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ABSRTACT 
 

Humans are exposed to a wide range of chemicals in the environment which may be 

hazardous to health.  In this thesis two groups of chemicals from different mediums 

were investigated namely disinfection by-products (DBPs) in chlorinated drinking 

water and volatile aromatic hydrocarbons (VAHs) in residential indoor air.   

 

The level of risk to human health was evaluated by health risk assessment using 

probabilistic techniques.  In this thesis three factors were evaluated, (1) the exposure 

dose (EXPD) based on human exposure data (2) threshold Human Equivalent Dose 

(HED) based on test results on surrogate animals and (3) the dose-response using 

epidemiological data on adverse health responses as related to the threshold Lifetime 

Average Daily Dose (LADDH).  The values obtained were plotted as cumulative 

probability (CP) relationships.  The risk was characterized by three approach, (1) by 

comparison between EXPD with threshold HED and threshold LADDH, (2) by 

calculating the hazard quotient at 95/5 (HQ95/5) which was derived as the high exposure 

population from 95% from the cumulative probability of exposure doses (CP-EXPD) 

with the sensitive populations 5% from the human dose-response in terms of threshold 

cumulative probability Lifetime Average Daily Dose (CP-LADDH) and (3) by using 

hazard quotient by Monte Carlo techniques (HQMC) using Monte Carlo simulation via 

Crystal Ball software.  Literature data on exposure concentrations from more than 10 

countries and the adverse effects on animal laboratory experiments in terms of HED as 

well as human exposure and epidemiological studies in terms of LADDH were used in 

these evaluations. 

 

With DBPs in chlorinated drinking water, EXPD was calculated from literature data 

from more than 10 countries and compared with threshold HED values from surrogate 

animals representing the threshold dose-response values for adverse effects. The 

highest human EXPD was lower than the threshold HED for TCM, BDCM, DBCM, 

TBM, DCAA and TCAA.  All the threshold HED values were approximately 102 to 104 

higher than EXPD at the 95% level.  However, with the human epidemiology data, there 

was an overlap between the highest EXPD and the threshold LADDH representing the 

threshold dose-response values for adverse effects for TTHM, TCM, BDCM, DCAA 

and TCAA.  This suggests that there are possible adverse health risks such as cancers 
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and developmental effects on humans.  The HQ95/5 values for TTHM, TCM and BDCM 

are 4.7, 5.7 and 9.2, respectively.  This suggests that 5% of the human population has a 

high risk of adverse health effects.  A similar result was also obtained for HQMC where 

the HQMC for TTHM (0.30>1), TCM (0.13>1) and DBCM (0.41>1) are higher than the 

unity value.   

 

In the evaluation of VAHs from literature data, the comparison between the highest 

EXPD with the lowest threshold HED for adverse effects using surrogate animal data 

for ethylbenzene, mp-xylene, o-xylene and styrene shows no overlap.  The lowest 

thresholds HED of these compounds are approximately 10 times higher than the EXPD 

at the 95% level.  However, the maximum EXPD exceeded the threshold HED of 

benzene, toluene and naphthalene at the 60%, 94% and 30% respectively.  Comparison 

was made using human exposure and human epidemiological data.  The maximum 

EXPD exceeded the threshold LADDH derived from human health data for benzene and 

toluene only.  This suggests that there are possible adverse health risks such as 

leukemia, developmental effect, aplastic anemia and chromosome aberration in blood.  

The HQ95/5 for benzene, toluene and styrene was 22.2, 1.2 and 0.3, respectively 

suggesting possible adverse effects in the 5% of the population.   

 

In addition, the measurement of VAHs in the residential indoor air was also conducted 

for 32 houses in Brisbane.  The total VAHs (TVAH) levels ranged between 2 to 137 

g/m3 and were lower than the literature data on houses in Melbourne and Perth.  The 

VAHs concentrations from indoor air of houses in Brisbane are higher than the outdoor 

ambient air.  With an internal garage, the VAHs concentration is higher than the indoor 

air of the living room by 25 to 50% and may be a source of indoor VAHs due to the 

presence of motor vehicle in the garage.  The age of the house was found to be 

positively related to VAHs concentrations in the house.  The half-life of TVAH was 

found to be approximately 13 years.  

 

The health risk assessment of VAHs in the indoor air of Brisbane houses was 

conducted using similar techniques to those used with the literature data for DBPs and 

VAHs.  There was no overlap between maximum EXPD and thresholds HED dose-

response data for all compounds except benzene and naphthalene.  The lowest 

threshold HED for toluene, ethylbenzene, mp-xylene and o-xylene and styrene were 

found to be higher than the EXPD at 95% level by approximately 10 to 102.  With 
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benzene and naphthalene the maximum EXPD exceeded the threshold HED at the 95% 

and 85% respectively.  An overlap was observed between maximum EXPD and 

threshold LADDH derived from human data for benzene only.  The HQ95/5 for benzene, 

toluene and styrene are 2.7, 0.1 and 0.01 respectively.  The HQ95/5 for benzene suggests 

5% high exposure group in the human population has a high probability of risks of 

leukemia, developmental effect and aplastic anemia.   
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CHAPTER 1 INTRODUCTION 
 

1.1 Chemicals in the Environment 

In recent years, the general public has become increasingly aware of environmental 

issues which have had adverse effects on both the human and natural environments. 

Factors such as global warming, deforestation, air, water and soil pollution have 

resulted from the increased in motor vehicles on the road, development of fossil fuels 

power plants and factories (Edwards et al., 2001a, Garcia et al., 1992).  Many of these 

activities have resulted in discharge of harmful chemicals to our environment and 

affected the drinking water and the ambient air quality (Dijk-Looijaard and Genderen, 

2000, Han and Naeher, 2006, Myers and Maynard, 2005).   

 

Since humans may be exposed directly or indirectly, the chances of adverse health 

effects are significant given that these hazardous chemicals can be in the form of solid, 

liquid or gases and able to enter into human body through ingestion, inhalation or 

adsorption (Boffetta, 2006).  The monitoring of these chemicals is important since 

many have adverse health effects and some are classified as carcinogenic to humans 

(IARC, 1987). 

 

Several human studies using epidemiological techniques have revealed that the 

hazardous chemicals in air or water have resulted in adverse health effects on human 

populations (Boffetta, 2006).  Due to these results, several international bodies have 

developed guideline values for hazardous chemicals to control the levels of these 

pollutants in the human environment (NRCC, 2005, WHO, 2004).   

 

There are many thousands of hazardous chemicals which can occur in the human 

environment.  However, there are two groups of chemicals which frequently occur in 

the human environment and with which humans are in contact in their day to day 

activities.  The first is disinfection by-products (DBPs) in drinking water resulting from 

disinfection by chlorination and the second are volatile aromatic hydrocarbons (VAHs) 

occurring in indoor air environment from various sources .  The investigation of these 

chemicals is important as their concentration levels are significant and several of them 

have been classified as carcinogen (IARC, 1991, IARC, 1987).   
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1.2 Disinfection by-Products in Drinking Water 

Chlorine is used in the treatment of drinking water to eliminate pathogenic 

microorganisms in drinking water.  At the same time, it reacts with natural organic 

matter (NOM) in water to produce DBPs (Bellar et al., 1974, Rook, 1974).  The 

presence of DBPs in drinking water has become a health issue due to its potential 

adverse effects on human health.  These chemicals may enter into the human body in 

different pathways such as ingestion, adsorption and inhalation (Lee et al., 2006b, Lee 

et al., 2004, Nazir and Khan, 2006, Uyak, 2006).  However, exposure through ingestion 

is considered significant as compared to adsorption and inhalation.   

 

Several human epidemiology studies have suggested the exposure to DBPs through 

ingestion may have possible adverse health effects on humans (Bove et al., 2002, 

Goebell et al., 2004, Nieuwenhuijsen et al., 2000, Tardiff et al., 2006, WHO, 2005).  

The adverse health effects can be grouped as carcinogenicity, neurotoxicity, 

developmental and reproductive toxicity.  Since drinking water is an essential 

component of the human diet, there is a need to evaluate the health risk of these 

chemicals on humans.   

 

At present most of the health risk assessments have been focused on trihalomethanes 

(THMs) and the identification of risk of cancer with humans using USEPA techniques 

(Lee et al., 2006b, Lee et al., 2004, Nazir and Khan, 2006, Uyak, 2006).  The risk 

evaluation for other species of DBPs in drinking water is limited.  Similar to the risk 

evaluation for other types of adverse effects such as non-carcinogenic effects were not 

available.  Since, several epidemiological studies have found positive relationship 

between exposures to DBPs with non-carcinogenic effects, it is important to gauge the 

level of risk of these adverse effects on humans.   

