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ABSTRACT 
 

 
Volatile organic compounds (VOCs) are found ubiquitously throughout the 

environment. Benzene, toluene, ethylbenzene, and xylene, a combination also known as 

BTEX, are common VOCs found indoors. In particular, these compounds can be found in 

household consumer products such as paints and related organic solvents. Exposure to 

these compounds has been associated with adverse health effects. Of the BTEX 

compounds, benzene has been identified as a human carcinogen. Maternal inhalation of 

benzene may result in fetal exposure through transplacental migration from mother to 

fetus. To date, the specific mechanism of benzene toxicity remains unknown, but there is 

enough evidence to conclude that benzene exerts its toxic effects through reactive 

metabolites. Since pregnant mothers spend much of their time in the household 

environment, there is the possibility for in utero benzene exposure from indoor paints and 

paint solvents. Here, a review of VOC and BTEX properties is given, as well as current 

regulations and components of paints. This information is followed by a risk assessment 

for in utero exposure to paint fumes containing benzene as a model BTEX compound, 

using available data regarding human exposure and potential hazards to the fetus. 

Hazardous exposure of the fetus to paint fumes may occur at the earliest stages of 

gestation; however, as data used for risk quantification was limited, further research is 

needed to confirm this conclusion. 
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EXECUTIVE SUMMARY 
 
 
In the home, paints and associated solvents such as paint thinners may be a source 

of BTEX and other VOCs, which in turn could negatively affect a developing fetus. One 

of the first activities a pregnant female often does is create a new environment in 

anticipation of their child, which may involve painting a nursery. Thus, exposure of the 

fetus to household VOCs and benzene, specifically from paint sources, is important in 

assessing any risks to fetal health. 

Benzene is a ubiquitous VOC. It is a known human carcinogen associated with a 

number of detrimental health effects, including acute myelogenous leukemia (AML), one 

of the most common types of childhood cancer. Since benzene is a volatile compound, 

primary human exposure is through inhalation.  

Exposure to benzene can occur from a number of anthropogenic sources, 

including industrial and vehicle emissions as well as cigarette smoke. Benzene has also 

been a component of paint and other related organic solvents (paint thinners and 

strippers), and exposure to benzene from these sources can occur in the home or the 

workplace. Therefore, understanding benzene exposure both in home and occupational 

environments is important in assessing human health risk. 

 There are numerous published studies that attempt to elucidate the mechanism of 

benzene toxicity. As of yet, a definite mechanism of toxicity has not been determined. 

However, it is known that benzene exerts its toxic effects through reactive metabolites. 

The action and mechanisms of these metabolites, which include phenol, catechol, 

hydroquinone (HQ), and benzoquinone (BQ), continue to be reviewed and studied in an 

attempt to determine specific pathways of benzene toxicity. There is abundant evidence 
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to suggest that reactive oxygen species (ROS) are involved, and action through this 

mechanism as well as other possible mechanisms is briefly reviewed.  

 Benzene can also be classified as a fetotoxic xenobiotic. As a lipophilic molecule, 

benzene has the ability to cross the placenta, exposing the developing fetus to its toxic 

effects such as hematotoxicity and genotoxicity. Thus, maternal inhalation of benzene 

can lead to fetal exposure and associated toxicity.  Fetal susceptibility to xenobiotics can 

be affected by the period of development, ability to defend and detoxify foreign 

chemicals, differential activity of metabolizing enzymes, and other environmental 

stressors. Early stages of embryonic life are so dependent upon specific cell signaling 

pathways that even a small incident can severely affect development. Thus, studies of 

fetal exposure to xenobiotics in the environment and the mechanism of toxicity of 

benzene are important for further understanding and toxicity risk prevention.  

  This paper provides a background of VOCs, BTEX, and paints. It then attempts 

to provide a risk assessment, using limited available data on benzene as a model BTEX 

compound, to analyze fetal exposure to paints and paint-related compounds. The method 

predominantly included online literature searches for primary laboratory studies, 

epidemiological findings, governmental and organizational websites, and review articles. 

The risk assessment found that potential hazardous in utero exposure to paint fumes may 

occur at the earliest stages of gestation; however, further research is needed to confirm 

this conclusion. 

Overall, benzene is fetotoxic, hematotoxic, and genotoxic. In order to exert its 

detrimental effects, benzene must undergo metabolic activation to reactive metabolites. 

The precise mechanisms of how these metabolites induce toxicity remains undetermined, 
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but there are promising leads in the literature that need to be explored further. With 

respect to the fetus, numerous further studies are needed to look at specific fetal ADME 

properties of benzene including enzyme activity, as well as the mechanism of benzene-

induced fetal toxicity. The content of benzene and VOCs in paint, exposure levels in the 

home and workplace, and possible effects of this exposure on the fetus also require 

extensive further studies. Recommendations for reducing fetal risk, which is uncertain at 

this time, include reducing personal exposure to benzene and VOC sources, including 

paints and organic solvents. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 5 



 
 
 

CO-AUTHORSHIP 
 
 

Research by Chelsea Geen, under advisement by Dr. Louise M. Winn 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 6 



 
 
 

LIST OF TABLES 
 
 

Table 1 Summary of indoor mean concentrations (μg/m3) for BTEX VOCs from 
studies between 2001-2014……………………………………………..18 

 
Table 2 Inhalation MRLs (ppm) for acute-duration, intermediate-duration, and 

chronic-duration exposures recommended by ATSDR profiles………..24 
 
Table 3 Summary of air quality regulations reviewed by ATSDR profiles for 

BTEX compounds………………………………………………………24 
 
Table 4  Green Seal recommended VOC limits for paint products pre- and post-

colorant addition. Modified from Green Seal, 2013……………………25 
 
Table 5  BTEX results for paint-related products. Modified from Sack et al., 1992 
 …………………………………………………………………………..26 
 
Table 6 Summary of toluene, ethylbenzene, and xylene adverse health effects for 

various concentrations and durations, compiled from ATSDR profiles..28 
 
Table 7 Data and sources used for calculating risk values associated with exposure 

at different gestational time periods…………………………………….63 
 
Table 8 Risk calculation for highest exposure level due to paint products……...64 
 
Table 9 Risk calculation for lowest benzene exposure level due to paint products 
 …………………………………………………………………………..64 

 7 



 
 
 

ABBREVIATIONS 
 
 
ACGIH American Conference of Governmental Industrial Hygienists 
ADME  Absorption, Distribution, Metabolism, Elimination 
AIM  Architectural Industrial Maintenance 
ALL  acute lymphocytic/lymphoblastic leukemia 
AML  acute myeloid leukemia 
ATL  average time of lifetime 
ATSDR Agency for Toxic Substances and Disease Registry 
BQ  benzoquinone 
BTEX  benzene, toluene, ethylbenzene, xylene 
BW  body weight 
CA  contaminant concentrations 
CDI   chronic daily intake 
CNS  central nervous system 
CYP2E1 cytochrome P450 2E1 
DNBC  Danish National Birth Cohort 
DSBs  double strand breaks 
ED   exposure duration 
EF  exposure frequency 
EPA  Environmental Protection Agency 
FDA  Food and Drug Administration 
GSH   glutathione 
HQ  hydroquinone 
IARC  International Agency for Research on Cancer 
IDLH  immediately dangerous to life and health 
IR  inhalation rate 
L  length of exposure 
LOAELs lowest observed adverse effect levels 
MRLs  minimal risk levels 
NF-κB nuclear factor kappa B 
NIOSH National Institute for Occupational Safety and Health 
NY  number of days per year 
OSHA  Occupational Safety and Health Administration 
PBPK  physiologically based pharmacokinetics (model) 
PEL  permissible exposure level 
PF  potency factor 
ppb  parts per billion  
ppm  parts per million 
RBC  red blood cells 
REL  recommended exposure limit 
RfC  reference concentration 
ROS  reactive oxygen species 
STEL  short term exposure limit; 
TLV  threshold limit value 

 8 



 
 
 
TVOC  total volatile organic compounds 
TWA  time-weighted average 
US  United States of America 
USEPA United States Environmental Protection Agency 
VOCs  volatile organic compounds 
WBC  white blood cells 
WHO  World Health Organization 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 9 



 
 
 

TABLE OF CONTENTS 
 

ABSTRACT .........................................................................................................................2 
EXECUTIVE SUMMARY .................................................................................................3 
CO-AUTHORSHIP .............................................................................................................6 
LIST OF TABLES ...............................................................................................................7 
ABBREVIATIONS .............................................................................................................8 
CHAPTER 1: INTRODUCTION ......................................................................................12 
CHAPTER 2: METHODS .................................................................................................14 
CHAPTER 3: BACKGROUND ........................................................................................16 

3.1 Volatile Organic Compounds (VOCs) .....................................................................16 
3.2 BTEX .......................................................................................................................17 

Benzene (CAS 71-43-2) ..........................................................................................18 
Toluene (CAS 108-88-3) ........................................................................................19 
Ethylbenzene (CAS 100-41-4) ................................................................................20 
Xylene (CAS 1330-20-7) ........................................................................................20 
BTEX Summary ......................................................................................................21 

3.3 Paint Products ..........................................................................................................22 
Household/Interior Paints .....................................................................................22 
Current Regulations ...............................................................................................23 

A) Indoor Air Quality (IAQ) VOC Regulations ............................................23 
B) Paint and Related Product Regulations .....................................................25 

BTEX ......................................................................................................................26 

CHAPTER 4: RISK ASSESSMENT: Using Benzene as a Model BTEX Compound .....27 
Introduction ....................................................................................................................27 
4.1 Hazard Identification: Benzene ................................................................................27 

Adverse Health Effects of BTEX ............................................................................27 
Adverse Health Effects of Benzene ........................................................................28 
ADME Properties of Benzene ................................................................................29 
Adverse Health Effects of Benzene on the Fetus ....................................................30 
Mechanism of Toxicity ...........................................................................................33 

4.2 Dose-Response Assessment .....................................................................................34 
Susceptibility of the Fetus ......................................................................................36 

4.3 Exposure Assessment...............................................................................................38 
Modes of Exposure .................................................................................................38 

A) Household Exposure .................................................................................39 
B) Occupational Exposure .............................................................................40 

Levels of Benzene ...................................................................................................41 
Exposure Duration .................................................................................................41 

4.4 Risk Characterization ...............................................................................................42 
1. Harmful Exposure Levels ..................................................................................42 
2. Estimated Exposure Levels ................................................................................43 

 10 



 
 
 

3. Quantitative Assessment: MRL Comparison to Estimated Exposure Levels ....44 
4. Calculated Risk ..................................................................................................44 
5. Qualitative Assessment ......................................................................................46 

CHAPTER 5: RECOMMENDATIONS & CONCLUSION .............................................49 
5.1 Toxicity Prevention ..................................................................................................49 
5.2 Limitations and Need for Additional Studies ..........................................................50 
5.3 Conclusion ...............................................................................................................53 

REFERENCES ..................................................................................................................55 
APPENDIX A: RISK CALCULATIONS .........................................................................63 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 11 



 
 
 

Chapter 1 
 
 

INTRODUCTION 
 

 
The study of environmental toxicology, particularly human exposure to 

environmental toxicants, is essential to understand the effect these chemicals may have 

on human health. Foreign chemicals found in the environment that enter the body are 

known as xenobiotics, and they can often have detrimental health effects, especially if 

they interfere with important biological processes.  

