowback and 
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produced water being treated and then released back into 
the environment. For example, Fontenot et al. (75) found 
higher levels of arsenic in the private wells of homeown­
ers living within 3 km of sites of natural gas extraction in 
the Barnett Shale region in Texas. These levels exceeded 
EPA’s maximum contaminant limit for drinking water of 
10 μg/L (Table 2) (21, 87). Glenn and Lester (101) found 
that contamination by arsenic and various other heavy 
metals of groundwater exceeded maximum contaminant 
levels and health risk limits in the Gulf Coast aquifer of 
Texas, a region inhabited by more than 7.5 million people 
and in the proximity of at least 86,000 facilities (oil, gas 
and storage wells) This number is most likely an under­
estimate because certain well types were excluded from 
analysis (Table 2).

The heavy metal manganese has also been found in 
flowback water from fracking operations, and in drinking 
water near UOG sites at levels known to be hazardous to 
human health (78). Manganese can contaminate ground­
water as acids in fracking fluids will cause metal dissolu­
tion (147).

Boyer et al. (88) found that after hydraulic fracturing, 
within 3000 feet of shale gas wells in rural Pennsylvania, 
there was an increase in concentrations of manganese in 
drinking water wells. The concentrations spanned from 
near or below the drinking water standard (0.05 mg/L) to 
above safety levels after drilling occurred (Table 2) (88). A 
2015 report on well water contamination in a rural com­
munity within 4 km of unconventional shale gas extrac­
tion similarly reported concentrations of manganese 
found in well water (78). Twenty-five of the reporting 
households documented levels exceeding the maximum 
contaminant level (SMCL) of 0.05 mg/L (the highest was 
2.627  mg/L) (Table 2) (78). Manganese water contamina­
tion has also been reported in other regions across the US 
such as Pennsylvania (148). Notably, two fracking lawsuits 
have involved plaintiffs reporting neurological symptoms 
from exposure to test-verified manganese groundwater 
contamination in Pennsylvania and West Virginia (149).

Exposure pathways and mechanisms

Arsenic ranks as number one in the Agency for Toxic Sub­
stances and Disease Registry (ATSDR)’s list of 275 environ­
mental substances that pose the most significant threat 
to human health (150). In addition to gastrointestinal, 
respiratory, cardiovascular, and other diseases, acute and 
chronic arsenic exposure is associated with neurotoxicity, 
nerve inflammation (neuritis) and neuropathy, with pos­
sible long-lasting effects (151, 152).

Consuming contaminated drinking water is generally 
the main route of human exposure to arsenic, in addition to 
consuming food that is irrigated with contaminated water 
or from food prepared with contaminated groundwater 
(21). Infants are more vulnerable to exposure because of 
their greater consumption than adults on a body-weight 
basis. After ingestion, 60–90% of organic and inorganic 
arsenic is absorbed into the bloodstream (153). Mecha­
nisms of arsenic neurotoxicity include interference with 
neurotransmitter release and metabolism, and induction 
of oxidative stress (21).

Arsenic impairs the developing brain by inhibiting 
neuron growth both in the central and peripheral nervous 
system. It additionally interferes with various stages of 
neurodevelopment including synapse formation and neu­
ronal migration (19). Arsenic has been shown to cross the 
placenta and may also cross the BBB and directly affect 
the central nervous system (21). One study reported that 
in-vitro arsenic exposure can induce disturbances in neu­
ronal development and apoptosis of neuronal cells in 
human fetal brain explants (154).

Manganese, like arsenic, is a known neurotoxin that 
can produce cognitive, neuropsychological and motor def­
icits in both humans and animals. Chronic exposure has 
been linked to Parkinson’s disease (155, 156). According 
to a recent review of the literature, potential mechanisms 
include dysregulation of the dopaminergic system and 
alteration of the working memory network due to impacts 
on the striatum, frontal and parietal cortex (the region 
integral to sensory information and working memory per­
formance) (155). Notably, both animal and human studies 
have shown that concurrent exposure to arsenic and man­
ganese can have additive effects on newborns intellectual 
functioning. In one study, 11–13 year olds with exposure 
to both arsenic and manganese showed greater deficits in 
intellectual functioning (29). More research is needed on 
both the mechanisms by which manganese induces cogni­
tive impairment and on the psychiatric effects of chronic 
manganese exposure.

Neurological and neurodevelopmental 
effects

Cognition, motor and intellect

Developmental deficits, including cognitive deficits due to 
arsenic neurotoxicity, were first reported in 1955 in Japan 
after arsenic was found in a dried milk product used for 
bottle-feeding infants. There were more than 12,000 cases 
of poisoning and more than 100 deaths (157). Researchers 
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Dakeishi et al. (157) conducted follow-up studies 14 years 
later on the infants who had survived, finding that the 
participants had higher rates of mental retardation and 
epilepsy, and lower IQ, with 10 times the rate of IQs below 
85 compared to unaffected controls.