 

1.3 Volatile Aromatic Hydrocarbons in Indoor Air of Residential 

There are a wide range of volatile organic compounds (VOCs) in the air of houses.  Of 

the VOCs, the VAHs are probably the most important as several compounds have been 

classified as carcinogenic (IARC, 2002, IARC, 2000, IARC, 1991, IARC, 1987).  The 

occurrence of the VAHs depends upon such factors as usage of household products, 

domestic activities, heating and cooling and building materials (Knoppel and 

Schauenburg, 1989, Kwon et al., 2008, Sack and Steele, 1992, Tichenor and Mason, 

1988).  The building materials have been found to emit a wide range of volatile 
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compounds into the air including VAHs (Cox et al., 2002, Guo et al., 2004b, Guo et al., 

2002, Zellweger et al., 1997) .  Most of these building materials can be found in new 

and established residential houses and this can persist in the air for a lengthy period of 

time.   

 

Several human exposure studies have suggested that the inhalation of VAHs have been 

found to have a positive relationship to a range of adverse health effects (Johnson, 

2007, Khan, 2007, Hoet and Lison, 2008, Henderson et al., 2007, Hinckley et al., 2005, 

Schnatter et al., 2005, Filley et al., 2004).  These adverse effects can be placed in 

general categories such as carcinogenicity, genotoxicity, neurotoxicity, ototoxicity, 

developmental and reproductive toxicity.  Since, humans spend the major proportion of 

their time in the indoor environment a significant health risk can result from exposure 

to the VAHs in the air. 

 

Most of the human health risk assessments have been focused on benzene, since it has 

been classified as Class 1 carcinogen, and conducted using USEPA techniques (Payne-

Sturges et al., 2004, Sax et al., 2006).  On the other hand, the health risk assessment for 

toluene, ethylbenzene, xylenes, styrene and naphthalene which are frequently found in 

the indoor air of residential are limited.  The presence of these chemicals in indoor air 

can occur in levels of up to hundreds g/m3.  Therefore, it is important to carry out 

health risk assessments for these chemicals as several human studies have found 

adverse health effects.   

 

1.4 Risk Evaluation of Trace Chemicals 

Some trace chemicals become hazardous because there is potential for human exposure 

and they have intrinsic toxic properties.  Risk assessment strategies for chemical 

hazards to human health have been developed by the USEPA (USEPA, 2005, USEPA, 

1998, USEPA, 1996, USEPA, 1992, USEPA, 1991, USEPA, 1986).  The outline of the 

strategy is shown in Figure 1.1.  It consists of initial evaluation of the chemicals likely 

to cause a human health hazard.  This is followed by the quantification of the response 

to the chemical and the identification of dose-response and health response relationship.  

By identifying these two factors together, response and the dose-response relationship 

it is possible to characterize of the health risk. 
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The health risk assessment is able to evaluate human exposure to hazardous chemicals 

via different pathways.  This process is an important tool because it can estimate the 

level for risks of adverse health effects on humans.  It also assists scientists and 

regulators in identification of significant health hazards and determines realistic goals 

in managing the hazardous chemicals. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 :  Risk assessment and risk management framework 

 

This risk assessment process has been utilized with hazardous chemicals for many 

years.  However, there is some uncertainty in this approach as it involves the use of 

safety factors in applying the available dose-response data.   

 

The use of safety factors in risk assessment is well established.  It was recommended 

by the National Academy of Sciences and since then it was adopted by the USEPA in 

the risk assessment process (Calabrese et al., 1992, Calabrese, 1985).  The safety factor 

is applied when considering extrapolation interspecies, intraspecies and other factors 

(Pohl and Abadin, 1995, Barnes and Dourson, 1988).  A safety factor of 102 is normally 

applied for many chemicals.  An additional factor of 10 is used in situation where the 

dose-response data are limited (Barnes and Dourson, 1988).  With infants and children, 

an additional safety factor of 10 was recommended by the Food Quality Protection Act 

but this proposal was considered unjustifiable because of insufficient data (Renwick et 

al., 2000).  However, the use of safety factor of 102 or 103 has resulted in considerable 

debate as the value obtained may not accurately represent the actual human response 

(Calabrese, 1985, Dourson and Strata, 1983, Renwick et al., 2000). 

Hazard Identification 

Exposure Assessment Dose-response Assessment 

Risk Characterization 

Risk Management 

Risk  
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To provide a better understanding of the hazards and the risks, probabilistic techniques 

were considered to provide advantages in the risk assessment process.  Thus 

probabilistic distributions are used as descriptors of both exposure and the dose-

response data for humans rather than surrogate animals.  The use of this technique does 

not involve the use of safety factors and more importantly it can assist in describing the 

variability and magnitude of risks on humans.  Nonetheless, the use of this approach is 

still new and yet to be established in usage in different situation over time. 

 

The disadvantages with the use of safety factors can be summarized as follows: 

 Not based on scientific data 

 No idea of distribution on data 

 No idea of uncertainty in the final risk 

 No idea of nature of adverse effects 

 

The advantages of using human data in cumulative probability distribution can be 

summarized as follows: 

 No interspecies safety factors needed 

 No intraspecies safety factors needed 

 Response is at level in which can be significant 

 Utilizes a wide range of data to describe threshold levels 

 Shows indication of possible adverse effects 

 

However, despite these advantages the use of these probabilistic techniques cannot 

replace risk assessment with all chemicals.  It cannot be used with new chemicals 

where the epidemiology information is not available and in other situation in which 

insufficient data is available. 
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CHAPTER 2 RESEARCH AIM AND OBJECTIVES 
 

Humans are exposed to a wide range of chemicals at different exposure levels and 

through different pathways as has been shown in previous chapter.  The exposure trend 

of these chemicals with humans probably reflects increasing in lifestyle. Thus, this 

research was carried out to obtain comprehensive information of these chemicals in the 

human environment and their potential health effects on humans.  The aim of this 

research was to evaluate human health risks from the exposure to trace chemicals in 

drinking water and indoor air in the residential environment using probabilistic 

techniques.   

 

The following objectives were decided onto achieve the overall aim of this research: 

 To review the techniques used for human health risk assessment in the evaluation of 

trace chemicals in the environment. 

 To review the occurrence and levels of trace chemicals in drinking water and indoor 

air that humans may be exposed to in residential environment.  

 To evaluate human exposure to disinfection by-products (DBPs) in drinking water 

and volatile aromatic hydrocarbons (VAHs) in indoor air of residential and the 

adverse health effects of these chemicals and integrate this information into a health 

risk assessment using probabilistic techniques using data from the scientific 

literature. 

 To measure VAHs in indoor air of residential houses in Brisbane and collate the 

adverse health effects of these chemicals and integrate this information into a risk 

assessment using probabilistic techniques.   

 To evaluate the relationship between concentration levels of indoor air of VAHs 

and age of houses. 

 To evaluate the effectiveness of probabilistic techniques in establish the human 

health risk due to exposed chemicals. 

 To evaluate the difference between bioassay data on surrogate animals and human 

health data and to determine the safety ratio of the evaluated chemicals derived 

from these data. 
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This research presents an alternative approach to evaluate human health risk due to 

trace chemicals in the residential environment.  Human health risk assessment is an 

important factor in the management of chemicals in the human environment.  The most 

commonly used approach is to utilise data from studies on surrogate animals such as 

rats and mice.  However, the use of this data necessitates the use of safety factors which 

compromise the value of the data.  In this current approach, probabilistic techniques are 

used in both the response and dose-response phases which are both based on human 

data.  It represents a novel approach to a more accurate solution of risk without the use 

of safety factors. 
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CHAPTER 3 LITERATURE REVIEW 
 

This chapter present an overview of the trace chemicals in residential environment and 

the use of health risk assessment to evaluate the potential health risk of these chemicals 

on humans.  There are two groups of chemicals which are frequently found in 

chlorinated drinking water and residential indoor environment respectively.  The first 

group is disinfection by-products (DBPs) in chlorinated drinking water and the second 

group is volatile aromatic hydrocarbons (VAHs) in indoor air of residential houses.  

This chapter also described the definition and classification of the chemicals, formation 

and factors that may influence the presence of these chemicals in the environment, 

exposure levels and their adverse health effects and guideline values in managing the 

exposure levels to the environment.  

 

3.1 Trace Chemicals in the Environment 

The evaluation of DBPs in drinking water and VAHs in indoor air of residential houses 

are important since humans are exposed to these chemicals in their daily lifestyle and 

few of these chemicals has been classified as carcinogen (IARC, 1987).  With DBPs in 

chlorinated drinking water, this section evaluated trihalomethanes (THMs) and 

haloacetic acids (HAAs) since these two groups are found abundance in chlorinated 

drinking water (Richardson, 2003).  As for VAHs in the indoor air of residential 

houses, this section evaluated seven compounds which are frequently found in indoor 

air of residential namely benzene, toluene, ethylbenzene, xylenes (o-, m- and p-), 

styrene and naphthalene (Griego et al., 2008, Hoskins, 2003). 

 

3.1.1 Disinfection By-Products Formed in Chlorinated Drinking Water 

3.1.1.1 Formation and Classification of Disinfection By-Products 

The use of chlorine in treatment of drinking water began in the early 20th century.  