Toxicology describes the effects that chemical exposures may have on living 

organisms, and aims to assess the associated risks and effects that may occur upon this 

exposure (reviewed in Snyder, 2004). In the late 19th and early 20th centuries, the 

association between a specific disease and exposure to particular chemicals became more 

widely recognized, as did the contribution of the occupational environment to disease 

occurrence (reviewed in Snyder, 2004). After World War II, the knowledge on chemical 

mechanisms of toxicity significantly increased, especially regarding metabolic activation; 

eventually (in the mid 1970s) reactive metabolites and their ability to cause organ toxicity 

became evident (reviewed in Snyder, 2004). The metabolic activation of xenobiotics into 

reactive intermediates is an essential component of many toxicological studies today 

(reviewed in Snyder, 2004).  

Due to the amount of time humans spend indoors, indoor pollution has become a 

concern. Volatile organic compounds (VOCs) make up the majority of indoor air 

pollutants, and since these chemicals are volatile and easily released into the air, humans 

are exposed to these compounds primarily through inhalation. Benzene, toluene, 
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ethylbenzene, and xylene are four VOCs often found together, and in combination are 

referred to as BTEX. These compounds can be found in common solvents around the 

home, thus the use of commercial products containing BTEX such as paints and paint 

related solvents may result in human exposure. In addition to the home environment, 

occupational exposure to these compounds can also affect the amount of exposure a 

person receives. 

There are many health concerns regarding exposure to these volatile compounds. 

A particular concern is the potential effects these compounds may have on the developing 

fetus due to maternal in utero exposure. Understanding whether there are negative health 

consequences, and at what levels this may occur, is necessary to identify possible risks to 

human fetal health. Of the BTEX compounds, benzene will be the focus of this fetal 

health risk assessment. Numerous organizations have classified benzene as a carcinogen, 

and its toxic effects have been studied widely. Its possible xenobiotic action in the fetus 

will be discussed, and efforts to quantify the risk of exposure from paints containing the 

compound will be made. Finally, recommendations for future research and enhancing the 

risk assessment will be provided. 
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Chapter 2 
 
 

METHODS 
 

 
 In order to acquire the available information regarding benzene, its role as a 

carcinogenic xenobiotic, its relationship to fetal toxicity, and potential risks associated 

with household and occupational exposure to paint containing benzene and other VOCs, 

various online databases were searched electronically for primary scientific journal 

articles and review papers, including OvidSP Medline, Google Scholar, PubMed, 

TOXNET, and Summon, the online search engine for Bracken Library. A limit on the 

date for some searches, such as those relating to toxicity or mechanism, was often 

applied, using a minimum of the year 2000. This was rationalized by the fact that the 

current field is rapidly evolving, and newer, updated discoveries are more likely to be 

found over the last 14 years. However, in researching background information, no date 

limit was applied. Key words used to find information included, but were not limited to: 

benzene, benzene toxicity, benzene absorption, distribution, metabolism, and elimination; 

mechanism of benzene toxicity, benzene as a xenobiotic, benzene exposure during 

pregnancy, maternal benzene exposure, maternal exposure to paint fumes, maternal 

occupational exposure, inhalation of benzene, placental transfer, fetal toxicity, critical 

periods of fetal development, fetal exposure to benzene, fetal exposure to VOCs, VOCs 

indoor air, VOC concentrations indoors, household VOCs, indoor air quality, paints, 

household paints, occupational paint/solvent exposure, benzene in paints, consumer 

products, toluene, ethylbenzene, xylene, BTEX, solvents, organic solvents, regulations, 

etc. In addition to literature searches, numerous governmental sources were searched, 
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such as Health Canada and the United States Environmental Protection Agency 

(USEPA), with a focus on North American standards and regulations. In addition to these 

online sources, numerous books were signed out from the Health Sciences library at 

Queen’s University for additional reading and background information. The method of 

research involved compiling gathered information into relevant categories, and 

determining important links and relationships. Where limited data was available, such as 

a combined search on Ovid for benzene, paint exposure to the mother during pregnancy, 

and fetal toxicity, areas were researched independently, and an attempt at drawing 

conclusions by combining this information was made. To put the matter of fetal exposure 

to benzene in paints on a global scale, benzene content in paint industries and 

occupational settings was researched. Finally, a risk assessment using the limited amount 

of available data was made, in an effort to quantify possible risk to the fetus. The overall 

goal of this method was to obtain valid information relating to the topic of interest, 

supplemented with additional background information for context, and to extrapolate this 

information in order to provide a holistic view of the environmental issue. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 15 



 
 
 

Chapter 3 
 
 

BACKGROUND 
 

 
3.1 Volatile Organic Compounds (VOCs) 

The amount of time that humans spend indoors has led to health concerns 

regarding indoor pollution. In Canada, for example, it is estimated that 90% of the 

population’s time is spent in the indoor environment (Canadian Lung Association, 2012). 

Of the indoor chemical pollutants, the majority are VOCs. These chemicals are volatile 

and easily released into the air, which can lead to human exposure through inhalation. 

This becomes an important issue of research because exposure to indoor pollutants can 

lead to numerous health effects. In some cases, once a xenobiotic enters the body, its 

metabolites rather than the parent compound itself may cause the resulting adverse health 

effects. 

Some VOCs are known to be toxic. Exposure can result in a number of symptoms 

including irritation of the eyes, nose and throat; headaches, nausea, and dizziness; and 

central nervous system (CNS), liver, and kidney damage (USEPA, 2012a). As with 

exposure to any chemical, the duration and concentration of exposure will have an effect 

on the severity of symptoms. According to the Environmental Protection Agency (EPA) 

and Health Canada, there is a lack of knowledge about household levels of VOCs and 

their direct impact on human health (USEPA, 2012a; Health Canada, 2012). 

Compared to outdoor air, the indoor environment can contain more VOCs at 

greater concentrations (reviewed in Brown et al., 1994). This is thought to be due to 

lower ventilation and the presence of many consumer products in the home containing 
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these volatile pollutants. For example, VOCs from products such as air fresheners, 

furnishings, and building materials, including paint and varnish, can be emitted in the 

home (Health Canada, 2012). The EPA has stated that VOCs are emitted by thousands of 

products, including paints, lacquers, solvents, and paint strippers (USEPA, 2012a). In 

particular, many consumer products contain combinations of benzene, toluene, 

ethylbenzene, and xylene, VOCs collectively referred to as BTEX. Paint thinner and oil 

based stains and paints are household products that may contain significant levels of 

BTEX combinations (DOH, 2007). A technical report by the EPA summarizing a variety 

of studies determined that BTEX and chlorinated solvents were the most common VOCs 

found in indoor air from background sources (USEPA, 2011). In addition, Environment 

Canada notes that the second major source of VOCs in general are solvents and solvent 

containing products, accounting for 28% of all VOC emissions (Environment Canada, 

2013b). 

 

3.2 BTEX 

 BTEX (benzene, toluene, ethylbenzene, and ortho-xylene, meta-xylene, and para-

xylene) is a commonly found combination of VOCs in the home. BTEX data from 

numerous studies was collected to obtain an estimated mean of these levels found in 

indoor air (see Table 1). The following outlines specific information regarding each of 

these chemicals. 
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Table 1. Summary of indoor mean concentrations (μg/m3) for BTEX VOCs from studies between 2001-
2014. 

VOC A B C D E F G H Range Average 
Benzene 2.6 2.0 2.23 2.84 1.51 3.2 3.54 1.95 1.51-3.54 2.484 
Toluene 13.0 26.5 20.35 15.56 13.18 29.5 15.26 19.17 13.0-29.5 19.07 
Ethylbenzene 2.4 2.3 2.89 2.17 1.51 3.6 2.55 4.09 2.17-4.09 2.689 
m,p-Xylene 7.3 8.3 7.84 7.93 3.27 9.8 7.39 14.42 3.27-14.42 8.281 
o-Xylene 2.6 2.9 2.46 2.37 0.97 2.7 2.49 4.16 0.97-4.16 2.581 

A – Dodson et al., 2008; B – Batterman et al., 2007; C - Edwards et al., 2001; D - Jia et al., 2008; E - Rösch et al., 2014; F - Schlink et 
al., 2004; G - Su et al., 2013 (RIOPA data); H - Wheeler et al., 2013 (CHMS data 2009-2011). 
 

Benzene (CAS 71-43-2) 

One of the VOCs, benzene (benzol, cyclohexatriene, C6H6), is a volatile, cyclic 

aromatic hydrocarbon with a molecular weight of 78.11 g/mol (Benzene, 2012). It is also 

clear and colorless with a distinct odour (Benzene, 2012); it can be smelled in air at about 

60 ppm (ATSDR, 2007a). Because of its volatility, it dissolves only slightly in water and 

evaporates quickly (ATSDR, 2007a).  

Benzene was isolated in 1825 by Faraday and synthesized in 1833 by 

Mistercherlich, and at present is usually isolated from petroleum and coal (reviewed in 

ATSDR, 2007a). As a ubiquitous environmental pollutant, benzene is found throughout 

the environment, even if at minute levels. Once volatile, benzene breaks down within a 

couple of days (ATSDR, 2007a).  

There are both anthropogenic and natural sources of benzene. It can be found in 

volcano gas and forest fire smoke, crude oil and gasoline (reviewed in ATSDR, 2007a). 