Since then, various longitudinal studies have 
reported impairments to children’s intellectual function 
due to short-term arsenic exposure, both in utero and/
or during childhood. These studies are complemented by 
animal research showing that learning rates are affected 
by arsenic exposure during the prenatal period up to 
4 months of age (158).

According to a recent review of epidemiological 
studies on the developmental neurotoxicity of arsenic, 
15 out of 17 studies focusing on cognitive outcomes found 
that early life exposure is associated with deficits in intel­
ligence and memory. The researchers warn that these 
effects may occur at even low levels of exposure (below 
current safety guidelines) and that some neurocogni­
tive consequences may manifest only later in life (21). In 
another systematic review of 41 articles on pre- or post-
natal exposure in children up to 16 years of age to heavy 
metals (including arsenic and manganese), researchers 
Rodriguez-Barraco et al. (22), suggests that a 50% increase 
in arsenic levels in urine and manganese levels in hair 
would be associated with a 0.39 and 0.7 point decrease in 
the IQ of children age 5–15 and 6–13  years, respectively. 
Decreased IQ was demonstrated in verbal performance 
and full-scale tests. In 13 of the 15 studies that Rodriguez-
Barraco examined, exposure to arsenic in urine and 
drinking water was correlated with significant negative 
neurodevelopmental effects on children, as measured by 
decreased performance on a variety of tests. These tests 
included the IQ test (verbal, performance and full-scale), 
and working memory, vocabulary, object assembly and 
picture completion tests (22).

Varying levels of exposure to arsenic-contaminated 
water has been linked with neurodevelopmental impair­
ments in memory, attention and intelligence testing in 
children in Taiwan, Mexico, India and Bangladesh (23–
26). In a study of children in Taiwan, the high arsenic 
exposure (184.99 ± 225.29 μg/L) group demonstrated 
significant deficits in pattern memory and switch­
ing attention as compared to the low arsenic exposure 
group (131.19 ± 343.70 μg/L) over a long-term period of 
11.28 ± 2.58 and 8.10 ± 6.07  years, respectively (23). In a 
study of children in India, arsenic exposure was found 
to be significantly associated with decreased perfor­
mances in vocabulary development, object assembly, and 
picture completion tests (25). In a cross-sectional study 
in Mexico, children exposed to high levels of arsenic had 

lower scores on the verbal intelligence (IQ) and long-term 
memory and linguistic abstraction factors of the Wechsler 
Intelligence Scale when compared to children exposed 
to lower levels of arsenic (62.9 ± 0.03 μg As/g creatinine, 
40.2 ± 0.03 μg As/g creatinine urine) (27).

Similar neurodevelopmental impairments have been 
reported in children exposed to manganese. Many studies 
have reported below average performance by children 
with prenatal or drinking water exposure to manganese 
in tests of verbal and visual memory, perceptual reason­
ing and working memory (31, 32). Psychomotor impair­
ment has been found in infants with prenatal exposure 
to manganese at as early as 6 months (30). Such find­
ings corroborate those of occupational studies (i.e. of 
welders) (159) and non-human primate studies showing 
deficits in non-spatial and spatial memory (160). Studies 
have also reported below average performance on tests 
of intellectual function in school-age children that had 
been exposed to manganese (29, 33–35, 40). For example, 
studies in Bangladesh have linked exposure to manga­
nese-contaminated drinking water with decreased IQ and 
mathematical performance (34, 36).

Neuropsychology and behavior

Studies have reported a significant association between 
early life exposure to arsenic and adverse neuropsycho­
logical effects. A birth study of 100 mothers in Nepal, for 
example, found a significant inverse association between 
in-utero exposure to arsenic and newborns’ self-regu­
lation, an indicator on the Brazelton neuro-behavioral 
assessment of newborns considered to be integral to chil­
dren’s normal neuropsychological development (28).

In young children, it has been reported that high 
manganese exposure can affect learning, memory, lower 
cognition, motor function deficits, and lead to behavioral 
problems (37–39). One study found more problems with 
impulsive, aggressive and hyperactive behavior among 
first to third graders who had prenatal exposure to high 
levels of manganese (37). Bouchard et  al. (38) found a 
significant association between high levels of manganese 
in hair and an increase in hyperactivity and behavioral 
problems in children exposed to manganese via tap water 
in Quebec, Canada. Importantly, the mean level of man­
ganese in water in this study did not even reach 0.1 mg/L 
in comparison to the health risk standard of 1 L daily as 
reported by the U.S. Department of Health and Human Ser­
vices’ Toxicological Profile of Manganese (161). In another 
study using 0.2 mg/L of manganese as a median exposure 
level in utero, manganese exposure was associated with 
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increased risk of conduct problems in children at 5 and 
10 years of age. Stratifying by gender, exposure was asso­
ciated with low prosocial scores for girls and an increased 
risk of emotional problems for boys (39).