Chlorine was used in the treatment of drinking water because it was cheap and effective 

in eliminating pathogenic microorganisms in drinking water (Becher, 1999).  As a 

result, waterborne diseases such as cholera, typhoid and dysentery decreased 

dramatically, thus reducing the occurrences of human mortality and morbidity 

(Borrazzo et al., 2003, Calderon, 2000).  However in the 1970s, the use of chlorine was 

found to produced by-products chemicals in drinking water (Bellar et al., 1974, Rook, 

1974).  The presence of DBPs in drinking water has become an emerging issue as there 
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is possible relationship of adverse health effect on humans (Cantor et al., 1978, Page et 

al., 1976). 

 

Chlorine reacts with water to produce hypochlorous acid (HOCl) (Equation 3.1).  The 

HOCl will dissociate to form hypochlorite ion (OCl-) and hydrogen ion (H+) (Equation 

3.2).  On the other hand, HOCl reacts with bromide ion (Br-) in natural water to form 

hypobromous acid (HOBr) (Equation 3.3).  The HOCl and HOBr react with natural 

organic mater (NOM) in raw water to produce chlorinated DBPs (WHO, 2000).  The 

formation of DBPs in drinking water depends on several factors as described in Section 

3.1.1.2. 

Cl2 + H2O    HOCl + H+ + Cl-     Equation 3.1 

HOCl    OCl- + H+    Equation 3.2 

HOCl + Br-    HOBr + Cl-   Equation 3.3 

 

Since the reaction between chlorine and NOM resulted in the formation of DBPs, 

several alternative disinfectants such as ozone, chlorine dioxide and chloramines were 

introduced as a substitute for chlorine or were used in combination with chlorine 

(Nikolaou et al., 1999, Williams et al., 1998).  However, the usage of alternative 

disinfectants also resulted in the formation of different types of DBPs (Richardson, 

2005, Richardson et al., 2000) as summaries in Table 3.1.  

 

3.1.1.2 Factors Influencing the Formation of Disinfection By-Products 

The formation of DBPs in drinking water depends on several factors.  William et al. 

(1997) has summarized these factors into two groups of characteristics.  The first group 

is related to the water source and second related to the water treatment process.  The 

characteristics of the water sources include the properties of NOM, concentration of 

bromide ion, pH and ambient temperature of water (El-Shafy and Grunwald, 2000, Lee 

et al., 2001, Nikolaou et al., 2004, Nikolaou and Lekkas, 2001, Toroz and Uyak, 2005).  

Changes in any of these parameters or combinations of these parameters affect the 

species formation and the concentration levels of DBPs in drinking water. 
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Table 3.1 :  Disinfectants and groups of by-products formed in drinking water 

Group Chlorine Ozone Chlorine dioxide Chloramines 

Trihalomethanes     

Haloacetic acids     

Haloacetonitriles     

Aldehydes     

Ketones     

Di-carbonyls     

Carboxylic acids     

Keto-acids     

Nitriles     

Esters     

Aromatic     

 

An increased in temperature of water, chlorine dose, pH and longer reaction time 

increases the formation of THMs concentrations in drinking water (Rodriguez et al., 

2004a).  For example, pH value ranged between 8 to 9 resulted to high 

bromodichloromethane (BDCM) and dibromochloromethane (DBCM) concentrations 

in drinking water.  Similar result was also found with HAAs, where the level of HAAs 

increases with temperature of water, chlorine dose and reaction time.  With pH, the 

formation of HAAs is different for individual compounds.  Dichloroacetic acid 

(DCAA) concentration was found high at pH more than 8, while trichloroacetic acid 

(TCAA) occurred at pH less than 4.  

 

Several studies have also reported that seasonal variations have resulted in changes in 

the concentration levels of the DBPs in drinking water (Golfinopoulos, 2000, Lee et al., 

2001, Nissinen et al., 2002, Rodriguez et al., 2004b, Williams et al., 1997, Toroz and 

Uyak, 2005).  In summer, the THMs and HAAs concentration were found higher than 

in winter season.  The average total THMs (TTHM) concentrations in summer season 

was approximately 45% higher than in winter season (Williams et al., 1997).  With 

HAAs, the concentrations of DCAA and TCAA in summer were approximately 2 to 3 

times higher than in winter season (Rodriguez et al., 2004b).  However, the variation of 

concentration during these two seasons were resulted from the changes in the setting of 

water treatment plant such as chlorine dose which has to accommodate the changes in 
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the physical parameters of raw water (Golfinopoulos, 2000, Lee et al., 2001, Nissinen 

et al., 2002, Rodriguez et al., 2004b, Toroz and Uyak, 2005, Williams et al., 1997). 

 

3.1.1.3 Human Exposure to Disinfection By-Products in Drinking Water 

Human exposure to DBPs in drinking water is virtually an inevitable part of daily life.  

Such exposure may occur via different pathways as shown in Figure 3.1.  Of the three 

pathways, the exposure via ingestion is the most important followed by inhalation and 

adsorption (Lee et al., 2006b, Lee et al., 2004, Uyak, 2006).  Two major groups of 

chlorinated DBPs frequently found in drinking water are THMs and HAAs (Kim et al., 

2002, Shin et al., 1999, Williams et al., 1998). 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 :  Pathways to humans from DBPs in water 

 

In the THMs group, trichloromethane (TCM) and bromodichloromethane (BDCM) are 

found in highest concentrations (El-Shafy and Grunwald, 2000, Morrison and Dionne, 

1982, Williams et al., 1997).  However, in the presence of bromide ion, brominated 

compounds such as dibromochloromethane (DBCM) and tribromomethane (TBM) are 

in excess of the chlorinated compounds (Heller-Grossman et al., 1993).  While in the 

HAAs group, dichloroacetic acid (DCAA) and trichloroacetic acid (TCAA) are the two 

chemicals most frequently found this group (Golfinopoulos and Nikolaou, 2005, 

Nissinen et al., 2002, Rizzo et al., 2005).   
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Figure 3.2 : Concentrations of THMs and HAAs in drinking water using data derived from North America, Europe, North Africa and Asia.  

Top and bottom whiskers represent 90th and 10th percentiles respectively.  Higher and lower quartiles represent 75th and 25th 

percentiles respectively.  Top and bottom circle represent maximum and minimum concentration values.  While the cross symbol 

represents median values of compounds.   
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Figure 3.2 shows the ranges of concentration levels of these compounds in drinking 

water from an international perspective utilising published data from North America, 

Europe, North Africa and Asia.  The concentrations of TCM, BDCM, DBCM, TBM, 

DCAA and TCAA in drinking water can reach a maximum of 0.19, 7.2 × 10-2, 0.20, 

0.35, 7.0 × 10-2 and 0.21 mg/L, respectively.  The variations of concentration of these 

chemicals are mainly due to the physicochemical characteristic and bromide ion in raw 

water as described earlier.  In general the median concentration for TCM, BDCM, 

DBCM, TBM, DCAA and TCAA are 1.6 × 10-2, 9.5 × 10-3, 2.8 × 10-3 and 1.7 × 10-3, 

9.6 × 10-3 and 1.2 × 10-2 mg/L, respectively.  With THMs, the median concentration for 

TCM is the highest followed by BDCM, DBCM and TBM.  While with HAAs, median 

concentration of TCAA is slightly higher than DCAA. 

 

3.1.1.4 Human Health Effects from Disinfection By-Products 

The adverse effects from exposure to DBPs can be evaluated from two perspectives.  

The first is from epidemiology studies from human populations and second from 

animal laboratory experiments.  Several epidemiology studies have revealed that there 

is an association between adverse health effects and the exposure to DBPs in drinking 

water.  A positive relationship was found between exposure to THMs and occurrence of 

cancers (Doyle et al., 1997, King et al., 2000b, King and Marrett, 1996) and 

developmental effects such as adverse birth defects and stillbirth (Bove et al., 1995, 

Dodds et al., 2004, Dodds and King, 2001, Dodds et al., 1999, Gallagher et al., 1998, 

King et al., 2000a, Kramer et al., 1992, Lewis et al., 2006, Toledano et al., 2005, Waller 

et al., 1998, Wright et al., 2004, Wright et al., 2003).  The exposure to HAAs was also 

found to be associated with developmental effects on infants (Hinckley et al., 2005, 

Wright et al., 2004).  This adverse effect was related to DCAA and TCAA since they 

are the most abundance compounds in the HAAs group which exists in drinking water.   

 

Animals exposed to THMs and HAAs via drinking water or gavage in laboratory 

experiments were found to have adverse health effects.  The exposure to THMs resulted 

in liver, kidney, intestine and colon effects in various animals (DeAngelo et al., 2002, 

Dunnick et al., 1987, Dunnick et al., 1985, Jorgenson et al., 1985, Larson et al., 1994b, 

NTP, 1989, NTP, 1987, NTP, 1985).  It also resulted in neurobehavioral, reproductive 

and developmental effects (Borzelleca and Carchman, 1982, Klinefelter et al., 1995a, 

Ruddick et al., 1983, Thompson et al., 1974).  Exposures to DCAA and TCAA resulted 
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in liver and kidney effects (Herren-Freund et al., 1987, Mather et al., 1990, Sanchez 

and Bull, 1990), neurotoxicity (Moser et al., 1999), reproductive (Linder et al., 1997, 

Toth et al., 1992) and developmental effects (Smith et al., 1992, Smith et al., 1989).   