Benzene also has many industrial applications, as it is used to make numerous products 

including rubber, dyes, detergents, pesticides, and drugs, as well as to synthesize other 

chemicals such as styrene, cumene, and cyclohexane (chemicals involved in the 

production of plastics, resins, and nylon, respectively) (reviewed in ATSDR, 2007a). The 

primary sources of benzene exposure to the general public include cigarette smoke, 
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exhaust from vehicles, emissions from industries, and vapors from benzene-containing 

products such as paints, glues, and furniture wax (reviewed in ATSDR, 2007a). Out of 

the chemicals produced in the United States (US), benzene has been classified in the top 

20 produced by volume (reviewed in ATSDR, 2007a). It has been recognized that 

workers involved with benzene isolation or products containing benzene are likely 

experiencing the highest exposure concentrations of benzene in the air (reviewed in 

ATSDR, 2007a).  

 The range of ambient air concentrations of benzene varies, often depending on 

geographic location and proximity to benzene sources.  For example, residents living near 

a rubber industry or who live above an attached garage are likely to be exposed to higher 

ambient air concentrations of benzene than rural dwellers or those with a detached 

garage. See Table 1 for estimated mean indoor air concentrations of benzene. 

Toluene (CAS 108-88-3) 

Toluene (toluol, methylbenzene, C6H5CH3) is another volatile, clear liquid with 

an odour similar to benzene (USEPA, 2005). It has a molecular weight of 92.13 g/mol, 

and is produced by petroleum conversion or retrieved as a by-product of industrial coke 

oven operation (Health Canada, 2011). Toluene is used in gasoline to increase the octane 

rating, in the production of benzene, nylon, and plastics, and commonly as a solvent in 

products such as paints, coatings, adhesives and cleaners (USEPA, 2005). It is also found 

in vehicle exhaust and cigarette smoke (reviewed in ATSDR, 2000). 

 Health Canada claims that Canadians are exposed to toluene primarily through 

indoor air, as indoor toluene levels are usually greater than ambient levels and the general 

population spends more time indoors (Health Canada, 2011). Indoor exposure to toluene 
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can result from volatilization from household consumer products such as paints, 

paintbrush cleaners, stain removers, fabric dyes, lacquer thinners, nail polish and 

cosmetics (reviewed in ATSDR, 2000). For estimated mean indoor concentrations of 

toluene see Table 1.  

Ethylbenzene (CAS 100-41-4) 

Ethylbenzene (ethyl benzene, C8H10) is a colorless volatile liquid with a molecular 

weight of 106.17 g/mol (Ethylbenzene, 2012). Its gasoline smell can be detected in air at 

2 ppm (ATSDR, 2010). It is most commonly used in the production of styrene, but can 

also be used as a solvent and to make other organic compounds (reviewed in ATSDR, 

2010). Motor vehicles and tools powered by gasoline, as well as paints, varnishes, and 

solvents can release ethylbenzene into the air, leading to inhalation exposure in the 

general population (reviewed in ATSDR, 2010). Although ethylbenzene is not considered 

persistent in the environment, it is considered persistent in the air (Health Canada, 2007). 

Consumer products such as solvents, spray paints, brush paints, stains, varnishes, 

perfumes, dyes, and pesticides can all release ethylbenzene (Health Canada, 2007). In the 

US, ethylbenzene is among the top 50 produced chemicals, with nearly 12 billion pounds 

produced in 2005 (reviewed in ATSDR, 2010). In 2003, Canada produced 906 000 

tonnes of the chemical (Environment Canada, 2014). Estimated mean indoor 

concentrations of ethylbenzene from various studies can be seen in Table 1.  

Xylene (CAS 1330-20-7) 

Xylene (C6H4(CH3)2) is a benzene ring with two methyl groups (CEPA, 1993) 

also known as dimethylbenzene or xylol (ATSDR, 2007b). The chemical has three 

isomeric forms: ortho- (o), meta- (m), and para- (p) xylene, often referred to as 1,2-
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dimethylbenzene, 1,3-dimethylbenzene, and 1,4-dimethylbenzene (CEPA, 1993) with 

CAS numbers 108-38-3, 95-47-6, and 106-42-3, respectively (Xylene, 2012). The term 

‘xylene’ for the purpose of this report will refer to a combination of the three isomers, 

and ‘mixed xylene’ refers to a combination of the three isomers with ethylbenzene 

(usually present in amounts of 6-15%) (ATSDR, 2007b).  

A volatile colorless liquid with an aromatic odour (CEPA, 1993), xylene has an 

equivalent molecular weight to ethylbenzene, 106.17 g/mol (Xylene, 2012). In 

environmental samples, usually m- and p- isomers of xylene are not separated, thus 

collected measurements usually refer to either o-xylene or the combination of m-,p-

xylene (CEPA, 1993). Xylene is most commonly produced by petroleum reformation, but 

can also be collected as a by-product of crude and heavy oil processing (CEPA, 1993). 

Like the other BTEX compounds, xylene is used as an industrial solvent, and is involved 

in the production of acids and esters used to make polyester fibers (Xylene, 2012). In the 

US, production by volume of xylene places it in the top 30 chemicals produced (ATSDR, 

2007b). Xylene is often used in cleaning materials, paint thinner, paint, varnishes, and 

gasoline (reviewed in ATSDR, 2007b). Thus, it is released into the air through both 

volatilization from solvents and transportation exhaust (CEPA, 1993). For estimated 

indoor exposure levels, see Table 1.  

BTEX Summary 

The VOCs known as BTEX are persistent in air, and in particular are found at 

higher levels indoors than outdoors. This can be attributed to their common use as 

solvents and presence in numerous consumer products that can be found in the home. In 

particular, BTEX compounds (individually or in combination) are present in paint and 
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paint-related products, meaning that at least some indoor exposure to these compounds 

could be attributed to these household sources. Since the potential exists for exposure to 

BTEX in the household environment from these paint sources, this report describes a 

basic risk assessment regarding in utero exposure to household paints. Benzene was the 

model out of the BTEX compounds chosen as the focus of the risk assessment for this 

paper, with an emphasis on indoor air (household) exposure. 

 

3.3 Paint Products 

As indicated above, the BTEX VOCs are commonly found in paint and paint-

related products. The following provides a background on these VOC levels in paint 

products and current regulations regarding BTEX concentrations. 

Household/Interior Paints 

 Interior paints consist of water- and oil-based paints, which can also be referred to 

as latex and alkyd paints, respectively (USEPA, 2012b). In general, acute chemical 

exposure from alkyd paints can be significantly greater than latex paints, which tend to 

release fewer chemicals (USEPA, 2012b). For example, in a study by Guo and Murray 

(2000), twelve organic solvent-soluble and water-soluble commonly used paints were 

analyzed for VOC emissions, and changes in total VOC (TVOC) concentrations were 

collected (Guo & Murray, 2000). The results found a substantial variation in TVOC 

emissions from the twelve products, with maximum TVOC concentrations for organic 

solvent-soluble paints ranging between 104 mg/m3 – 262 mg/m3, and maximum TVOC 

concentrations for water-soluble paints ranging between 1.06 mg/m3 – 3.32 mg/m3 (Guo 

& Murray, 2000). These results indicate that TVOC concentrations emitted from water-
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soluble paints were about 100 times less than those emitted by organic solvent-soluble 

paints (Guo & Murray, 2000). In addition, the study found that benzene, toluene, 

ethylbenzene, and xylene isomers were emitted from all samples of paint (Guo & 

Murray, 2000). Therefore, although VOC emissions from water-based paints were less 

than from organic solvent-soluble paints, BTEX compounds were still present in both 

types of paint. It is known that paints are one of the main sources of BTEX in indoor air, 

which necessitates the control of BTEX content in these products (Liu et al., 2005).   

Current Regulations 

The US federal government can enforce regulations by law (ATSDR, 2007a). 

Organizations such as the Environmental Protection Agency (EPA), Occupational Safety 

and Health Administration (OSHA), and Food and Drug Administration (FDA) are 

involved in developing regulations (ATSDR, 2007a). On the other hand, 

recommendations cannot be enforced by law, but can provide useful guidelines (ATSDR, 

2007a). Organizations involved in creating recommendations include the Agency for 

Toxic Substances and Disease Registry (ATSDR) and the National Institute for 

Occupational Safety and Health (NIOSH) (ATSDR, 2007a). 

A)  Indoor Air Quality (IAQ) VOC Regulations  

There are no set standards for VOC levels in non-industrial locations (USEPA, 

2012a). For each of the BTEX compounds, the ATSDR has recommended acute, 

intermediate, and chronic exposure Minimum Risk Levels (MRLs), which can be seen in 

Table 2. The ATSDR also provides a review of various inhalation regulation levels 

recommended by different organizations, information which has been combined in Table 

3. Health Canada provides recommendations for both benzene and toluene: benzene 
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indoor levels are recommended to be as low as possible (Health Canada, 2013), most 

likely because benzene is a known carcinogen, and toluene recommendations include a 

short-term 8 hour maximum exposure limit of 15 mg/m3 (4.0 ppm) and a long-term 24 

hour maximum exposure limit of 2.3 mg/m3 (0.6 ppm) (Health Canada, 2011).  

 

Table 2.  Inhalation MRLs (ppm) for acute-duration, intermediate-duration, and chronic-duration 
exposures recommended by ATSDR profiles. 

VOC Acute Intermediate Chronic Source 
Benzene 0.009 0.006 0.003 ATSDR, 2007a 
Toluene 1 ND* 0.08 ATSDR, 2000 
Ethylbenzene 5 2 0.06 ATSDR, 2010 
Xylene (mixed) 2 0.6 0.05 ATSDR, 2007b 

*ND = No data 
 
 
 
Table 3.  Summary of air quality regulations reviewed by ATSDR profiles for BTEX compounds. 