Neural tube defects (NTDs)

The prevalence of NTD in the US is 5.3 per 10,000 live 
births, depending on a range of factors including genetic 
susceptibility, nutritional status and the presence of 
environmental toxicants (20). Very early developmental 
anomalies can have devastating and lasting effects on 
the brain. Arsenic has been shown to induce neural tube 
defects in several experimental animals – including mice, 
rats, hamsters and chicks – after crossing the placenta 
and accumulating in the neuroepithelium of the devel­
oping embryos of these animals (20). Mazumdar et  al. 
(20) produced the first study in humans demonstrating 
that environmental exposure to arsenic influences risk of 
neural tube defects (NTDs). NTDs, including spina bifida, 
anencephaly, and encephalocele occur when the neural 
tube does not close by the 28th day of gestation. Infants 
with anencephaly are born without the cranial vault, and 
the cerebellum is often absent. Additionally, the brain­
stem can be hypoplastic, and many fetuses are aborted or 
stillborn. Infants with spina bifida often have many other 
medical issues including learning difficulties and hydro­
cephalus (the excessive accumulation of cerebrospinal 
fluid in the brain, creating potentially harmful pressure 
on brain tissue) (43).

Although not as overt as anencephaly or spina bifida, 
developmental changes occurring at the time of neural 
tube closure can cause severe cognitive and behavioral 
symptoms. In a study of 86 thalidomide survivors, 15 of 
their mothers had taken thalidomide between days 20 
and 24 of neural development (162). Of the children of 
these 15  mothers, 4  were diagnosed with autism. There 
were no autism cases in the cohort who had taken thalido­
mide later in pregnancy. There was additional evidence of 
brainstem injury, leading to the hypothesis that the inter­
ruption of development during this time frame can have 
multiple impacts ranging from the physical effects noted 
in NTD as well as the harder to diagnose and characterize 
defects as seen in autism (163). Similarly, mothers who 
take the anticonvulsant valproic acid during pregnancy 
have a three-fold increase in major anomalies including 
NTD. More recently it has been noted that there is also 
a significant increase in the rate of developmental prob­
lems, including decreased verbal intelligence, communi­
cations problems, and the diagnosis of autism spectrum 

disorders (164). These finding highlight the fact that 
arsenic’s association with NTD should be an indication 
to study the effects of neurocognitive development in the 
exposed population.

Benzene, toluene, ethylbenzene 
and xylene (BTEX)

BTEX levels near UOG sites

BTEX – benzene, toluene, ethylbenzene and xylene – are 
a tetrad of volatile organic compounds and have routinely 
been found near UOG sites (165). These compounds are 
emitted in every stage of the UOG lifecycle – from machin­
ery used in well site preparation; well drilling, fracking, 
and well completion processes; flowback or produced 
water; gas flaring/venting and maintenance during pro­
duction; separators, condensate tanks, and compressors 
used in processing and storage; pipelines, compressor sta­
tions and gas venting used in transmission; and finally, 
from machinery used in well abandonment and site reha­
bilitation (7, 77, 82–84).

A number of studies have found elevated BTEX con­
centrations in ambient air samples and water samples 
near UOG sites that exceed regulatory standards and/or 
minimum health risk levels established by the Agency for 
Toxic Substances and Disease Registry (ATSDR), Center 
for Disease Control and Prevention (CDC), and the Envi­
ronmental Protection Agency (EPA) (Table 2) (3, 4, 76, 77, 
80, 166).

Researchers Rich and Orimoloye (80) reported elevated 
concentrations of ambient BTEX compounds in residential 
areas at different distances from a natural gas facility in six 
counties in Texas. Concentrations of benzene were elevated 
when compared to the U.S. EPA’s Urban Air Toxics Moni­
toring Program. Twenty-four hour benzene concentrations 
ranged from 0.6 parts per billion by volume (ppbv) to 592 
ppbv. One hour benzene concentrations ranged from 2.94 
ppbv to 2900.20 ppbv (Table 2) (80).

McKenzie et al. (3) measured hydrocarbons near drill­
ing sites in Colorado and found benzene levels in the air 
to be as high as 22 ppbv, many magnitudes higher than 
the 0.4 ppb concentration in ambient air that the EPA has 
estimated could put 1 in every 100,000 exposed people at 
an increased risk of cancer (Table 2) (3, 12). All four BTEX 
compound concentrations increased with proximity to the 
well site.

Macey et al. (77) found similarly elevated concentra­
tions in air samples collected near UOG operations in 
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five states, including Arkansas, Colorado, Ohio, Penn­
sylvania, Wyoming. The air samples contained varying 
National Ambient Air Quality Standards (NAAQS), includ­
ing benzene concentrations exceeding health risk levels 
by several orders of magnitude at up to 885 feet, and 
toluene and xylene samples exceeding ATSDR risk levels 
(Table 2). Elevated concentration levels of BTEX chemicals 
(including benzene) have also been found in groundwater 
near UOG sites (86). Gross et al. (76), for example, reported 
in 90% of the groundwater samples contaminated by 
surface spills from UOG wells in Colorado, benzene meas­
urements exceeded the US EPA National Drinking Water 
maximum contaminant level of 5 ppb (Table 2).