 

Since there exists a consistency in results from toxicology perspective and some 

evidence of adverse health effects from epidemiology perspective, the International 

Agency for Research on Cancer (IARC, 2004, IARC, 1991, IARC, 1987) has classified 

the carcinogenicity of THMs and HAAs as shown in Table 3.2. 

 

Table 3.2 :  Physicochemical properties and carcinogenic classification of DBPs  

Group Compounds Chemical 
structure 

Chemical 
formula 

Carcinogenic 
category 

Trihalomethanes 
(THMs) 

Trichloromethane or 
chloroform 

 

CHCl3 2B 

 Bromodichloromethane 

 

CHBrCl2 2B 

 Dibromochloromethane 

 

CHBr2Cl 3 

 Tribromomethane or 
bromoform 

 

CHBr3 3 

Haloacetic acids 
(HAAs) 

Dichloroacetic acid 

 

Cl2CHCOOH 2B 

 Trichloroacetic acid 

 

Cl3CCOOH 3 

Notes :  Group 2B, possibly carcinogenic to humans; Group 3, cannot be classified as to 
carcinogenicity to humans. 

 

3.1.1.5 Drinking Water Quality Guidelines 

The concern regarding the possible adverse health effects of DBPs on humans has 

resulted in stringent regulations in the drinking water industries.  The World Health 

Organization (WHO) has set a drinking water guideline which was derived from a 

toxicology perspective (Leeuwen, 2000).  Up to date, there are more than ten DBPs 
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compounds in the drinking water guidelines (WHO, 1999).  These values were 

considered to be reference values rather than standards, and individual countries are 

expected to develop their own regulation requirements (Leeuwen, 2000). 

 

Several developed countries have taken proactive measures in managing the presence 

of DBPs in drinking water.  In the United States, the Environmental Protection Agency 

(USEPA), has set its own drinking water standard for DBPs known as Stage 1 

Disinfectants/Disinfection By-products (D/DBP) Rule (Pontius, 1999).  In Europe, 

Directive 98/83/EC was introduced to protect human health from adverse health effects 

resulting from water consumption (Roccaro et al., 2005).  Several European countries 

have translated the Directive into their own regulations (Golfinopoulos and Nikolaou, 

2005).  While in Australia, the Australian Drinking Water Guideline was introduced to 

control a wide range of chemicals in drinking water including DBPs (NHMRC, 2004).  

Table 3.3 summarizes the guideline values for THMs and HAAs around the globe. 

 

Table 3.3 :  Guidelines values for disinfection by-products (mg/L) in drinking water 

Compound WHO USEPA Europe Australia 

Trichloromethane 
(chloroform) 

0.2 - - - 

Bromodichloromethane 0.06 - - - 

Dibromochloromethane 0.1 - - - 

Tribromomethane 
(bromoform) 

0.1 - - - 

Dichloroacetic acid 0.05 - - 0.1 

Trichloroacetic acid 0.2 - - 0.1 

Haloacetic acid 1  - 0.060 - 0.25 

Trihalomethanes A 0.080 0.1 0.25 

Note: 
1  Sum of 5; mono-, di- and trichloroacetic acids, mono- and dibromoacetic acid. 
A - The sum of the ratio of the concentration of each to its respective guideline value should 
not exceed 1. 
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3.1.2 Volatile Aromatic Hydrocarbons in Residential Indoor Air 

3.1.2.1 Definition of Indoor Air Quality 

There is no single concise definition of indoor air quality (IAQ).  However, most of the 

definitions describe the quality of air in terms of human health status.  According to 

Brown (2004), IAQ is the totality of attributes of indoor air that affect a person’s 

health and well-being.  Brooks and Davis (1992) suggested that IAQ related to how 

well indoor air satisfies three basics requirements for human occupancy: (i) thermal 

acceptability (ii) maintenance of normal concentration of respiratory gases (iii) 

dilution and removal of contaminants and pollutants to levels below health or odor 

discomfort thresholds. 

 

The American Society of Heating, Refrigerating and Air-conditioning Engineers 

(ASHRAE) have defined IAQ as the air in which there are no known contaminants at 

harmful concentrations as determined by cognizant authorities and which a substantial 

majority (80% or more) of the people exposed do not express dissatisfaction (Bas, 

2004).  According to the American National Standards Institute (ANSI) and ASHRAE , 

the IAQ is  for comfort, indoor air quality may be said to be acceptable if not more 

than 50% of the occupants can detect any odour and not more than 20% experience 

discomfort and not more than 10% suffer from mucosal irritation and not more than 

5% experience annoyance, far less than 2% of the time (Jones, 2001). 

 

While in Australia, The Australian National Health and Medical Research Council 

(NHMRC) have defined indoor air as  a non-industrial indoor space where a person 

spends a period of an hour or more in any day.  Thus indoor air includes the air inside 

homes, offices, commercial premises (such as shops, restaurants), schools and 

automobiles including cars and buses (CASANZ, 2002). 

 

3.1.2.2 Definition and Classification of Volatile Aromatic Hydrocarbons 

There is wide range of pollutants that exists in the indoor air environment.  These 

pollutants can be grouped as inorganic, organic, physical, biological and environmental 

tobacco smoke (Maroni et al., 1995, Myers and Maynard, 2005, Su, 1996).  Of these, 

volatile organic compounds (VOCs) are of importance, as humans are exposed to a 

wide range of chemicals which can be grouped as aromatic, carbonyl, halogenated and 

aliphatic compounds (Ohura et al., 2006b).   
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According to the USEPA, VOCs are  any compound of carbon, excluding carbon 

monoxide, carbon dioxide, carbonic acid, metallic carbides or carbonates and 

ammonium carbonate, which participate in atmospheric photochemical reactions.  This 

includes any such compound other than the following which have been determined to 

have negligible photochemical reactivity: methane, ethane, acetone, methyl acetate 

completely methylated siloxanes… [and numerous halogenated hydrocarbons and 

perfluorocarbon compounds] (Spengler et al., 2000). 

 

Meanwhile, the WHO has defined organic compounds according to their boiling points, 

because volatility correlates fairly well with boiling point (Stolwijk, 1990).  As shown 

in Table 3.4, there are 4 categories of organic compounds with VOCs grouped in 

Category 2, with the boiling point lower limit ranging from 50o to 100oC and upper 

limit from 240o to 260oC (WHO, 1989).  Aromatic hydrocarbons group is fall under 

this category since their boiling points are within these ranges.  

 

Table 3.4 :  Classification of organic pollutants 

Category Description Abbreviation Boiling-point range (oC) 

1 Very volatile (gaseous) organic 
compounds 

VVOC <0 to 50-100 

2 Volatile organic compounds VOC 50-100 to 240-260 

3 Semivolatile organic compounds SVOC 240-260 to 380-400 

4 Organic compounds associated 
with particulate matter or 
particulate organic matter 

POM >380 

 

Volatile aromatic hydrocarbons (VAHs) are those of a common class of solvents 

consisting of benzene and substituted benzene derivatives (Bardana and Montanaro, 

1997).  There are more than 10 aromatic hydrocarbons are classified as VAHs are 

commonly present in indoor environments.  Of these, benzene, toluene, ethylbenzene, 

xylenes (isomers), styrene and naphtalene are frequently found in homes, offices, 

schools, restaurants, shopping malls and motor vehicles (Carrer et al., 2000, Edwards et 

al., 2001b, Guo et al., 2004a, Guo et al., 2003a, Ilgen et al., 2001, Kim et al., 2001, 

Schneider et al., 2001).  Table 3.5 describes the physicochemical properties and their 
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carcinogenic classification from IARC (IARC, 2002, IARC, 2000, IARC, 1999, IARC, 

1987). 

 

Table 3.5 :  Physicochemical properties and carcinogenic classification of VAHs  

Chemical name Chemical 
formula 

Chemical structure Boiling 
point (oC) 

IARC 
classification 

Benzene C6H6 

 

80.1 1 

Toluene C7H8 

 

110.6 3 

Ethylbenzene C8H10 

 

136 2B 

o-xylene C8H10 

 

144 3 

m-xylene C8H10 

 

139 3 

p-xylene C8H10 

 

138 3 

Styrene C8H8 

 

145 2B 

Naphthalene C10H8 

 

218 2B 

Note :  Group 1, Carcinogenic to humans; Group 2B, Possibly carcinogenic to humans; Group 

3, Not classifiable as to carcinogenic to humans. 