VOC WHO ACGIH EPA NIOSH OSHA 
Benzenea Air quality 

guidelines 
6x10-6 unit risk 

TLV (TWA): 
0.5 ppm 
STEL: 
2.5 ppm  
 

Hazardous air 
pollutant 

REL (10h TWA): 
0.1 ppm 
STEL: 
1.0 ppm 
IDLH: 
500 ppm 

PEL (8h TWA): 
1 ppm 
 
  

Tolueneb NP* TLV (TWA): 
50 ppm 

Hazardous air 
pollutant 

REL (TWA): 
100 ppm 
STEL: 
150 ppm 

TWA 8h:  
200 ppm 
Acceptable ceiling 
concentration: 
300 ppm 
Acceptable maximum 
peak above acceptable 
ceiling concentration 
(8h shift for 10 min 
max):  
500 ppm 

Ethylbenzenec NP TLV (8h TWA):  
100 ppm 
STEL (15min 
TWA): 
125 ppm 

Hazardous air 
pollutant 
 

REL (10h TWA): 
100 ppm 
STEL (15min 
TWA): 
125 ppm 
IDLH: 
800 ppm 

PEL (8h TWA):  
100 ppm 

Xylened NP TLV (TWA): 
435 mg/m3 
STEL: 
655 mg/m3 

Hazardous air 
pollutant (isomers 
and mixture) 

REL (15min ceiling 
limit): 
435 mg/m3 
STEL: 
655 mg/m3 
IDLH: 
3906 mg/m3 

PEL (8h TWA): 
435 mg/m3 

a. ATSDR, 2007a; b. ATSDR, 2000; c. ATSDR, 2010; d. ATSDR, 2007b.  
*NP = Not provided; TLV = Threshold Limit Value; TWA = Time Weighted Average; STEL = Short Term Exposure Limit; REL = 
Recommended Exposure Limit; IDLH = Immediately Dangerous to Life and Health; PEL = Permissible Exposure Limit; RfC = 
Reference Concentration. 
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B) Paint and Related Product Regulations 

In April 2008, the Government of Canada published a document on proposed 

Volatile Organic Compound (VOC) Concentration Limits for Certain Products 

Regulations (Environment Canada, 2013a). In 2013, Environment Canada created a 

revised document for VOC regulation in certain products, which included a previously 

determined proposed limit value for paint remover/stripper of 50 (w/w%), and a new 

addition of paint thinner with a proposed limit of 3 (w/w%) (Environment Canada, 

2013a). Green Seal (2013) has provided a recommended standard for paints and coatings 

for VOC concentrations both with and without colorant, which can be seen in Table 4.  

 

Table 4. Green Seal recommended VOC limits for paint products pre- and post-colorant addition. Modified 
from Green Seal, 2013. 

Product VOC level (g/L)  
without colorant 

VOC level (g/L) 
with colorant 

Flat topcoat 50 100 
Non-flat topcoat 100 150 
Primer/undercoat 100 150 
Floor paint 100 150 
Anti-corrosive coating 250 300 
Reflective wall coating 50 100 
Reflective roof coating 100 150 

 

 Since water-based paints emit less VOCs than oil-based paints, manufacturers 

have been shifting their focus towards water-based paints and coatings for about the past 

50 years (ACA, 2014). In addition, the USEPA national Architectural Industrial 

Maintenance (AIM) regulations have also resulted in a greater production of low-VOC 

emitting products (ACA, 2014). However, although this industrial shift is a positive step 

towards decreasing the amount of VOCs emitted from paints, water-based paints can still 

contain VOCs, even if at lower levels. 
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BTEX 

In a study by Liu et al. (2005) in which a new analytical method for detecting 

paint BTEX levels was proposed, it was found that of the four paint samples examined, 

benzene content was below detection limits but high amounts of the other three BTEX 

compounds (toluene, ethylbenzene, and xylene) were found, ranging from 56 μg/g – 271 

μg/g. In another study by Sack et al. (1992) in which 1159 consumer products (obtained 

from retail stores) were analyzed for the presence of 31 VOCs, toluene, methylene 

chloride, xylene and acetone were found in over 50% of all paint-related products 

(identified as paint removers, thinners, spray paints, primers, or varnishes). The study 

also found that out of the 31 studied VOCs, 21 of the chemicals were present in paint-

related products (Sack et al., 1992). The results for the BTEX compounds from this study 

are summarized in Table 5. 

 Due to the actions of the EPA, the use of benzene as a solvent has decreased and 

in many products has been replaced with other organic solvents; however, its presence 

may still remain in trace amounts (reviewed in ATSDR, 2007a). There are also labeling 

requirements for paint thinners and solvents containing even less than 10% of petroleum 

distillates (reviewed in ATSDR, 2007a).  

 Data on specific BTEX content, and even VOC content, in paints and related 

compounds was limited, as was specific regulations regarding these compounds.  

 
Table 5.  BTEX results for paint-related products. Modified from Sack et al., 1992.   

VOC % Hit* Concentration (%w/w)** 
Benzene 0.0 0.0 
Toluene 81.6 17.4 
Ethylbenzene 47.8 2.4 
m-Xylene 60.3 4.2 
o,p-Xylene 58.2 2.8 

*% Hit = percent of paint-related products containing the chemical 
** %w/w = concentration of chemical in product  

 26 



 
 
 

Chapter 4 
 
 

RISK ASSESSMENT 
Using Benzene as a Model BTEX Compound 

 
 

Introduction 

A human health risk assessment is used to predict the likelihood of adverse human 

health effects from potentially hazardous chemical exposure (USEPA, 2012c). This type 

of risk assessment addresses issues such as the level and duration of chemical exposure 

that may occur in a particular circumstance, potential health effects due to exposure, 

whether there is a level of safety (with no risk to human health), and susceptibility factors 

such as age, genetics, health status, and gender (USEPA, 2012c). The following chapter 

addresses the four steps typically included in a risk assessment: Hazard Identification, 

Dose-Response Assessment, Exposure Assessment, and Risk Characterization (USEPA, 

2012c).  

 

4.1 Hazard Identification: Benzene 

Adverse Health Effects of BTEX  

 Exposure to VOCs is associated with various adverse human health effects. In 

particular, BTEX exposure can negatively affect the nervous and respiratory systems. For 

the purpose of this assessment, benzene will be used as the example BTEX for 

identifying hazardous properties and assessing risk of in utero exposure to household 

paints. Out of the four BTEX compounds, benzene was used as the model since it is an 

identified human carcinogen, there is more data available on its health effects at this time, 

and present regulations define it as a more hazardous VOC with a greater toxicity (as 
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lower exposure levels of benzene are recommended compared to the other compounds). 

For a summary of general acute and chronic health effects known for toluene, 

ethylbenzene, and xylene, see Table 6. 

 

Table 6. Summary of toluene, ethylbenzene, and xylene adverse health effects for various concentrations 
and durations, compiled from ATSDR profiles.* 

VOC Short Term/Acute 
Exposure 

Long Term/Chronic 
Exposure 

Carcinogenicity 

Toluenea  Low-moderate levels: 
Memory loss, confusion, 
tiredness, weakness, nausea, 
decrease in appetite 

 

Ethylbenzeneb High levels: 
Eye, throat irritation, 
vertigo, dizziness 
 

Low levels: 
(Days-weeks) potential 
irreversible hearing (inner 
ear) damage  
 
(Months-years) kidney 
damage 

IARC: 
May cause cancer in 
humans 

Xylenesc  Background levels: 
No health effects reported 
Low levels (50 ppm): 
Irritant; neural and 
respiratory issues 
High levels: 
Skin, eye, nose, throat 
irritation; difficulty 
breathing, impaired 
memory, changes in 
liver/kidney; NS effects 
(headaches, dizziness, 
confusion, impaired 
balance) 
 

Background levels: 
No health effects reported 
High levels: 
NS effects (headaches, 
dizziness, confusion, 
impaired balance) 
 

IARC: 
Insufficient 
information 
EPA: 
Insufficient 
information 

*Information reviewed in respective ATSDR profiles: a. ATSDR, 2000; b. ATSDR, 2010; c. ATSDR, 2007b.  
 

Adverse Health Effects of Benzene 

The Department of Health and Human Services, the International Agency for 

Research on Cancer (IARC), and the EPA have all identified benzene as carcinogenic to 

humans (reviewed in ATSDR, 2007a). Acute benzene inhalation can lead to respiratory 

effects, and chronic inhalation of benzene has been correlated with neuropathy, memory 

loss, and sleep difficulties (reviewed in ATSDR, 2007a). Chronic exposure can also 
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result in anemia, thrombocytopenia, and leukopenia, which means benzene exposure can 

decrease red blood cell (RBC), white blood cell (WBC), and platelet counts (reviewed in 

Snyder, 2004). This chronic exposure could ultimately result in aplastic anemia 

(reviewed in Snyder, 2004). As well, myelodysplasia associated with benzene exposure 

could develop into different types of leukemia such as acute myelogenous leukemia 

(AML) (reviewed in Snyder, 2004). Exposure to high concentrations of benzene may lead 

to ventricular fibrillation and death, and has reportedly caused kidney congestion, 

congestive gastritis, and vascular congestion in the brain (reviewed in ATSDR, 2007a).  

ADME Properties of Benzene 

 Inhalation is the primary route of benzene exposure, and once inhaled benzene is 

rapidly absorbed in humans with distribution depending on the supply of blood to tissues 

(reviewed in ATSDR, 2007a). Due to its lipophilic properties, benzene can deposit in 

fatty tissues and bone marrow (reviewed in ATSDR, 2007a).  

The toxicity of benzene is a result of its metabolism or enzymatic bioactivation to 

a number of reactive metabolites, including phenol, hydroquinone (HQ), benzoquinone 

(BQ), catechol, 1,2,4-benzenetriol, and muconaldehyde (reviewed in Snyder, 2004). The 

CYP enzymes (specifically CYP2E1) that metabolize benzene are found in all tissues, but 

are most abundantly found in the liver where primary metabolism occurs (reviewed in 

ATSDR, 2007a). Evidence suggests that metabolism of benzene catalyzed by CYP2E1 

can also occur in the bone marrow, the primary target of benzene toxicity (reviewed in 

ATSDR, 2007a). This is where myeloperoxidases can interact with metabolites and 

activate them further into reactive quinones and oxygen radicals (reviewed in Ross, 

2000). The mechanism by which benzene metabolites reach the bone marrow from the 
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liver is not understood, but it is likely that the metabolites bind covalently to blood 

proteins (reviewed in ATSDR, 2007a). Overall, the metabolic activity of benzene will 

depend on the route of exposure, animal species, and dose, which influence total 

metabolite concentrations (reviewed in ATSDR, 2007a). There are numerous studies on 

benzene’s metabolic pathway, however the mechanism that results in toxicity is still not 

fully understood. Using benzene’s metabolic activation as a model, it is probable that the 

other BTEX compounds exert their toxic effects through a similar mechanism. 