Exposure pathways and mechanisms

Exposure to BTEX can occur through inhalation, dermal 
contact, transplacental or oral exposure from drinking 
water (167). While several studies have established the 
interactive effect of BTEX neurotoxicity, more research 
is needed on its mechanisms. Proposed mechanisms 
include oxidative DNA damage, apoptosis and fragmenta­
tion resulting in changes in signaling pathways, and cel­
lular homeostasis (62, 168). Being highly lipophilic, these 
substances have easy access to the CNS.

Neurological and neurodevelopmental 
effects

Analyzing the neurotoxic and developmental effects of 
these compounds is challenging, especially in humans. 
Frequently, exposures are not specific, and exposure to one 
or more BTEX compounds might also accompany exposures 
to other neurotoxic compounds such as formaldehyde. Most 
of the human studies have employed occupational settings 
[which are generally airborne concentrations averaged 
over a period, either a long-term exposure limit (8  h time 
weighted average) or a short-term exposure limit (15  min 
period) and inhalant abusers (episodic binge exposures to 
high concentrations] (169, 170).

Low to moderate concentrations of toluene have been 
linked with impaired cognitive, auditory and neuromuscu­
lar functions. Studies in experimental animals have found 
that exposure to both benzene and toluene can affect 
spatial learning and memory, even at levels considered 
subtoxic (60). Toluene exposure has been shown to cause 
intellectual, psychomotor, and neuromuscular impair­
ment at moderate concentrations (80–150  ppm) (60). 
Infants of mothers that abused toluene during pregnancy 

showed delayed development of speech, motor function 
and had low scores on developmental tests. At high levels 
of exposure (1000–20,000  ppm), humans experience 
severe CNS dysfunction and in some cases can lead to 
permanent damage and death (60). In occupational set­
tings “clinical neurobehavioral deficits” may be absent 
or low level, however when tested neurobehavioral per­
formance is impaired (63). These performance tests give a 
continuous dimensional reading to the exposure and may 
be used to identify the beginnings of pathology not yet 
apparent (171). Some of these dimensions include motor 
performance, audiometry or tests of color vision. These 
dimensions were reflected in a study on young healthy 
volunteers given a single exposure to 200 ppm of toluene 
(172). A robust decline in a perceptual learning task was 
found amongst the study participants when a “distrac­
tor” was also present, a result that was not seen without 
the distractor (172). This illustrates the fact that relatively 
sophisticated testing must be conducted to document the 
subclinical effects of these toxicants (172).

Occupational exposure to xylene at the level of 14 ppm 
has been shown to cause anxiety, forgetfulness, difficulty 
with concentration, and other neurologic dysfunction 
(173). At more extreme (accidental) levels of exposure such 
as 10,000 ppm, amnesia, brain hemorrhage, unconscious­
ness and seizures have been reported (173). According to 
a 2015 review of approximately 150 peer-reviewed animal 
and human studies relevant to xylene toxicity, neurologi­
cal effects include delayed nerve signaling, while neu­
robehavioral effects include tremors, altered vision, and 
numbness (62).

Xylene and toluene have also been associated with 
impaired neurodevelopment. Children exposed to toluene 
in utero have been reported to be born with small head 
circumference, serious facial deformations, and general 
growth retardations. A follow-up study at 3  years of age 
showed that these same children had hyperactivity, lan­
guage impairment, developmental delays, postnatal 
growth retardation and cerebellar problems (57, 58). In 
another study of these same children, a high incidence 
of postnatal microcephaly and developmental delay was 
reported (59). It should be noted that these studies were 
primarily examining inhalant abusers and it is likely 
that the dosing was very high. Similar effects have been 
reported for xylene exposure (62).

Ethylbenzene’s neurotoxicity has been reported in 
animal and human studies. Neurologic effects associated 
with inhalation exposure to ethylbenzene has included 
hearing loss, with worsening of auditory response and 
changes to cochlear anatomy (174). Notably, these effects 
occurred even when exposed levels of ethylbenzene were 
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lower than health standards established by OSHA and 
National Institute for Occupational Safety and Health 
(NIOSH) (174).

Neural tube defects (NTDs)

Studies have linked maternal benzene exposure to neural 
tube defects in both experimental animals and human 
infants. In Texas, a state that has very high ambient 
benzene levels, mothers living in areas with high benzene 
levels were reported to more likely have children with 
spina bifida than women living in areas with lower levels 
(61). In Sweden, women exposed to benzene and other 
organic solvents in biomedical research laboratories were 
found to be at an elevated risk for neural crest (cells which 
migrate through the embryo and engender several cell 
populations, including the peripheral nervous system) 
malformations during pregnancy (175). At a Marine Corps 
Base Camp in North Carolina, maternal exposure to 
benzene and trichloroethylene-contaminated drinking 
water was associated with NTDs (176). In a retrospective 
study of 124,842 births between 1996 and 2009 in rural 
Colorado, McKenzie et al. (12) found that the prevalence of 
NTDs were possibly associated with the highest exposure 
of mothers to natural gas development (based on density 
and proximity of natural gas wells within a 16-km radius 
of residence).