 

3.1.2.3 Sources of Volatile Aromatic Hydrocarbons 

Several studies have suggested that indoor sources are more likely to influence the IAQ 

than outdoor sources (Bertoni et al., 2002, Bouhamra et al., 1997, Edwards et al., 

2001b, Guo et al., 2003a, Kim et al., 2001, Ohura et al., 2006b, Rehwagen et al., 2003, 

Son et al., 2003, Serrano-Trespalacios et al., 2004, Schneider et al., 2001, Sakai et al., 
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2004).  Ratios from the indoor and outdoor concentrations indicate that the indoor 

concentrations are approximately two to five times higher than the outdoor 

environment.   

 

Building materials have been found to be the main source of indoor VAHs.  The use of 

wood, particleboard, carpet, paints and adhesive products releases a wide range of 

VAHs including toluene, xylenes and ethylbenzene (Brown, 1999, Guo et al., 2004b, 

Guo et al., 2002, Guo and Murray, 2000, Sack and Steele, 1992, Tichenor and Mason, 

1988, Wallace et al., 1987).  The concentration levels of VAHs in new and refurbished 

dwellings have been found to be consistently higher than established dwellings due to 

the use of these materials (Brown, 2002, Kim et al., 2001, Park and Ikeda, 2006).   

 

The household cleaning products such as waxes, detergents, polishes and spray cleaners 

have been found to contain many different types of organic compounds including 

benzene, toluene, ethylbenzene, xylene and styrene (Colombo et al., 1991, Guo, 2001, 

Knoppel and Schauenburg, 1989, Sack and Steele, 1992, Wallace et al., 1987, Zhu et 

al., 2001).  Of these, xylenes, toluene and ethylbenzene are the most frequently found 

in these products.  According to Sack and Steele (1992), from 15 groups of the 

household cleaning products tested, 33% contain m-xylene, 2.9% contain toluene and 

1.2% contain ethylbenzene.  

 

Several studies have reported that household cleaning products are associated with 

indoor VAHs in dwellings (Bouhamra et al., 1997, Kim et al., 2001, Ohura et al., 

2006b, Park and Ikeda, 2006, Sakai et al., 2004, Son et al., 2003, Soma et al., 2002).  

The use of detergents, mosquito repellents, insecticides, moth balls and deodorants 

have been found to be associated with the presence of xylenes, benzene and 

naphthalene in indoor air (Bouhamra et al., 1997, Park and Ikeda, 2006, Sakai et al., 

2004, Son et al., 2003, Soma et al., 2002).  Also, solvent based cleaning products have 

been found to increase the levels of benzene, toluene, ethylbenzene, xylenes, styrene 

and naphthalenes between 70 and 80% in indoor residential air (Kim et al., 2001).  In 

addition, the frequency of cleaning has been found to have a positive relationship with 

indoor VAHs (Guo et al., 2003a).  

 

The presence of internal garage was also link to VAHs in the indoor air of houses.  The 

garage which was used for parking vehicles and in several circumstances was used as 
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storage for household products, gasoline and gardening equipment, resulted in high 

VAHs concentrations (Batterman et al., 2006, Isbell et al., 2005).  The mean 

concentrations of benzene, toluene, ethylbenzene, mp-xylene and o-xylene in internal 

garage have been found to be more than 80% higher than in indoor house (Mann et al., 

2001).  In Jia et al. (2008), the median concentration of benzene and toluene in an 

indoor air of residential houses with an internal garage are approximately 65% and 80% 

higher than the indoor air of houses without internal garage.  Due to several types of 

sources that can be found in the house and the existence of internal garage, humans are 

exposed to a wide range of concentrations which may resulted in possible adverse 

health effects. 

 

3.1.2.4 Human Exposure to Volatile Aromatic Hydrocarbons in Residential Indoor 

The concentration levels of VAHs in residential indoor air have been widely monitored 

in established and new dwellings.  These investigations have been carried out either in 

bedrooms, living room or kitchen.  However, most of these studies focused on common 

compounds such benzene, toluene, ethylbenzene and xylenes and neglecting several 

other hazardous compounds such as styrene and naphthalene (Alexopoulos et al., 2006, 

Bertoni et al., 2002, Brown, 2002, Chatzis et al., 2005, Guo et al., 2003a, Kim et al., 

2001, Lee et al., 2002, Ohura et al., 2006b, Park and Ikeda, 2006, Saijo et al., 2004, 

Schneider et al., 2001, Serrano-Trespalacios et al., 2004, Son et al., 2003).   

 

As a general rule, benzene, toluene, ethylbenzene, xylenes, styrene and naphthalene are 

found in residential indoor air.  From an international perspective, data was collated 

from more than ten countries which indicated that these compounds exist in wide 

ranges of concentrations from approximately one to hundreds g/m3 (Figure 3.3).  The 

maximum concentrations for benzene, toluene, ethylbenzene, mp-xylene, o-xylene, 

styrene and naphthalene are 204, 509.1, 386.1, 138.9, 255, 171.3 and 144.4 g/m3, 

respectively.  On the other hand, the median concentrations of these chemicals in the 

indoor air of residential are 6.9, 41.0, 5.1, 14.1, 5.0, 2.6 and 3.8 g/m3, respectively.   
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Figure 3.3 : Concentrations of VAHs in new and established dwellings from literature data reported for more than ten different countries.  

Top and bottom whiskers represent 90th and 10th percentiles respectively.  Higher and lower quartiles represent 75th and 25th 

percentiles respectively.  Top and bottom circle represent maximum and minimum concentration values.  The cross symbol 

represents median values of compounds. 
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Usually, the toluene concentration is highest, followed by xylenes, benzene, 

ethylbenzene, styrene and naphthalene (Edwards et al., 2001b, Kim et al., 2001, 

Rehwagen et al., 2003, Saijo et al., 2004, Serrano-Trespalacios et al., 2004, Son et al., 

2003).  However, the concentration levels of these compounds may vary depending on 

the sources as described in Section 3.1.2.3.  Since, these chemicals are frequently found 

in the indoor air of residential with relatively high concentration levels, there is a 

potential health risks with human since more than 80% of a typical human’s time is 

spent in the indoor environment (Carrer et al., 2000, Ohura et al., 2006b). 

 

3.1.2.5 Human Health Effects of Volatile Aromatic Hydrocarbons 

The exposure to VAHs with animal laboratory testing and human exposure in the 

working environment has resulted in several adverse health effects (Andersson et al., 

1997, Brown et al., 2000, Donald et al., 1991, Duarte-Davidson et al., 2001, Lawton et 

al., 2006, Preuss et al., 2003).  These adverse effects can be grouped into carcinogenic 

and non-carcinogenic effects (Maroni et al., 1995).   

 

With human exposure usually involving epidemiology studies, exposure to benzene is 

associated with aplastic anemia (Baak et al., 1999) and at high doses result in leukemias 

(Collins et al., 2003, Wong, 1995).  It has been found to have a positive relationship 

with genotoxic (Yardley-Jones et al., 1990) and developmental effects (Chen et al., 

2000).  Toluene and styrene were found to be associated with color vision (Campagna 

et al., 2001, Gong et al., 2002) and hearing impairment (Morata et al., 2002), 

neurobehavioral (Chouanière et al., 2002, Tsai and Chen, 1996) and genotoxic effects 

(Pelclova et al., 2000, Somorovská et al., 1999).  Xylene was only found to be 

associated with neurobehavioral effects (Carpenter et al., 1975, Savolainen et al., 

1979). 

 

In animal laboratory experiments, it has been found that the inhalation of benzene 

(Cronkite et al., 1989, Farris et al., 1993), ethylbenzene (NTP, 1999, Chan et al., 1998), 

styrene (Cruzan et al., 2001, Morgan et al., 1993) and naphthalene (NTP, 2000, NTP, 

1992) results in carcinogenic effects.  However, benzene, toluene, ethylbenzene, 

xylenes and styrene resulted in non-carcinogenic effects on animals such as 

reproductive (Yilmaz et al., 2006) and developmental toxicities (Katakura et al., 2001, 

Roberts et al., 2007, Saillenfait et al., 2003), neurotoxicity (Hillefors-Berglund et al., 
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1995, Kishi et al., 1995), genotoxicity (Vodicka et al., 2001) and ototoxicity (Cappaert 

et al., 2000, Gagnaire et al., 2001, Loquet et al., 1999, McWilliams et al., 2000).  These 

adverse effects are observed at different exposure concentrations and periods. 

 

Since there is sufficient consistency with the toxicology results and evidence of adverse 

health effects resulting from human exposure that the International Agency for 

Research on Cancer (IARC) has classified the carcinogenicity of VAHs as shown in 

Table 3.5. 

 

3.1.2.6 Indoor Air Quality Guideline for Volatile Aromatic Hydrocarbons 

The concern regarding the possible adverse health effects of VAHs on humans has 

resulted in stringent regulations.  These VAHs pollutants are present in residential and 

working environments, so the guideline is developed into two components, industrial 

and non-industrial areas (NRCC, 2005).  Residential dwellings are grouped in non-

industrial areas.  The WHO has set a guideline for indoor exposure which at present 

more than five compounds.   