  Exhalation is the main route of unmetabolized benzene elimination, especially at 

higher exposure levels when metabolic pathways may become saturated (reviewed in 

ATSDR, 2007a). Absorbed benzene can be eliminated by conversion to conjugated 

sulfates and glucuronides (reviewed in ATSDR, 2007a), which are excreted through the 

urine. Benzene metabolites are usually eliminated in the urine after 48 hours (ATSDR, 

2007a). There can also be a minor amount of excretion through the biliary pathway 

(reviewed in ATSDR, 2007a). 

Adverse Health Effects of Benzene on the Fetus 

The most serious effects of chronic benzene exposure relate to its hematotoxic 

and leukemogenic properties (reviewed in ATSDR, 2007a). Inhalation of benzene over a 

long duration can damage the bone marrow and tissues involved in blood cell formation, 

affecting normal blood production and other blood components (reviewed in ATSDR, 

2007a). Erythrocytes, leukocytes, and platelets are all susceptible to benzene toxicity, 

with the depletion of only one specific type of blood cell occurring in response to less 

severe toxicity (reviewed in ATSDR, 2007a). Bone marrow hypoplasia or hypercellular 

marrow are examples of more severe effects, with major damage resulting in aplastic 

 30 



 
 
 
anemia, which in turn can result in leukemia (cancer of the blood and bone marrow) with 

prolonged benzene exposure (reviewed in ATSDR, 2007a).  

Therefore, the progression of hematopoietic effects could lead to leukemia. 

Leukemia involves uncontrolled immature blood cell proliferation and interference with 

normal cell growth. The exact etiology of leukemia has not been determined, but it is 

thought that exposure to environmental xenobiotics, such as benzene, in utero may have a 

role (reviewed in Wan & Winn, 2006). Due to the concern of parental occupational 

exposure to chemicals in the workplace, epidemiological studies have been conducted in 

an attempt to determine whether this exposure is associated with the occurrence of 

childhood illness (eg, Buckley et al., 1989). In fact, an increased risk of childhood acute 

lymphocytic leukemia (ALL) has even been found to be associated with prenatal 

maternal exposure to paints or lacquers (Schüz et al., 2000). 

According to the Canadian Cancer Society (2013), the most diagnosed childhood 

cancer from 2003 to 2007 was leukemia, which was responsible for 34% of all new 

diagnoses. As well, between 2005-2009, leukemia was the second leading cause of 

childhood death (27%), preceded only by CNS cancers (34%) (Canadian Cancer Society, 

2013). Epidemiological studies on in utero exposure to benzene and child leukemia are 

still inconclusive, as often it is difficult (especially with developmental toxicology) to 

identify causation. However, chronic, low dose exposure to benzene in general has been 

found to have an association with leukemia and aplastic anemia (reviewed in Khan, 

2007). 

Benzene and its metabolites have genotoxic effects both in vivo and in vitro in 

human and animal studies (reviewed in ATSDR, 2007a). The most prevalent genotoxic 
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effect in humans revolves around chromosomal aberrations in bone marrow cells and 

peripheral lymphocytes, including deletions, breaks, gaps, and hypodiploidy or 

hyperdiploidy (reviewed in ATSDR, 2007a). Benzene metabolites can also cause DNA 

double strand breaks (DSBs), which if repaired improperly can result in further damage 

through chromosomal inversions and translocations (Tung et al., 2012). In a study by 

Tung et al. (2012), murine fetal liver cell exposure to BQ resulted in increased DNA 

damage (DSBs) and recombination. The study also found that BQ may act through a 

ROS dependent mechanism, as BQ exposure resulted in increased ROS formation 

followed by DNA damage (DSBs) (Tung et al., 2012). 

The embryo contains hematopoietic stem cells required for future hematopoiesis, 

a process that occurs in the bone marrow of adults (reviewed in Tavian & Péault, 2005). 

In mice, transplacental benzene exposure has been shown to be associated with tumor 

formation. A study by Badham et al. (2010a) found that after transplacental exposure to 

benzene in CD-1 mice, liver tumors in male offspring and hematopoietic tumors in 

female offspring were observed one year following exposure. In another study by Lau et 

al. (2009), it was found that acute exposure to benzene in utero in mice increased the 

amount of micronucleated cells in post-natal bone marrow, maternal bone marrow, and 

fetal liver cells.  

 Badham and Winn (2010) found that in utero exposure to benzene in a mouse 

model affects the growth of erythroid progenitor cells. It was also found that HQ 

inhibited erythroblast differentiation in vitro, which was associated with an increase in 

intracellular ROS, thus providing further understanding of the importance of ROS in 

benzene-induced erythrotoxicity (Badham & Winn, 2010). 
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Mechanism of Toxicity 

The precise mechanism of benzene toxicity has not been determined. However, 

some information has been discovered that has provided possible modes of action for 

benzene. It is generally accepted that benzene must be enzymatically activated to reactive 

metabolites in order to exert its toxic effect. In addition, it has been shown that the 

phenolic metabolites of benzene can cause oxidative damage both in vitro and in vivo 

(Kolachana et al., 1993), indicating the potential for ROS in toxicity. 

The creation of ROS during embryonic development can be harmful, as ROS 

have the ability to negatively affect DNA, lipids, and proteins, as well as cell signaling 

pathways that are important to the developing embryo (reviewed in Foster et al., 2008). 

Due to the fact that rapid developmental changes that the fetus undergoes depend on 

specific cell signals, irregularities in gene expression may lead to postnatal teratogenesis 

and cancer (reviewed in Foster et al., 2008).  

The processes of apoptosis, proliferation, and differentiation are regulated by gene 

expression, of which proto-oncogenes play a crucial role (reviewed in Foster et al., 2008). 

For example, the process of hematopoiesis requires the c-Myb proto-oncogene 

transcription factor (reviewed in Foster et al., 2008). Another example of an important 

transcriptional regulator of hematopoiesis is NF-κB. Both of these transcription factors 

are thought to have a role in benzene-induced developmental ROS toxicity and 

leukemogenesis (Badham et al., 2010b).  

As indicated above, it has been suggested that a critical target of environmental 

toxicants is embryonic hematopoiesis (reviewed in Foster et al., 2008). In a laboratory 

study using a mouse model by Keller and Snyder (1986), benzene exposure in utero to 5, 
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10, and 20 ppm (low levels) altered the number of hematopoietic colony forming cells in 

the offspring, and also showed hematopoietic damage over the long term. In addition, an 

epidemiological study by Lan et al. (2004) found that WBCs, platelets, lymphocytes, B 

cells, and granulocytes decreased significantly as benzene occupational exposure 

increased. The study also found that when workers were exposed to 1 ppm or lower 

levels of benzene, these cell counts were decreased in comparison to the controls, 

providing evidence that benzene has an effect on hematopoiesis even at low levels of 

exposure in humans (Lan et al, 2004).  

Although benzene does not cause overt fetal malformations, it is fetotoxic in 

animals at levels that also cause maternal toxicity (relatively high concentrations) 

(reviewed in ATSDR, 2007a). In animal studies, inhalation exposure to benzene at levels 

greater than 47 ppm consistently demonstrates that benzene is toxic to the fetus, when 

end points of fetal weight (which decreased) and skeletal variants (which were minor) 

were evaluated (reviewed in ATSDR, 2007a).  

 

4.2 Dose-Response Assessment 

The multiple effects observed in animals exposed to benzene concentrations 

between 10 ppm – 300 ppm and above include: decreased cellularity of bone marrow, 

bone marrow and granulocytic hyperplasia, bone marrow hypoplasia, decreased erythroid 

progenitor cells, and damaged erythrocytes (reviewed in ATSDR, 2007a). In addition, it 

is clear that exposure to benzene at low levels and for chronic durations can affect the 

hematological system (reviewed in ATSDR, 2007a).  
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For the purpose of this assessment, the use of a specific regulatory value will help 

in assessing possible risk. Of the recommendations provided by the World Health 

Organization (WHO), the American Conference of Governmental Industrial Hygienists 

(ACGIH), the NIOSH, and the OSHA, the lowest exposure value for benzene was 

provided by the NIOSH, which was a recommended exposure limit (REL) of 0.1 ppm (10 

hour, time-weighted average, TWA) (reviewed in ATSDR, 2007a). A lower value 

determined by the EPA for benzene inhalation is the RfC of 0.009 ppm (converted from 3 

x 10-2 mg/m3) (USEPA, 2003). However, even lower than this, the ATSDR has 

recommended an intermediate-duration MRL of 0.006 ppm (ATSDR, 2007a). Out of 

these recommended values, the ATSDR MRL of 0.006 ppm was selected as the level to 

prevent risk and used for comparison with available data, for a number of reasons. The 

developing fetus is often considered a more susceptible organism than children and 

adults, thus the lowest provided exposure value should be used in the risk assessment of 

fetal exposure. In addition, the other exposure values provided were for varying 

durations, and the intermediate-duration MRL provided by the ATSDR is more specific 

to the particular time of interest, as a full term pregnancy of 9 months (estimated to 270 

days) fits within the intermediate range identified by the ATSDR as 15-364 days. Finally, 

the definition of an MRL as an estimate of the amount of daily exposure to a specific 

substance which likely will not produce adverse effects over the specified time period 

(ATSDR, 2007a) is suitable for a risk assessment of in utero exposure to benzene. 

Therefore, it is assumed for the purpose of this analysis that benzene exposure 

concentrations below 0.006 ppm pose no known risk to the developing fetus. 
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Susceptibility of the Fetus 

 There are many factors that can affect differential responses to benzene toxicity, 

including general health, genetics, age, nutrition, and combined exposure with other 

environmental xenobiotics (ATSDR, 2007a). For example, someone with a 

polymorphism in the CYP enzymes may metabolize benzene to a greater or lesser extent, 

thus affecting the production of toxic benzene metabolites and resulting in either an 

enhanced or reduced response. As well, it has been suggested that since metabolic 

pathways are not yet complete at early developmental stages, perhaps the embryonic 

stage would be a period of lower susceptibility (reviewed in ATSDR, 2007a). However, 

even if this was the case, maternal metabolism of benzene to its toxic metabolites would 

still occur, and the question would become whether these metabolites undergo placental 

transfer to the fetus. Benzene can also react with other xenobiotics, which may induce or 

inhibit specific metabolic pathways and alter its metabolic rate and clearance (reviewed 

in ATSDR, 2007a). In addition, external factors such as the airborne concentration of the 

chemical, respiratory rate of the organism (in this case, maternal respiratory rate), and 

exposure duration could also influence fetal exposure and response. 