Discussion
Based on the literature indicating adverse impacts from 
air and water pollution on children’s health in other con­
texts, there is potential for adverse neurological and devel­
opmental effects in infants and children in the context of 
UOG. Our review shows that at least five of the pollutant 
groups used and produced by UOG processes have well-
known neurological and developmental health effects on 
infants and children.

Health risks identified

Our review found that five pollutant categories are asso­
ciated with increased neurological and neurodevelop­
mental problems in developing children: heavy metals 
(arsenic and manganese), particulate matter, BTEX, PAHs 
and EDCs. We found that these five pollutant groups 
are associated with neurotoxicity, neuroinflammation, 

psychomotor effects and neuromuscular effects. Some of 
these pollutant categories are also linked with neural tube 
defects and neurodevelopmental effects such as impaired 
memory, intellectual function, learning and cognitive 
function. Finally, we also found that some of these pol­
lutants are associated with brain disorders, adverse neu­
ropsychological effects, and behavioral effects including 
impulsivity, aggression, hyperactivity and ADHD (Table 1).

Given the profound sensitivity of the developing brain 
and central nervous system, it is reasonable to conclude 
that young children who experience frequent exposure to 
these pollutants are at particularly high risk for chronic 
neurological diseases.

Susceptibility during prenatal, postnatal and 
reproductive years

The entire nervous system, consisting of the brain, spinal 
cord and peripheral nerves, is highly vulnerable to envi­
ronmental toxicants especially during development 
(74, 177, 178). During critical stages of cellular growth, 
migration and synaptic organization, even subtle disrup­
tions can have profound and reorganizational effects on 
neurodevelopment and can result in permanent brain 
damage or neural impairments (74, 177, 178). Numerous 
studies have repeatedly shown that chemical exposures 
that produce little to no perceptible adverse effects in an 
adult brain can significantly impact neurodevelopment 
(71, 178). The human brain undergoes substantial growth 
and development during the prenatal period. Beginning 
with the formation of the neural tube at 2  weeks of life 
and continuing through until birth, the development of 
the central nervous system involves the formation of 100 
billion neurons and more than 100 trillion synaptic con­
nections (179). It is therefore not surprising that the prena­
tal window is considered one of the periods of the greatest 
vulnerability to neurotoxicants, neuroendocrine disrup­
tors and other environmental insults (179, 180), receptiv­
ity (143). Although the developing fetus was once thought 
fully protected from exogenous exposures, it is now 
clear that the placenta and fetus are unable to block the 
passage of many of the environmental toxicants to which 
the mother is exposed. Within the developing brain, bil­
lions of cells must be precisely located, interconnected 
and specialized. To achieve this, neurons need to develop 
and migrate along precise pathways. The ability to repair 
any anomaly is unlikely, if at all possible, which can lead 
to permanent deficits (72, 73, 181, 182).

There are many mechanisms by which typical devel­
opment can be interrupted. Mounting research has 
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detected more than 200 such chemicals in umbilical cord 
blood, showing that babies are being born “pre-polluted” 
with a host of chemicals, some of which are neurotoxic 
(71). Routes of fetal exposure include transplacental trans­
mission, wherein compounds pass through the placental 
barrier and reach the embryo and/or fetus by mimicking 
or binding to essential compounds (183), through inges­
tion of amniotic fluid and via transdermal exposure (184, 
185). At least some of these compounds reach the fetal 
brain. The BBB which imparts some protection from toxi­
cant exposure, is not fully formed until approximately 
6 months after birth, leaving the developing brain particu­
larly susceptible to exposure during prenatal and neona­
tal life (72).

The period after birth is also considered an enhanced 
window of vulnerability, though for different reasons. 
First, the brain is still remodeling and organizing, which 
it will continue to do long into early adulthood. It is thus 
still susceptible to developmental disruption, but via 
potentially different mechanisms and in distinct regions 
(186). Second, exposure pathways for neurotoxicants are 
heightened during infancy and childhood compared to 
later in life. Children experience greater internal expo­
sures to toxicants than adults because they eat, drink and 
breathe more toxicants per pound of body weight than 
adults (187). This is the result of having greater interac­
tion with chemical toxicants (from spending more time 
on the floor and putting objects in mouths), and having 
different morphometry compared to adults (187). Chil­
dren are often not able to detoxify, metabolize or excrete 
toxicants as efficiently as adults can due to their under­
developed metabolic systems (187). Even as children 
grow into adolescents, their developing central nervous 
system remains vulnerable to environmental toxicants. 
This is because synaptic remodeling, myelination and 
additional developmental processes continue in cortical 
regions as well as other areas of the brain fundamental to 
cognitive reasoning, executive function, impulse control 
and other high-level behaviors (188). Chronic exposures, 
even at low levels, are particularly concerning for chil­
dren because they are still developing and have years of 
life remaining over which to be exposed. Thus, there is 
heightened risk of developing chronic diseases later in 
life (189).