 

Several developed countries such as Germany, Japan and Hong Kong, have taken 

proactive measures with managing the presence of VAHs in the indoor environment 

(NRCC, 2005).  In Australia, the guideline for volatile chemicals was defined in terms 

of total volatile organic compounds (TVOC) with a guideline maximum value of 500 

g/m3 as the hourly average.  The guideline also requires that with individual 

compounds, not exceeded 50% of TVOC (enHealth, 2002).  Table 3.6 summarizes the 

standards and guideline values for VAHs around the world. 
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Table 3.6  :  Standards and guidelines for VAHs (g/m3) for the non-industrial sector 

for various countries 

Compound WHO Japan Hong Kong Germany 

Benzene - - 16.1 - 

Toluene 260 260 1092 3000 

Ethylbenzene 22000 3800 1447 - 

m-Xylene - - - - 

p-Xylene - - - - 

o-Xylene - - - - 

Xylene 480 870 1447 - 

Styrene 260 220 - - 

Naphthalene - - - 20 

 

3.2 Health Risk Assessment 

Health risk assessment developed as a result of concerns that hazards due to chemicals 

in the environment and workplace should be placed into the correct risk perspectives.  

During the 1970’s and 1980’s there was a growing body of opinion within regulatory 

agencies that a consistent framework for chemical risk assessment should be developed 

(NRC, 1983).  The framework developed by the U.S. National Research Council (NRC, 

1983) has gained wide acceptance throughout the world and it was used as the basis for 

human health risk assessment.  Since then, the U.S. Environmental Protection Agency 

(USEPA) has produced several risk assessment guidelines for the evaluation of adverse 

health effects which can be grouped such as carcinogenicity, neurotoxicity, 

reproductive and developmental toxicity (Wiltse and Dellarco, 1996). 

 

3.2.1 Definition 

The risk assessment framework formulated by the NRC has been widely used to 

evaluate the potential health effect on humans exposed to hazardous chemicals (Wiltse 

and Dellarco, 1996).  The framewok has been applied to evaluate environmental and 

workplace chemicals which can be in the form of solids, liquids or gases and are able to 

enter into human body through ingestion, inhalation or adsorption (Lee et al., 2004, 

Nazir and Khan, 2006, Payne-Sturges et al., 2004, Williams et al., 2000). 
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According to the NRC (1983), risk assessment is  to mean the characterization of the 

potential adverse health effects on human exposures to environmental hazards.  It 

includes several elements: description of the potential adverse health effects based on 

an evaluation of results of epidemiologic, clinical, toxicologic and environmental 

research; extrapolation from those results to predict the type and estimate the extent of 

health effects in humans under given conditions of exposure; judgements as to the 

number and characteristics of persons exposed at various intensities and durations; 

and summary judgements on the existence and overall magnitude of the public-health 

problem. 

 

The risk assessment framework can be divided into four stages, namely (1) hazard 

identification, (2) exposure assessment, (3) dose-response toxicity assessment and (4) 

risk characterization.  This is illustrated in Figure 3.4 which shows the various parts 

involved in risk assessment and the interaction of these parts to achieve a final 

characterization of the risk involved. 

 

 

Figure 3.4 :  Health risk assessment framework  

 

A description of each of the parts of the risk assessment process is set out below. 

 Hazard identification - The process of determining whether exposure to an 

agent can cause an increase in the incidence of a health condition; 

 Exposure assessment – A process of measuring or estimating the intensity, 

frequency and duration of human exposures to an agent currently present in the 

Hazard Identification 

Exposure Assessment  
 Environmental monitoring 
 Personal monitoring 

Dose-response Assessment 
 Toxicology 
 Epidemiology 
 Human exposure 

Risk Characterization 
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environment or of estimating hypothetical exposures that might arise from the 

release of new chemicals into the environment; 

 Dose-response assessment – A process of characterizing the relation between 

the dose of an agent administered or received and the incidence of an adverse 

health effect in exposed populations and estimating the incidence of the effect as 

a function of human exposure to the agent; 

 Risk characterization - A process of estimating the incidence of a health effect 

under the various conditions of human exposure described in the exposure 

assessment. 

 

3.2.2 Application of the Risk Assessment Techniques 

In this approach, the health risk assessment can be conducted by using USEPA 

guidelines (USEPA, 2005, USEPA, 1998, USEPA, 1996, USEPA, 1992, USEPA, 

1991, USEPA, 1986).  This method has been widely used to evaluate human health 

risks from the exposure to hazardous chemicals.  The assessment of chemicals has been 

evaluated according to their adverse effect which is summarised into two categories, 

carcinogenic and non-carcinogenic effects.  The non-carcinogenic effects include 

developmental toxicity, reproductive toxicity, mutagenicity and neurotoxicity.  Data on 

the hazardous chemicals and their adverse health effects were obtained from surrogate 

animal’s laboratory testing, epidemiology and human exposure studies.   

 

In the evaluation of chemicals which resulted in carcinogenic effects, the risk is 

evaluated according to the chemical pathway to humans.  With the ingestion route, the 

dose of chemicals can be calculated by using Equation 3.1,  

LTBW
ELEFIRCCDI




     Equation 3.1 

FactorSlopeOralCDIRiskCancer     Equation 3.2 

 

where CDI is the chronic daily intake (mg/kg/day), C is the concentration of the 

chemical (mg/L), IR is the ingestion rate (L/day), EF is the exposure frequency 

(days/year), EL is the exposure length (years), BW is the body weight (kg) and LT is the 

average lifetime (days).  With this value, the cancer risk can be obtained using Equation 

3.2, where CDI is in mg/kg/day and Oral Slope Factor is in (mg/kg/day)-1.  The Oral 

Slope Factor was obtained from the upper bound of 95% confidence limit on the slope 

of the dose-response plot for cancer incidence over a lifetime exposure (USEPA, 2007). 
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With human exposure via inhalation, the cancer risk was calculated by using Equation 

3.3.  Where C is the concentration of chemical in the air (g/m3) and Inhalation Unit 

Risk is in (g/m3)-1.  The Inhalation Unit Risk was estimated from the slope of the 

upper-bound dose-response curve from surrogate animal studies or human exposure 

studies.  The slope generally representing the probability of one in a million risk of an 

individual having cancer over a lifetime exposure of 70 years (Caldwell et al., 1998).  

Any cancer risk value of above the USEPA acceptable limit of 1 x 10-6 indicates a high 

cancer risk on humans exposed to the chemical. 

RiskUnitInhalationCRiskCancer     Equation 3.3 

 

In the assessment for non-carcinogenic effects, the health risk via ingestion was 

characterised by using Equation 3.4.  Chronic daily intake (mg/kg/day) can be 

calculated by using Equation 3.1 and oral reference dose (RfD) is in mg/kg/day. 

RfD
CDIQuotientHazard      Equation 3.4 

 

While the evaluation of health risk via inhalation can be calculated by using Equation 

3.5, where C is the concentration of chemical in the air (g/m3) and Inhalation 

Reference Concentration (RfC) is in g/m3.  Hazard quotient value of more than 1 

suggests a health risk problem with the associated exposure levels.   

RfC
CQuotientHazard      Equation 3.5 

 

The RfD and RfC can be defined as  an estimate of a daily exposure to the human 

population that is likely to be without an appreciable risk of deleterious effects during 

the lifetime (Shoaf, 1991).  These values can be obtained by using Equation 3.6 

MFUF
NOAELRfDorRfC


     Equation 3.6 

 

where NOAEL is the no observed adverse effect level, UF is the uncertainty factor or 

the safety factor (between 10 to 100 fold) and MF is the modifying factor.  The 

NOAEL was obtained from the toxicity data mainly from surrogate animal studies.  In 

situation where NOAEL are not available, the low observed adverse effect level 

(LOAEL) can be used to derive the reference value.  With MF, a factor between 1 to 10 
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is used if the scientific data for the chemical is insufficient.  However, a factor between 

0 to 1 is selected with sufficient scientific data available for evaluation (Pierson et al., 

1991, Shoaf, 1991).  The reference values for hazardous chemicals can be obtained 

from the Integrated Risk Information System (IRIS) (USEPA, 2007) or from the 

Agency for Toxic Substances and Disease Registry (ATSDR, 2007). 

 

The evaluation of health risk assessment using this technique involves the use of safety 

factors or uncertainties factors.  The safety factor was applied considering the 

extrapolation from interspecies (e.g. animals to humans) and intraspecies (e.g. human 

variability) (Barnes and Dourson, 1988, Pohl and Abadin, 1995).  A factor of 10 was 

applied for animal to humans extrapolation and within the human average group 

respectively.  In situation where the dose-response data is insufficient, a factor of 10 

was applied in the assessment.  This will results in a safety factor ranging between 102 

to 103 and was applied for all hazardous chemicals at any exposure route (Dourson et 

al., 1996, Renwick, 1995).   