The human fetal liver is capable of metabolizing xenobiotic compounds, and 

following the embryonic phase (gestational age between 8-9 weeks), the presence of CYP 

enzymes has been identified in the fetal liver (reviewed in Hakkola et al., 1998). 

However, the amount of CYPs in the fetus compared to the adult liver is lower, therefore 

most CYP enzyme reaction rates are also lower in the fetus (reviewed in Hakkola et al., 

1998). During the period of organogenesis, between 18 and 60 gestational days in the 

human, the embryo is considered most susceptible to chemical insult (reviewed in 
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Hakkola et al., 1998). Therefore, studies on fetal exposure during the first trimester will 

be of particular interest. 

 As well as CYP enzymes in the liver, other tissues involved in fetal development 

may contain these enzymes, such as the placenta; however, specific enzymes involved in 

xenobiotic metabolism in the embryo and placenta are not completely understood 

(reviewed in Hakkola et al., 1998).  

Both occupational and environmental exposure to xenobiotics may affect the 

metabolic activity of placental enzymes (reviewed in Myllynen et al., 2005). During the 

first trimester and at term, some CYPs are present in the placenta; however, in the human 

placenta all the enzymes in the CYP family are not necessarily active (reviewed in 

Myllynen et al., 2005). Despite this, of these enzymes it is known that CYP1A1 is 

actually inducible and functional in the placenta (reviewed in Foster et al., 2008). The 

fact that enzymes are present in the placenta means that there is the potential for 

xenobiotic metabolism at this location and for reactive metabolites to form (reviewed in 

Foster et al., 2008).  

Xenobiotic action may affect signaling, hormones, enzymes, nutrient and waste 

transport, implantation, cell growth, and even delivery functions of the placenta 

(reviewed in Myllynen et al., 2005). In addition, the specific gestational period during 

exposure may also influence placental response to foreign chemicals (reviewed in 

Myllynen et al., 2005).  
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 4.3 Exposure Assessment 

Modes of Exposure 

In humans, benzene is capable of traveling to the fetus from the mother’s blood 

(ATSDR, 2007a).  Factors that can influence placental transfer rate of a compound 

include the molecular size, lipid solubility, thickness and surface area of the membrane, 

blood flow across the placenta, any plasma protein binding, and pH of the fetal and 

maternal circulations (reviewed in Mihaly & Morgan, 1984). As a lipid soluble molecule, 

it is expected that maternal inhalation of volatile benzene would result in fetal exposure 

through transfer across the placenta. The primary source of in utero benzene exposure 

considered for this risk assessment was household/indoor air, but occupational exposure 

will also be briefly discussed. 

The news of a pregnancy can often result in the excitement of decorating a 

nursery, which may include using household paints. The idea behind the assessment of 

this exposure is that home renovation may take place, including the painting of walls. 

Other instances may result in maternal exposure to fresh paint fumes, such as renovations 

for any other purpose in the home, or through occupational exposure (either painting 

renovations in the workplace, or actually working in a paint-production industry). 

Maternal exposure to paint fumes may occur more often in the workplace in industrial 

occupations in developing countries. Thus, occupational exposure will be evaluated 

briefly for possible effects from in utero exposure in the fetus. However, the focus of this 

analysis will be indoor air exposure in utero to paint and associated fumes.  
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A) Household Exposure  

 There is general concern over the exposure of pregnant women to paint fumes in 

the home from organic solvents, due to a woman’s tendency to spend a great deal of time 

indoors while pregnant. This concern was addressed in a study by Hjortebjerg et al. 

(2012), which analyzed paint fume exposure during the first trimester in the home 

environment and the occurrence of congenital anomalies, obtaining data from the Danish 

National Birth Cohort (DNBC). The study involved gathering information from parents 

about paint use in the home during pregnancy, workplace information, smoking habits, 

and alcohol ingestion, while data on congenital anomalies was collected from a nation 

wide registry (Hjortebjerg et al., 2012). It was found that out of 1086 children who 

displayed congenital anomalies, 73 were exposed in utero to paint fumes during the first 

trimester (Hjortebjerg et al., 2012). The analysis suggested that paint fume exposure 

during this trimester might increase the risk of some congenital anomalies (Hjortebjerg et 

al., 2012). In another article by Sørensen et al. (2010) using data from the same DNBC 

cohort, associations between household paint fume exposure during pregnancy and fetal 

growth were studied. It was found that 45% of the pregnant women incorporated in the 

study were exposed in the home during their pregnancy to paint fumes (Sørensen et al., 

2010). Contrary to what might have been expected, the study proposed there was no 

causal relationship between fetal growth and paint fume exposure in the home (Sørensen 

et al., 2010). It should be noted that this study did not address transplacental 

carcinogenesis following paint exposure. 

In contrast, household painting has been acknowledged as a potential risk factor 

for childhood acute lymphoblastic leukemia (ALL) (Freedman et al., 2001). Freedman et 
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al. (2001) found that an increased risk of ALL was associated with exposure before and 

after birth to indoor household painting. In another analysis, Bailey et al. (2011) found 

small proof of an increased risk of ALL with painting in the house the year before or 

during pregnancy, as well as after birth. Therefore, there is the potential for an increased 

risk of ALL due to house painting (Bailey et al., 2011), however more comprehensive 

studies are needed to fully understand the risks associated with in utero exposure to 

household paints.  

B) Occupational Exposure 

In the United States, at least 238,000 people may be occupationally exposed to 

benzene (reviewed in ATSDR, 2007a). The workplace is often considered to be a source 

of higher levels of benzene exposure, due to greater volumes of paints and paint products 

than would be normally found in the home. An elevated risk of fetal malformations has 

been found to be associated with organic solvent exposure in the workplace during 

pregnancy (Khattak et al., 1999; Garlantézec et al., 2009; Chevrier et al., 2006), and 

maternal exposure to organic solvents has been found to be associated with an increased 

risk of spontaneous abortion (McMartin et al., 1998; Kyyrönen et al., 1989). 

In exposed workers, the carcinogenicity of benzene exposure is well recognized, 

and myelofibrosis and myalgia have been reported (reviewed in ATSDR, 2007a). In a 

review by Liu et al. (2009) based on workplaces in China between 1956-2005, exposure 

levels of benzene from paint/coating industries were evaluated. They found that benzene 

exposure was significantly elevated in workplaces with poor ventilation, and significantly 

decreased for paint manufacturing compared to paint spraying (reviewed by Liu et al., 
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2009). They also found no significant difference between benzene exposure and the type 

of paint (Liu et al., 2009).  

These findings are important in their potential relevance to maternal benzene 

exposure. If a pregnant female is working in an environment containing high levels of 

benzene, there exists a risk of exposure to the fetus.  

Levels of Benzene 

 Specific levels of benzene in household paint products were not found, except in a 

study by Paustenbach et al. (2010), in which only percent concentrations of benzene in 

particular solvents (paint thinner or a petroleum distillate product) were provided. As the 

amount of benzene found in paint fumes is not necessarily equal to the concentration in 

the solvent, it was reasoned that a more accurate estimate of risk could be performed by 

using benzene concentrations in air samples after painting occurred. Again, data on this 

was limited, but the study by Paustenbach et al. (2010) did provide both personal air 

samples (the breathing zone while using petroleum-based solvents) and area samples 

throughout the room where paint solvents were being used. Therefore, data from this 

study was used to provide inhalation levels of benzene due to painting for analysis in 

estimating the risk of in utero exposure. 

Exposure Duration 

 For the purpose of this assessment, the duration expected for in utero exposure to 

benzene either in paint and related products or in household air from fresh paint fumes is 

the full term of pregnancy. This can be generalized to 9 months, or 270 days (using a 30 

days/month estimate). This fits into the ATSDR categorization of intermediate-duration 

exposure, which was defined as 15 to 364 days (ATSDR, 2007a). In addition, due to the 
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fact that many expectant mothers remain in the home for much of their pregnancy, the 

frequency of exposure was assumed to be throughout the full term of fetal development.  

 

4.4 Risk Characterization 

1. Harmful Exposure Levels 

In epidemiological studies, an attempt is made to determine exposure levels that 

will lead to adverse health effects. However, this aspect of exposure evaluation is often 

weak, and more accurate methods of extrapolation (for example, direct inhalation and 

biomarkers) would be useful (reviewed in Weisel, 2010). An important component of 

these studies involves the personal activities of exposed populations, as these can affect  

overall exposure (reviewed in Weisel, 2010). 

Minimal Risk Levels (MRLs) provide estimates of the amount of daily exposure 

to a specific substance that likely will not produce adverse effects over an specific time 

period (acute, intermediate, or chronic) (ATSDR, 2007a). These values are only 

determined when there is enough reliable data, and do not consider carcinogenic effects 

(ATSDR, 2007a). The inhalation MRLs for benzene exposure determined by the ATSDR 

are 0.009 ppm (acute, <14 days) and 0.006 ppm (intermediate, 15-364 days), both 

determined from lowest observed adverse effect levels (LOAELs); and 0.003 ppm 

(chronic, more than 365 days) (ATSDR, 2007a). When applying these values to a 

pregnant mother, the intermediate exposure MRL of 0.006 ppm is most useful, as this 

time period would cover all three trimesters of pregnancy. Thus, it was determined that it 

would be beneficial for the mother to inhale less than 0.006 ppm of benzene during 

pregnancy. However, an additional consideration needs to be made for the fetus, for 
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which a specific MRL is not known. As the fetus may be more susceptible during 

development to benzene toxicity, using an MRL of 0.006 ppm could be underestimating 

the minimal level of risk. As well, it is more desirable for fetal development to have no 

risk, rather than a minimal risk, so even if exposure is found to be below this level, a 

decrease in this limit for maternal exposure may be warranted. 

2. Estimated Exposure Levels  

 It has been found that in residential indoor environments containing benzene 

sources, air concentrations of benzene can be in the higher range of tens of ppb (reviewed 

in Weisel, 2010). Measured benzene levels between 0.02 ppb – 34 ppb (0.00002 ppm-

0.034 ppm) have been found in outdoor ambient air, but levels of benzene in the home 

are normally higher (reviewed in ATSDR, 2007a). In a study by Su et al. (2013) 

comparing personal, indoor and outdoor air exposure to VOCs, personal exposure was 

found predominantly to be from the home setting. The authors of the study also noted that 

various circumstances may affect exposure besides home ventilation, including 

socioeconomic factors such as income, age of dwelling, race/ethnicity, and behavior (Su 

et al., 2013).  