In our discussion of neurotoxicity, it is important to 
keep in mind that the factors of dose, duration, and fre­
quency of exposure to neurotoxicants interplay to influ­
ence their ultimate effect in the developing brain (190). 
One reason why the pandemic of neurotoxicity was first 
called “silent” is that some neurotoxin effects are subtle 
and thus discerned only through special testing rather 

than standard examination, which is designed to detect 
clinical neural disorders.

Finally, it is important to understand the distinc­
tion between neurotoxicity (which results in cell death) 
and neurodevelopmental impact (which can constitute 
organizational and other changes within the CNS without 
obvious pathology). Although the specific mechanisms 
by which chemicals alter brain organization and function 
remain largely unresolved, subclinical effects may reflect 
a dose-dependent continuum of toxic effects, wherein 
low doses may cause surprisingly large functional dec­
rements (72). The rapidly growing body of literature on 
the neurodevelopmental consequences of neurotoxicant 
exposures in early life emphasizes their likely role in the 
etiology of neurodevelopmental as well as neurodegen­
erative disorders later in life (71, 179, 191).

When provided by the literature, we discuss in this 
review the biological mechanisms of neurotoxicity and 
neurodevelopmental disorders (oxidative stress, DNA 
damage, apoptosis, etc.). Measurements of cognitive and 
neurobehavioral deficits in the literature include the IQ 
test, the Wechsler Scale of Intelligence for Children (WISC-
IV), and the Child Behavior Checklist (CBCL), a widely 
used method for identifying “problem” behavior in chil­
dren, such as aggressiveness (192).

The significant impact of pollutants 
on neurodevelopment

The Collaborative on Health and the Environment’s 
2008 Consensus Statement on Environmental Agents 
also examined the role of environmental agents on 
neurodevelopmental disorders (193). They concluded 
that the existing animal and human studies suggest a 
greater proportion of development is environmentally 
influenced than has been generally believed and note 
the serious implications for families, schools, local 
communities and society at large (193). Additionally, in 
another paper Bellinger (194) assessed the risk of differ­
ent factors on neurodevelopment and full-scale IQ, and 
determined that environmental chemical exposures had 
a greater impact on the brain than pediatric conditions 
like traumatic brain tumors, brain injury and congenital 
heart disease.

Any discussion on the topic of environmental effects 
of pollutants on neurodevelopment must carefully address 
the developmental status of the fetus or young child and 
the effects of exposure on certain stages of brain develop­
ment, the variation in exposure routes between children 
and adults, the endpoints used to measure effects, the 
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time frame used to measure effects factoring in the “down­
stream” effect of exposures on the developing organism, 
and various other issues (178). Unfortunately, regulatory 
standards have not been developed to sufficiently account 
for these questions.

The significant impact of neurotoxicants on IQ is 
attributed not to the magnitude of the effect on the indi­
viduals, but rather to the prevalence of exposure across 
the population (194, 195). Small decrements in IQ could 
go unnoticed, depending on the specific study method. 
Since some disorders such as diabetes, depression, 
and hypertension can be clearly defined using “cutoff 
values of continuously distributed measurements”, 
some researchers argue that it is not always a question 
of whether an individual has a disorder but the extent to 
which the disorder is evident (194, 195). Neurodevelop­
mental disorders fit into this “continuously distributed 
dimensional category”. IQ is easily measured and has 
been studied for a long time, but other more complex 
disorders can be harder to quantitate (194, 195). Some of 
these are more common than easily measured and rec­
ognized disorders. Disorders that are more difficult to 
measure include social awareness and sensory integra­
tion. In an effort to strengthen the diagnostic practices 
of more subtle disorders, the National Institute of Mental 
Health has advocated for changes in the field of nosology, 
or the classification of diseases, and has termed the effort 
the Research Domain Criteria (RDoC) (196). This will focus 
on intrinsic biologically based symptoms and is likely 
to be independent of clinically defined disorders (197). 
Current epidemiology has been largely based on correlat­
ing risk factors with disorders, thus grossly underestimat­
ing the effects of many risks on the many aspects of brain 
development that are likely to be the building blocks of 
disorders (196).

General policy recommendations

Increased setback distances from UOG development

As we discussed previously (15), setback distances from 
UOG development are intended to protect the health and 
safety of residents (198), including infants and children. 
Many states establish setback rules with an average dis­
tance ranging between 100 and 1000 feet from the well­
bore to the sensitive receptor such as schools, hospitals, 
churches and other occupied dwellings (199). Established 
setback ordinances are typically the result of negotiation 
between stakeholders (e.g. residents and municipal poli­
cymakers) (198, 200). Calls for increased setback distances 

are due to the potential health risks associated with resid­
ing or working in close proximity to UOG development. 
Individuals residing within a close distance (≤0.8 km) to 
high-density drilling areas are at greater risk for health 
effects from exposure to natural gas development than 
those living >0.8 km mile from wells (3).