 

3.2.3 Use of Probabilistic Techniques 

Probabilistic techniques can be used in the risk assessment process indicated in Figure 

3.4.  However the evaluation process differs in that probabilistic distributions of data 

are used.  Instead of addressing a point estimate of risks, the probabilistic technique can 

characterize a range of potential risks and their likelihood of occurrence.  This gives a 

wider perspective on the risks involved and can provide meaningful information to 

manage the risks. 

 

At present, there are very few studies conducted on health risk assessment using 

probabilistic techniques.  Most of the studies have been conducted using the techniques 

described in Section 3.2.2 (Guo et al., 2004a, Lee et al., 2006a, Lee et al., 2004, Ohura 

et al., 2006a, Sax et al., 2006, Tokmak et al., 2004, Uyak, 2006).  In addition, there are 

several studies where the health risk assessment has been carried out by using 

probabilistic technique with Monte Carlo Simulations (Bosgra et al., 2005, Nazir and 

Khan, 2006, Wenning, 2002, Williams et al., 2000).  By assuming that the data follows 

log normal distribution, the standard deviation and mean point estimates were used to 

define the boundaries of input in the simulation process.  The simulations were 

conducted for up to few thousands iterations of the exposure data.  Statistical softwares 

such as Minitab (Nazir and Khan, 2006), S-Plus (Bosgra et al., 2005), Microsoft Excel 
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and Crystal Ball (Wenning, 2002, Williams et al. 2000) were used to analyze the 

simulation results such as minimum, maximum, median and percentiles of exposure 

data.  Nonetheless, this technique was only applied in the exposure assessment.  While, 

the characterization of risks was conducted using Equations 3.3, 3.4 and 3.5 (Nazir and 

Khan, 2006). 

 

In the risk assessment conducted by Connell et al. (2003), Djohan et al. (2007) and 

Hamidin et al. (2008), the evaluation of health risks was conducted using probabilistic 

techniques.  The probability plot was calculated by using Equation 3.7   

1


n
iPi      Equation 3.7 

 

where Pi is the probability value, i is the ith point (i = 1,2,……,n) and n is the total 

number of points.  These plots of data points are plotted in the order of increasing 

concentration or doses values.  The techniques are able to describe both the variability 

of exposure and dose-response assessment.  While the magnitude and the likelihood of 

adverse effects were described in probabilistic terms in the risk characterization.  It is 

note worthy that risk assessment in these evaluations did not use any safety factors in 

the evaluation.  Instead, this technique allow the calculation of probable safety ratio for 

each compounds which can be compared with the safety factor actually used by 

previous authors. 
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CHAPTER 4 SAMPLING STRATEGY AND METHODS FOR 

ANALYTICAL VOLATILE AROMATIC 

HYDROCARBONS (VAHs) 
 

4.1 Study Area 

Indoor air sampling was carried in residential dwellings in the city of Brisbane.  The 

prime criteria for the selection of residential dwellings were focused on houses over a 

wide range of ages.  Factors of characterising the houses such as structure materials, 

flooring type and human activities were noted in the study.  A total of 32 houses aged 

between less than 1 year to more than 35 years of age (Appendix A) were selected for 

the investigation of volatile aromatic hydrocarbons (VAHs) and of these, 94% of the 

houses were made of brick and veneer and 6% were wooden.  These houses were 

located in several suburbs of Brisbane as shown in Figure 4.1.  The name of suburds 

and streets of the houses are shown in Appendix A.  The distribution of age of houses 

for the sampling of indoor VAHs is shown in Figure 4.2. 

 

4.2 Sampling of Volatile Aromatic Hydrocarbons in Indoor Air of Residential 

Houses 

There are wide ranges of types and concentrations of volatile organic compounds 

(VOCs) present in the environment.  Due to the wide range of volatility, sampling of 

VOCs can be conducted either by active or passive sampling methods (Jarnstrom et al., 

2006, Namienik et al., 2005, Ohura et al., 2006b, Son et al., 2003).  Since, this study 

will focused on benzene, toluene, ethylbenzene, xylenes, styrene and naphthalene, at 

boiling points ranging between 80o to 218oC, an active approach was used which is 

considered appropriate for this study.  The equipment used in this investigation consists 

of basically a portable air pump and a sorbent tube. 
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Figure 4.1 :  Distribution of sampling sites in Brisbane (indicated in star). 
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Figure 4.2 :  Distribution of age of houses 

 

The selection of sorbent type is important as it must have the capacity to retain the 

range of volatile compounds being investigated.  A few studies have utilised tubes 

containing multisorbent but most studies use tube with a single sorbent (Baek et al., 

1997, Brown, 2002, Jarnstrom et al., 2006, Jo et al., 2003, Kim et al., 2001, Zhu et al., 

2005).  Based on this information, a tube containing Tenax TA sorbent was used for the 

sampling of VAHs.  The use of Tenax TA is considered appropriate as it has a low 

background contamination and is stable at high temperature (Dettmer and Engewald, 

2002, Harper, 2000, Wallace, 2001).  The size of the glass sorbent tube was 7 inches 

long with 6 mm outer diameter and 4 mm internal and consist of Tenax TA (2,6-

diphenylene oxide polymer) as sorbent which was 60 mm in length and approximately 

180 mg in weight (Figure 4.3).  The size of the tube was selected because it is 

compatible with Gerstel Thermal Desorption System (TDS) unit which is part of the 

analysis instrument. 
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Figure 4.3 :  Tenax TA thermal desorption tube (glass type). 

 

A portable air sampling pump (SKC, Model 224-PCXR7) with low flow adjuster was 

used (Figure 4.4).  The key parameters for setting the air pump was the flow rate and 

period of sampling which gave the total volume of air collected by the tube using 

Equation 4.1.  Where, V is the volume of air sample (L), Q is the flow rate of the pump 

(L/min) and t is time (min).  To obtain an ideal active sampling method, this study will 

be referred the standard procedures from USEPA (1999) and ASTM (2003).   

tQV       Equation 4.1 

 

 

 

Figure 4.4 :  Portable air sampler with sorbent tube. 
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Sampling activities in indoor air and outdoor ambient air of houses were conducted 

between March and July 2009 and a total of 81 samples were collected.  The sampling 

was carried out in areas where humans spend most of their time, namely living room 

and bedrooms.  The air pump was placed close to the centre of the room at 

approximately 1 m from the floor and away from any potential sources that may 

interrupt the sampling process.  Using one air pump, the sampler was moved within 

these locations for a period of 150 minutes at a flow rate ranging between 0.025 to 

0.030 L/min resulting in a total sampling volume of 4.35 to 4.50 L.  This sample will 

represent the average VAHs concentrations in the house.  A total of 32 outdoor ambient 

air samples were collected in these houses.  The outdoor ambient air sampling was 

conducted simultaneously with the indoor air of the houses to assist in accounting for 

the sources of pollutants.  For this monitoring, the sampler was located either in the 

back or at the front of the houses.   

 

Most of the houses in these areas were designed with an internal vehicle garage 

enclosed within the house structure and with immediate access from the garage to the 

domestic area of the house.  To identify the influence of the internal garage on indoor 

air, one house was selected to evaluate the relationship between these two areas.  

Sampling activities were conducted between May to June 2009 at day and night times.  

One air pump was placed in the garage and another pump was placed in the living room 

of the house near to the garage.  These two areas were separated by a door which was 

closed through out the sampling period.  The sampling parameters were similar to the 

indoor air investigations as described earlier.  The sampling was carried out 

simultaneously and a total of 24 samples from 3 sampling events were collected in 

these areas. 

 

After sampling, the sample tubes were transported to the laboratory for analysis.  

Several approaches have previously been used in the handling of air samples after 

sampling, from several hours up to several days (Fellin and Otson, 1994, Jo et al., 2003, 

Kim et al., 2001, Lee et al., 2002).  To avoid any changes in samples during storage, all 

samples were analysed within 24 hour period after completion of sampling.   
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4.3 Analysis of Volatile Aromatic Hydrocarbons Using Gas Chromatography-

Mass Selective Detector-Thermal Desorption System (GC-MSD-TDS) 

The identity and concentration of VAHs collected by the sorbent tube was determined 

using gas chromatography (GC, Agilent 6890 Series) with mass selective detector 

(MSD, Agilent 5973 Network).  The collected VAHs in the sorbent tube were desorbed 

into the GC-MSD system using the Gerstel Thermal Desorption System (TDS 2) 

(Figure 4.5).  This approach was considered appropriate for the analysis of 

environmental VAHs (Namieśnik and Zygmunt, 2002).  The setting of GC-MSD-TDS 

was controlled by Gerstel Master (Version 4.72D25), while, the peaks of chromatogram 

was analyze using Agilent MSD Chemstation (D.01.02). 

 

The GC column used in the analysis of VAHs was DB-VRX with a dimension of 30 m 

in length, 0.25 µm internal diameter and 1.4 µm outer diameter (J &W Scientific).  This 

column was chosen because it is suitable for volatile compounds and able to efficiently 

separate solvent and analytes (Dewulf and Langenhove, 2002).  Helium (UHP) was 

used as the gas carrier and liquid nitrogen was used to cryogenically trap all analytes 

from desorption of the tube containing in the Tenax TA.  A summary of the instrument 

settings for the analysis of VAHs is shown in Table 4.1. 