 As mentioned, data on indoor personal exposure to paint fumes containing 

benzene was limited, but the study by Paustenbach et al. (2010) did provide data for a 

crude risk estimate. The study looked at airborne benzene concentrations during 

petroleum-based solvent use, which included paint thinners and products containing 

petroleum distillate (Paustenbach et al., 2010). It is important to note that water-based or 

lower VOC paint products were not studied. The solvents used contained benzene 

concentrations of 1% or less, concentrations that were controlled by adding a specific 
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amount of benzene to each paint thinner or product (Paustenbach et al., 2010). The study 

also analyzed other factors such as air exchange rates and product surface area, and 

claimed that no other study appeared to measure concentrations at the low levels that 

were measured (Paustenbach et al., 2010). Data used from the study by Paustenbach et al. 

(2010) for this risk assessment included the range of benzene concentrations in the 

product (0.001% - 1%); the range of personal concentrations (0.009 ppm - 0.601 ppm); 

and the range of area concentrations (0.003 ppm - 0.347 ppm). 

3. Quantitative Assessment: MRL Comparison to Estimated Exposure Levels1 

 Measurements of airborne benzene concentration in the study by Paustenbach et 

al. (2010) were taken from the worker’s breathing zone (for personal air samples) and at 

different locations within the workroom (for area samples). Compared to the proposed 

MRL level of 0.006 ppm, the range of personal concentrations from benzene due to 

solvents collected from the Paustenbach et al. (2010) study (0.009 ppm - 0.601 ppm) 

exceeds this recommended value.  In addition, the range of area concentrations also 

exceeds the MRL value of 0.006 ppm for all product benzene concentrations of 0.01% - 

1%; the only area exposure range below the MRL was for 0.001% benzene content, with 

a range of 0.003 ppm - 0.005 ppm. Therefore, the majority of air concentrations of 

benzene that were found to be due to the solvents used in the Paustenbach et al. (2010) 

study exceed the suggested MRL. 

4. Calculated Risk  

 In order to determine whether exceeding the MRL results in a risk to the fetus, a 

risk value was calculated using data from a number of sources (see Appendix A for risk 

1 Data collected from the study by Paustenbach et al., 2010. 
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calculations). In summary, the method used in a risk assessment by Guo et al. (2004) was 

applied. Two contaminant concentrations (CA) were used from the Paustenbach et al. 

(2010) study: the maximum and minimum out of all the ranges, which were 0.601 ppm 

(upper limit, personal concentrations) and 0.003 ppm (lowest limit, area concentrations). 

An indoor inhalation rate (IR) was obtained from a study by Hoddinott & Lee (2000), in 

which an IR of 0.89 m3/hour was reported for a worse case scenario for an adult. This IR 

was used in the current assessment as it was reasoned that fetal exposure to benzene 

would depend on maternal inhalation. Exposure duration (ED) was calculated assuming a 

‘nesting’ behavior of the expectant mother, resulting in an ED of 160 hours/week (24 

hours/day = 168 hours; however the mother may leave the house for small periods, thus 

the ED was rounded down to 160 hours/week). The exposure frequency (EF) related only 

to the time of in utero exposure, or 9 months of pregnancy, resulting in an estimate of 39 

weeks/year. For the length of exposure (L), the fraction of pregnancy during one year was 

determined to be 0.74 years. Since the fetus is constantly growing throughout the 

expected period of exposure, three body weights (BW) of the fetus were considered: 8 

weeks, 12 weeks (end of first trimester), and 39 weeks (estimated full term pregnancy). 

The fetal weight values were obtained from an online source summarizing BW data per 

week, which were 0.001 kg, 0.014 kg, and 3.288 kg (BabyCenter, 2014). The rationale 

for focusing on the first trimester is that this is a period of rapid development when the 

fetus is considered most susceptible to foreign insult. The average time of lifetime (when 

assessing lifetime cancer risk) was 70 years (Guo et al., 2004), and the number of days 

per year (NY) was 365 (Guo et al., 2004).  

 45 



 
 
 
 Using this data, chronic daily intake (CDI) was calculated for each time point (8, 

12, and 39 weeks) for highest and lowest exposure levels. Total risk was then calculated 

by using a potency factor (PF) of 0.029 (mg/kg/day)-1 (IRIS, in Guo et al., 2004) and 

multiplying this by the CDI. Calculated risk values for 8, 12, and 39 weeks were 8.956, 

0.640, and 0.003 for the highest exposure levels and 0.045, 0.003, and 1.36 x 10-5 for the 

lowest exposure levels, respectively. 

 Assuming a risk value below 1 produces no risk, from the limited data available it 

can be concluded that there is one risk value of concern. The 8-week old fetus exposed to 

the upper limit of 0.601 ppm resulted in a risk value of 8.956, indicating there is the 

potential under these parameters for adverse health effects to occur in the fetus due to in 

utero exposure to benzene from paint solvents. 

5. Qualitative Assessment 

 Benzene can travel from the mother to the fetus through the placenta. Therefore, 

the fetus can be exposed maternally to inhaled levels of benzene. It is also known that the 

fetus has metabolic capabilities, and thus the ability to bioactive benzene into its reactive 

metabolites. Monitoring the human embryo is difficult, which explains why the specific 

metabolism of xenobiotics by the fetus is still uncertain. However, it is known that 

significant metabolism of foreign chemicals can occur during organogenesis, a likely 

period of susceptibility to toxic effects of benzene metabolites. Therefore, it can be 

concluded that upon exposure to benzene, toxicity in the fetus can occur, depending on 

the exposure level. 

However, determining the specific exposure level of the fetus to benzene or 

associated VOCs found in household paints proves challenging and requires further 
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epidemiological study. From the information collected, it is reasonable to assume that 

maternal exposure to benzene would be greater indoors than outdoors, especially 

regarding paint exposure and ventilation levels, as longer paint drying times and low 

ventilation could increase the risk to the fetus. Thus, painting a nursery indoors could 

potentially lead to fetal toxicity; however, this remains a hypothesis as no studies have 

been done specifically on fetal exposure to household paints containing benzene or the 

BTEX VOCs. It is known, however, that paint fume exposure in utero may increase the 

risk of congenital anomalies and negative hematopoietic effects. There is a body of 

evidence identifying benzene as a human carcinogen and leukemogen; in addition, 

benzene metabolites can cause hematotoxicity and genotoxicity. This knowledge leads to 

the conclusion that it is desirable to have the minimum level of exposure to such a 

substance as possible, particularly during development when the fetus may be more 

susceptible to insult. However, benzene is a ubiquitous compound found in many 

sources, so a zero exposure level is not possible. 

Studies that have been performed regarding parental paint exposure and childhood 

cancer risk are limited, and provide conflicting results. Evidence for a causal relationship 

between paint exposure and childhood leukemia was found in a study by Scélo et al. 

(2009), in which there was a significant association between paint exposure and ALL 

risk, and between AML risk and solvent exposure. Another study by Freedman et al. 

(2001) on pre- and postnatal exposure to indoor house painting found an increased risk of 

childhood ALL. In contrast, no causal relationship between paint fumes and fetal growth 

(Sørensen et al., 2010) and little evidence of association between parental occupational 

exposure to paints and childhood ALL (Reid et al., 2011) have also been found. 
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It is expected that exposure to benzene and associated VOCs in paint would be 

higher occupationally than in the home, because of the presence of larger volumes of 

solvents. However, it is still difficult to determine the risk to the fetus from this exposure 

if benzene is now only found in paints in trace amounts. The primary issue with 

occupational benzene exposure through paints, paint thinners, and paint strippers is that 

of global regulations. As mentioned, workshops or factories in developing countries may 

not have health and safety regulations regarding airborne exposure to hazardous 

chemicals. Thus, it is expected that whatever risk to the fetus is present regarding 

benzene exposure in North America, the risk is likely higher in developing countries 

lacking proper regulatory standards. 

Overall, based on the collected evidence, it would seem that although benzene is 

fetotoxic, the potential for toxicity as a result of household paint exposure remains 

uncertain. Although the calculated risk values in this report are crude, one value did 

indicate that at the earliest period of exposure the fetus may be more susceptible and at 

risk of hazardous effects due to benzene exposure from petroleum-based solvents. More 

comprehensive studies are needed, including both animal and epidemiological studies, in 

order to determine specifically whether there is any negative health effect on the 

developing fetus from in utero paint exposure. 
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Chapter 5 
 

 
RECOMMENDATIONS & CONCLUSION 

 
 

5.1 Toxicity Prevention 

 The most obvious way to prevent any of the harmful effects of benzene is to avoid 

benzene, BTEX, or VOC exposure. It would be beneficial if the levels of benzene and 

other VOCs in household paints and in industrial paint factories were measured and 

reported to a collective database, in order to determine present levels of exposure and to 

ensure regulatory standards are being met. In addition, due to the ability of low-level, 

chronic benzene exposure to result in negative health effects, paints, paint thinners, paint 

strippers, and related organic solvent consumer products should be required to provide a 

warning label of benzene, or BTEX, content and the potential effects of these compounds 

on health and fetal development. Extra care can also be taken in the workplace, such as 

proper ventilation and the use of respiratory masks if necessary. 

 To prevent unnecessary harm to the fetus from benzene exposure, pregnant 

women should avoid as much benzene exposure as possible. This would require the 

mother to refrain from painting a nursery, or potentially painting of any kind, during the 9 

months of pregnancy. If her occupation is in a paint production facility, she should take 

extra precautions (wearing a mask, for example) to decrease the amount of VOC 

exposure as much as possible. 

 The body does have detoxification mechanisms in place for circumstances when 

exposure to toxic chemicals or reactive metabolites occurs. These usually involve 

conjugating glutathione (GSH) with benzene oxide, and glucuronide or sulfate 
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conjugation with phenol, catechol, or HQ (reviewed in ATSDR, 2007a). As with any 

biological system, these pathways can become saturated, which means any remaining 

metabolites (with potential toxicity) will not be eliminated through conjugation. 