Definitive conclusions based on comprehensive 
measurement and analysis of exposure levels is still to be 
determined, but based on a Delphi survey conducted by 
the SWPA-Environmental Health Project, it was found that 
89% of the scientists, public health and medical profes­
sionals participating in the study favored a setback of at 
least 0.4 km and 50% of participants favored a 1.6–2 km 
(201). Haley et  al. (200) found that existing setback dis­
tances are likely not adequate to protect the public. Our 
results suggest that setbacks may not be sufficient to 
reduce potential threats to human health in areas where 
UOG development occurs. It is more likely that a combina­
tion of reasonable setbacks with controls for other sources 
of pollution associated with the process will be required.

We recommend that at a minimum, 1.6 km setbacks, 
preferably greater, should be established between drilling 
facility lines and the property line of occupied dwellings 
such as schools, hospitals and other spaces where infants 
and children might spend a substantial amount of time. 
(3, 198).

The health burden, economic and social effects 
of adverse neurodevelopmental health

Neurodevelopmental brain disorders, which affect 10–15% 
of all births in the US (71), include learning disabilities, 
ADHD, dyslexia, sensory deficits, mental retardation and 
autism spectrum disorders. Given that the list of human 
neurotoxicants is growing annually (in 2006, Grand­
jean and Landrigan found an increase of two substances 
per year from 202 to 214 in 2006–2014), it is reasonable 
to assume that the risk of neurodevelopmental and neu­
rodegenerative disorders is also increasing (71). It is also 
important to consider the health consequences of mixed 
exposures since most populations are exposed to more 
than one contaminant at a time (71).

Studies assessing adverse neurodevelopmental expo­
sures (e.g. lead and methyl mercury) have found that 
if policy interventions were put in place to prevent or 
minimize environmental exposures, large economic costs 
could be avoided (202, 203). Given what has been seen 
with other environmental exposures and neurodevelop­
mental outcomes, without adequate preventive meas­
ures and political action, economic losses and health 
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consequences will be seen for years to come. A report pro­
duced by the European Brain Council estimated that brain 
disorders cost Europe almost 800 billion pounds ($1 tril­
lion) a year, more than cancer, cardiovascular disease and 
diabetes put together (204).
i.	 IQ loss and estimated costs:

In a report on the Clean Air Act by the EPA, the net 
effect of IQ on expected lifetime income was estimated 
to be $3000 more per additional IQ point (205). More 
recently, Grandjean and Landrigan, and separately, 
Elise Gould, have all estimated a loss of lifetime earn­
ings capacity of about $18,000 with each lost IQ point 
(206). Given that the list of human neurotoxicants is 
growing annually, it is reasonable to predict that the 
estimated economic effect in dollars is much greater 
today. Policies to reduce the potential social and eco­
nomic burden of IQ loss created by UOG will likely 
become an important part of reducing these costs in 
future years.

ii.	 ADHD and estimated costs:
Children with ADHD are at greater risk not only for 
poor academic performance but also for risk-taking 
behaviors and lower-earnings in adulthood. In the 
US, ADHD imposes a cost of between $36 and $52 
billion annually, or $12,005–$17,458 per person (49).

iii.	 EDCs and estimated costs:
Bellanger et  al. (146) has estimated the potential 
health care costs for EDC exposure-induced neurobe­
havioral deficits and disorders in the EU to exceed 150 
billion euros.

iv.	 Small for gestational age (SGA) and estimated costs:
There is greater likelihood of health problems later in 
life for SGA infants, including metabolic syndrome, 
obesity, glucose intolerance and type II diabetes (41, 
207), all of which pose costs to the individual as well as 
society. The American Diabetes Association reported 
total costs of diagnosed diabetes to have risen to $245 
billion in 2012 from $174 billion in 2007 (208). Given 
the length of time since this report was released, we 
can anticipate that the costs are now higher.

Accounting for low-level and chronic exposures

In many of these studies, chemical concentrations were 
below federal exposure limits, but above the concen­
trations found to have health effects; that is because 
government standards do not take into account low-
level, chronic exposure experienced by the increasing 
numbers of people in close proximity to oil and gas 
operations (6).

Precautionary approach

To protect the health of children and well-being of fami­
lies, state and federal agencies and authorities should 
adopt a precautionary approach when establishing 
permitting rules and standards for UOG development 
and production. This also applies to enforcement of 
standards for air and water quality near UOG sites. The 
federal government sets standards for many air and 
water pollutants, based on an estimated risk of health 
effects at a certain level. Currently, the EPA uses a 
narrow view of variability and vulnerability in their risk 
assessment caused by differences in genetic makeup, 
metabolism, and age of exposures. Therefore, current 
risk assessment practices provide inadequate protec­
tion to the most vulnerable populations, such as infants 
and children (209).

Mandatory testing and international clearinghouse

Controlling the developmental neurotoxicity pandemic is 
very difficult since a lot of data is needed for regulation by 
government authorities. In 2014, Grandjean and Landrigan 
proposed mandatory testing of industrial chemicals and 
the development of an international “clearinghouse” on 
neurotoxicity, an agency that would “promote optimum 
brain health, not just avoidance of neurological disease, 
by inspiring, facilitating and coordinating research and 
public policies that aim to protect brain development 
during the most sensitive life stages” from exposure to 
neurotoxic, industrial chemicals (71).

Research needs

Improved exposure assessment

While we strongly support a precautionary approach 
that prevents children’s exposure, we recommend that 
well-designed biomonitoring studies should be under­
taken to measure existing exposures to pollutant groups 
associated with UOG. Currently, only a small number of 
studies document a causal relationship between pollu­
tion created by UOG operations and undesirable health 
outcomes. Better population exposure assessment is 
needed to document these relationships. The most accu­
rate way to obtain information about human exposures 
from environmental pollution is through well-designed 
biomonitoring studies.
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Mental health monitoring before and after 
UOG development

There should be the requirement by legislation or 
executive mandate that states monitor the mental health 
impacts of UOG development and operations, with an 
appointed external advisory panel of health experts, and 
paid for by a dedicated commonwealth revenue source 
such as a severance tax on UOG. Research should be inte­
grated with the creation of an Unconventional Natural 
Gas and Oil Development Health Registry. The proce­
dural guidelines should specify not only that children be 
included in all health studies, but as a vulnerable popula­
tion they should be given specific attention as President 
Clinton directed in his Executive Order 13045 to reduce 
environmental health risks and safety risks to children.

Lack of transparency and research barriers

The 2005 Energy Policy Act, exempted hydraulic fracturing 
from the Underground Injection Control program and the 
EPA is prohibited from regulating fracking under the Safe 
Drinking Water Act (1974) (7). Due to these actions, a number 
of chemicals associated with UOG are not reported to the 
public. Disclosure of chemicals is critical in understanding 
the full scope of neurological health effects for infants and 
children. In a 2011 review about the human health effects 
of the 353 chemicals used in natural gas operations (as 
identified by Chemical Abstract Service numbers), Colborn 
et  al. (1) determined that approximately 40–50% of the 
chemicals used could affect the brain and nervous system. 
However, the study was limited because of the lack of trans­
parency about chemical mixtures used in the UOG process. 
The nondisclosure of these chemicals creates barriers to 
efficient research practices and contributes to the lack of 
knowledge concerning UOG and its potential health effects 
(7). Since a number of chemicals associated with UOG are 
not disclosed to the public, there exists uncertainty about 
the chemical makeup of UOG fluids. In many states, com­
panies are not required to disclose information about the 
concentrations or what chemicals are used in the process 
because of trade secret protections.

Maximum contaminant levels

Researchers have reported that it is difficult to measure 
health risks from many of the compounds used in oil and 
gas development because many of them lack scientifically 
based maximum contaminant levels (7).

Review limitations considerations

This review is not exhaustive in scope. To make the review 
manageable, we focus on five particular pollutant groups 
of concern and do not discuss a number of other air and 
water pollutants that are known to cause neurodevelop­
mental harm, such as cadmium and methylene chloride, 
among others. Thus, the review is not comprehensive, but 
rather representative of a major issue.

The studies we reviewed evaluated exposures in a 
variety of settings. For example, some of these studies 
assessed atmospheric and water concentrations from UOG 
operations while others assessed emissions from oil and 
gas refineries as well as urban traffic. We also examined 
exposures from some of these pollutants in both indoor 
and outdoor settings. In some cases, where literature is 
lacking, we examined studies focusing on both conven­
tional and unconventional sources of oil and gas develop­
ment. The relevance to exposures near UOG sites varies.

This review is not intended to provide a formal risk 
assessment that would characterize the exposure levels 
among children to our pollutants of concern. Instead, 
we review studies that measure UOG air emissions and 
atmospheric concentrations of our five pollutants catego­
ries of concern.

Additionally, UOG is a recent development, and the 
most effective epidemiological studies will take a long 
time to complete. Further, there is still much that is 
unknown about neurological health effects and their rel­
evance for children living near UOG areas. Though there is 
far more research than there was 5 years ago, there are still 
only a number of epidemiological studies that explore the 
associations between risk factors and health outcomes in 
people living close to UOG development.

Conclusion
We reviewed the body of evidence of whether UOG has the 
potential to increase air and water pollution in the sur­
rounding communities where it takes place and result in 
neurological and developmental harm. We conclude that 
exposure to heavy metals (arsenic and manganese), par­
ticulate matter, BTEX, EDCs and PAHs is linked to adverse 
neurological and developmental health effects, particu­
larly in infants and children. However, the scientific lit­
erature examining the direct impact of UOG development 
on children is just starting to emerge.

Studies indicate that the chemicals that are used in 
or are byproducts of UOG operations have been linked to 
serious neurodevelopmental health problems in infants, 
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children, and young adults. Early life exposure to these 
air and water pollutants has been shown to be associated 
with learning and neuropsychological deficits, neurode­
velopmental disorders, and neurological birth defects, 
with potentially permanent consequences to brain health. 
More research is needed to understand the extent of these 
concerns in the context of UOG, but since UOG develop­
ment has expanded rapidly in recent years, the need 
for public health prevention techniques, well-designed 
studies, and stronger state and national regulatory stand­
ards is becoming increasingly apparent.
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