However, it is important to note that the short half-lives of benzene and its metabolites 

prevent any significant body burden (reviewed in ATSDR, 2007a).  

 The most widespread method of preventing benzene-induced fetal toxicity would 

be through governmental regulation of both consumer paint products containing benzene 

and BTEX compounds and occupational exposure limits. Using the available data, the 

smallest exposure limits possible are recommended:  

Maximum benzene exposure: 

• Occupational: 1 ppm for an 8h workday and 40h workweek (OSHA) 

• MRL: 0.006 ppm (ATSDR, intermediate duration applicable to pregnancy) 

• Airborne: 0.1 ppm (NIOSH and ACGIH) 

Maximum benzene levels in consumer products: 

• Solvent: 0.001% (lowest level found) 

• Paint remover/stripper: 50 (w/w%) (Environment Canada) 

• Paint thinner: 3 (w/w%) (Environment Canada) 

 

5.2 Limitations and Need for Additional Studies  

There are numerous areas of further study that could be attempted in order to 

decrease current unknown aspects of fetal health risk due to benzene exposure in paints. 

Reports on human and animal acute exposure to benzene and the health effects are 

sufficient to determine that benzene targets hematopoiesis, the immune system, and the 
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nervous system (reviewed in ATSDR, 2007a).  Chronic exposure mainly targets 

hematopoiesis, but current animal models are not accurate enough for studying human 

leukemia (ATSDR, 2007a). Therefore, to fully understand how benzene causes cancer 

and its mechanism of leukemogenesis, a more suitable animal model is needed (ATSDR, 

2007a). Although laboratory animals tend to have similar qualitative aspects of ADME 

properties for benzene, there are quantitative differences depending on factors such as 

exposure routes, the species used, nutrition, and sex (reviewed in ATSDR, 2007a). Thus, 

additional studies of these aspects would prove beneficial in ultimately determining the 

impact of benzene pharmacokinetic properties on human health. For example, by 

performing in vitro human tissue and additional physiologically based pharmacokinetic 

(PBPK) animal model studies, models for human exposure could be created (ATSDR, 

2007a).  

As the precise mechanism of benzene toxicity is yet to be determined, defining 

critical target genes and the role of cytokines and growth factors, and whether aplastic 

anemia is necessary for the development of leukemia, are important further steps 

(ATSDR, 2007a). In addition, all of the phase I enzymes that the fetus expresses, and 

their roles and changes during development, as well as placental transporter proteins and 

their involvement in xenobiotic transfer from mother to fetus, should be determined 

(reviewed in Foster et al., 2008).  

The specifics of benzene metabolism in the bone marrow have not been 

identified, thus more information on this may aid in determining benzene’s mechanism of 

hematotoxicity (ATSDR, 2007a). Additionally, currently it is unclear whether benzene is 

activated in or outside of the bone marrow, or whether metabolites from the liver are 
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activated further once they reach the bone marrow (reviewed in ATSDR, 2007a). Thus, 

more metabolic studies of benzene could shed light on its mechanism of action.  

As most in vivo human data is collected from workplace studies, there are 

important limitations to be aware of including the lack of control groups and accurate 

exposure data, as well as the possibility of co-exposure to other xenobiotic chemicals. 

Epidemiological studies are an important complement to laboratory and case studies 

regarding fetal benzene toxicity. However, most of the current epidemiologic data has 

been gathered from occupational exposures, with few adequate studies of exposed 

populations (ATSDR, 2007a). Collecting epidemiologic data is often difficult due to the 

range of variability in lifestyle differences such as nutrition, exercise habits, and stress 

levels. Therefore, to obtain more accurate and applicable data, epidemiological studies 

based on indoor household exposure to benzene and VOCs including BTEX should be 

conducted.  

There are also limitations that arise with epidemiological studies regarding 

benzene as a developmental toxicant, the most obvious one being the difficulty of 

monitoring the effect of benzene on a human embryo. The vulnerability of the fetus will 

likely depend on the particular stage of development at which it is exposed to the 

xenobiotic, as both prenatal and postnatal periods have critical times of functional and 

structural development (reviewed in ATSDR, 2007a). As well, depending on metabolic 

enzyme development and whether the functioning enzymes will activate or detoxify a 

xenobiotic, the fetus can become either more susceptible or less susceptible to damage. 

However, even if exposure occurs during the critical periods, damage to the fetus may not 

become clear until later developmental stages (reviewed in ATSDR, 2007a). 
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 When attempting a risk assessment, more data in general would be useful. 

Exposure levels from newer, low-VOC emitting paint products would enhance the ability 

to determine the current risk to the fetus from household paint exposure, since these 

paints may emit much less VOCs than the petroleum-based solvents used in this 

assessment. Information about particular BTEX levels in paints, how much of these 

compounds become volatile, and maternal inhalation exposure from paint fumes is 

necessary. In addition, through animal models more information on the effects of BTEX 

on the fetus and susceptibility (during an equivalent human 9-month period of exposure) 

would be advantageous in creating a more accurate risk assessment. Finally, more 

information on incidences of maternal exposure to painting in the home when pregnant 

and global data on paint regulatory standards would also enhance the ability and accuracy 

of a necessary assessment. 

 

5.3 Conclusion 

 VOCs are found throughout the environment. BTEX exposure is associated with 

numerous health effects, and the compounds are commonly found in paints and paint 

related consumer products. In particular, benzene levels in paint and organic solvents 

have decreased over the years, reducing the possible human health impact from 

inhalation. However, even in trace amounts, benzene has the potential to act as a human 

carcinogen. Early developmental life is susceptible to xenobiotic insult, and benzene has 

the ability to act as a fetotoxic chemical.  

A risk assessment was attempted with the available data, and it was found that 

benzene exposure from petroleum-based solvents in utero may pose a hazard to fetal 
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health in the earliest stage of development. Newer forms of paint, including water-based 

paints, have been developed to emit lower VOC levels (and therefore potentially benzene 

levels), which would decrease the risk to fetal health. However, more research is 

warranted to determine whether the in utero exposure risk from low-VOC emitting paints 

is above or below a hazardous level. Thus, in accordance with the precautionary 

principle, painting with any type of paint (oil- or water-based) is not recommended 

during pregnancy, and strict regulations on consumer paint products and occupational 

exposure levels should be in place to ensure reduced risk wherever possible. Further 

research needs to address specific mechanisms of benzene-induced toxicity and exposure 

levels in the home and workplace due to paint fumes, and determine maternal exposure 

levels that are toxic to the fetus. 
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APPENDIX A 
 

Risk Calculations 
 

 
 The risk assessment calculation method followed that used by Guo et al. (2004). 

Data was obtained from the Paustenbach et al. (2010) study, Hoddinott & Lee (2000), 

BabyCenter (2014), and Guo et al. (2004). See Table 7 for data sources used in 

calculations. 

 
Table 7. Data and sources used for calculating risk values associated with exposure at different gestational 
time periods. 
Measurement Values Used Conversion Reasoning Source 

CA 0.601 ppm 
0.003 ppm 

1.92 mg/m3 

0.00958 mg/m3 
Max exposure 
Min exposure 

Paustenbach et al. 
(2010) 

IR 0.89 m3/h --- Indoor (exposure type) adult (maternal) 
inhalation worst case (fetus 
susceptibility) 

Hoddinott & Lee (2000) 

ED 160 h/week --- 24h/day = 168h/week (assuming 
nesting behavior, worst case scenario; 
subtracted 8 hours for time out of 
house) 

--- 

EF 39 weeks/year --- Only consider pregnancy = 9 months ~ 
30 days/month = 270 days = 38.57 
weeks/year  

--- 

L 0.74 years --- Length of exposure = pregnancy 
durations = fraction of 1 year = 270/365 

--- 

BW 1 g 
14 g 
3288 g 

0.001 kg 
0.014 kg 
3.288 kg 

8 weeks (earliest fetal period, smallest) 
12 weeks (end 1st trimester) 
39 weeks (estimated length full term) 
Used 3 different weights as fetal BW 
changes  

BabyCenter (2014) 

ATL 70 years --- To calculate lifetime risk from exposure Guo et al. (2004) 
NY 365 days --- Days per year --- 
PF 0.029 (mg/kg/day)-1 --- Specific potency factor for benzene 

identified by IRIS and provided in Guo 
et al. (2004) 

IRIS, in Guo et al. 
(2004) 

 
 
Chronic Daily Intake (CDI)2: 

CDI (mg/kg/day) = (CA x IR x ED x EF x L) / (BW x ATL x NY)  (1) 
 
Risk3: 

Risk = CDI (mg/kg/day) x PF (mg/kg/day)-1     (2) 

2 Equation from Guo et al., 2004. 
3 Also from Guo et al., 2004. 
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Table 8 and Table 9 provide the overall CDI and Risk calculated using the above 

data and equations (1) and (2), for highest and lowest benzene exposure levels from 

petroleum-based solvents for each of the three time periods (weeks 8, 12, and 39). 

 
 
Table 8. Risk calculation for highest exposure level due to paint products. 

Time 
(week)  

CA 
(mg/m3) 

IR 
(m3/h) 

ED 
(h/wk) 

EF 
(wks/yr) 

L 
(yrs) 

BW 
(kg) 

ATL 
(yrs) 

NY 
(days) 

PF 
(mg/kg/day)-1 

CDI 
(mg/kg/

day) Risk 

8  1.92 0.89 160 39 0.74 0.001 70 365 0.029 308.828 8.956* 

12  1.92 0.89 160 39 0.74 0.014 70 365 0.029 22.059 0.639 

39  1.92 0.89 160 39 0.74 3.288 70 365 0.029 0.094 0.003 
*Red indicates possible risk. 
 
 
 
Table 9. Risk calculation for lowest benzene exposure level due to paint products. 

Time 
(week)  

CA 
(mg/m3) 

IR 
(m3/h) 

ED 
(h/wk) 

EF 
(wks/yr) 

L 
(yrs) 

BW 
(kg) 

ATL 
(yrs) 

NY 
(days) 

PF 
(mg/kg/day)-1 

CDI 
(mg/kg/

day) Risk 

8  9.58E-3 0.89 160 39 0.74 0.001 70 365 0.029 1.541 0.045 

12  9.58E-3 0.89 160 39 0.74 0.014 70 365 0.029 0.110 0.003 

39  9.58E-3 0.89 160 39 0.74 3.288 70 365 0.029 4.69E-4 1.359E-05 
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