 

 

Figure 4.5 : Gas Chromatography-Mass Selective Detector-Thermal Desorption System 

(GC-MSD-TDS) 
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Upon completion of the analysis, the retention times and the areas of peaks of each of 

the analytes were measured.  The areas of GC peaks due to VAHs were used to 

calculate the concentration of compounds using Equation 4.2 (ASTM, 2003).  Where, 

p(VAH) is the concentration of analyte in the air sampled (µg/m3), F is the mass of 

analyte in sample (µg), B is the mass of analyte in blank tube (µg) and V is the volume 

of air sampled (L). 

1000)( 



V

BFVAHp     Equation 4.2 

 

Table 4.1 :  GC-MSD-TDS control parameters for the analysis of VAHs 

Oven  
Initial temperature 35oC 
Initial time 5 min 
Ramps temperature 250oC at 20oC/min 
Run time 25.75 min 
Front Inlet  
Mode  Split 
Initial temperature 250oC 
Vent flow 60.0 mL/min 
Vent pressure 8.1 psi 
Total flow 24.8 mL/min 
Gas type Helium 
Column  
Type DB-VRX, 30m x 0.25mm x 1.4m 
Initial flow 1.4 mL/min 
Average velocity 43 cm/sec 
Gerstel CIS  
Initial temperature -40oC 
Ramp rate 12oC/sec 
End temperature 250oC 
Hold time 1 min 
Cryo cooling Liquid nitrogen 
Gerstel TDS  
Initial temperature 20oC 
Ramp rate 60oC/min 
End temperature 280oC 
Hold time 3 min 
Desorption mode Splitless 
MS parameters  
Acquisition mode Scan 
Low mass 30.0 
High mass 530.0 
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4.4 Sampling and Analytical Quality Control 

The quality control for sampling and laboratory analytical works were referred from the 

following references, USEPA (1999), HSE (2000) and ASTM (2003). The quality 

control for the sampling and laboratory analytical works includes air pumps calibration, 

identification of sorbent tube breakthrough, blank and duplicate samples, standard 

solutions calibration, recovery analysis, identification of limit of detection (LOD) and 

limit of quantification (LOQ). 

 

4.4.1 Air Pumps Calibration and Sorbent Tube Breakthrough  

Before sampling, the air pumps were calibrated using flow calibrator (DC-1 Flow 

Calibrator, Bios International Corporation) which was connected with the sorbent tube 

containing Tenax TA (Figure 4.6).  While the pump was running, the air flow rate was 

controlled by the low flow adjuster to obtain a suitable flow rate.  The DC-1 will 

measure the flow rate of the air pump in L/min.  This process was conducted several 

times and the average flow rate was obtained.  The flow rates of the air pumps ranged 

between 0.025 to 0.030 L/min which was considered appropriate referring to ASTM 

(2003) and USEPA (1999). 

 

After series of sampling, the flow rates of the air pumps were checked using the DC-1 

Flow Calibrator to identify the stability of the flow rate of the pumps.  The pump’s air 

flow before and after sampling were recorded and the differences of the flow rates were 

obtained.  The variation of air flow rate ranged between 0.3 to 0.9%.  The performance 

of the air pumps was considered appropriate referring to HSE (2000). 

 

To identify the suitability of the air flow rates on the sorbent tube, a breakthrough 

volume analysis was performed.  Two sorbent tubes were linked using tygon tube and 

were connected to the air pumps.  The first tube acts as the primary collection bed, 

while the second tube is the back-up from the first tube, to determine the breakthrough.  

If more than 5% of the target analytes are observed in the second tube, a breakthrough 

has occurred and the resetting of the sampling parameters are required (USEPA, 1999). 

 

The sampling parameters and the identification of the air volume were referred to 

Section 4.2 and Equation 4.1 respectively.  The identification of the sorbent tube 

breakthrough was conducted in three different areas; indoor air of house, internal 

garage of house and at roadside (e.g. Kessel Road) during high traffic volume.  These 
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experiments are expected to cover a wide range of VAHs in the ambient air.  For each 

study site, the sampling was repeated 3 times.  As shown in Table 4.2, all target 

analytes were below the USEPA (1999) guideline value of less than 5% and the 

sampling parameters design was considered suitable for this study. 

 

 

Figure 4.6 :  Calibration of potable air pump 

 

 

Table 4.2 :  Breakthrough volume for VAHs using sorbent tube containing Tenax TA 

Study sites /  
Proportion of VAHs in the back-up tube (%) 

 
Compound 

Indoor house Garage Kessel Road 

Benzene 3.2 – 3.7 < 1 – 2.2 3.2 – 3.5 

Toluene 4.9 2.3 – 4.8 4.1 – 4.8 

Ethylbenzene < 1 < 1 1.4 – 2.4 

mp-Xylene 2.3 – 4.2 1.1 – 4.2 2.8 – 3.1 

o-Xylene 3.9 – 4.6 2.9 – 4.6 2.5 – 2.9 

Styrene < 1 < 1 < 1 

Naphthalene < 1 < 1 < 1 

Air pump calibrator 

Air pump 

Sorbent tube 

Low flow 
adjuster 

Air flow 
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4.4.2 Blanks and Duplicate Sampling 

There are two types of blanks were conducted in this study.  First, is the field blank and 

second is the laboratory blank.  Field blanks were taken for each sampling activities.  

The purpose of the blank samples is to make correction with the true samples collected 

at the sites.  The sorbent tube was exposed at the site for several seconds without using 

any air pump.  After exposed, the tube was sealed and was bought back to the 

laboratory for analysis.  This tube was analysed similar to the true samples using the 

same analysis procedure as described in Section 4.3.  The field blanks results were used 

for the calculation of VAHs concentration using Equation 4.2.  On the other hand, the 

laboratory blanks were taken during the calibration process of the standard solutions.  

The process for obtaining the laboratory blanks is similar to the field blanks except that 

the sorbent tube was exposed in the laboratory environment.  The results were used for 

the correction with the standard calibration results. 

 

Duplicate sampling was conducted during field works.  The purpose of duplicate 

sampling is to identify the performance of the sampling design.  According to USEPA 

(1999) and ASTM (2003), the duplicate precision shall be within 25% for the pairs 

taken in each sample sets.  A total of 10 pairs of duplicate sampling were conducted 

throughout the sampling period.  The sampling was conducted randomly at different 

houses.  The strategy of sampling is similar with the true samples except two air pumps 

were put side by side during sampling.  The duplicate precision of VAHs ranged 

between less than 1 to 8.2%.  The results indicate the sampling pumps are functioning 

well throughout the sampling period.  

 

4.4.3 Preparation of Standard Solution 

The standard solution of the study compounds was prepared according to ASTM D 

6296-03 (ASTM, 2003).  The chemicals used in the preparation of the standard solution 

are listed in Table 4.3.  Approximately 10 mg of neat compounds are required to mix 

with methanol in a 100 mL volumetric flask.  Since, benzene, toluene, ethylbenzene, 

xylenes and styrene are in form of liquid, a volume of 11 µL were collected using 

syringe which gave approximately 10 mg in weight using Equation 4.3.  Where ρ is the 

density of the compound (mg/µL), m is mass of compounds (mg) and v is the volume of 

neat compounds (µL).  Using Equation 4.4, the concentration of this standard solution 

is 0.1 mg/mL.  Where c is the concentration of standard solution (mg/mL), m is mass of 
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compounds (mg) and v is the volume of solution (mL).  The preparation of this 

standard solution was named Stock A.   

vm       Equation 4.3 

v
mc        Equation 4.4 

 

Stock A standard solution was diluted by transferring 10 mL (of Stock A) into 100 mL 

volumetric flask and was filled up with methanol.  The concentration of this standard 

solution is 0.01 mg/mL which was derived using Equation 4.4.  This standard solution 

was named Stock B.  The Stock A and B standard solutions were used for calibration as 

described in Section 4.4.5. 

 

Table 4.3 :  Chemical properties for methanol and aromatic hydrocarbons 

Chemical name Chemical 
formula 

Density 
(g/mL) 

Purity Product 

Methanol C6H6 0.791 > 99.8% Merck 

Benzene C6H6 0.878 99.7% BDH Chemicals 

Toluene C7H8 0.865 > 99.5% BDH Chemicals 

Ethylbenzene C8H10 0.867 99% Acros Organics 

o-xylene C8H10 0.879 99% BDH Chemical Ltd 

m-xylene C8H10 0.868 99% BDH Chemical Ltd 

p-xylene C8H10 0.861 98.5% BDH Chemical Ltd 

Styrene C8H8 0.909 99% Aldrich Chemical 
Company 

Naphthalene C10H8 1.14 98% Aldrich Chemical 
Company 

 

4.4.4 Identification of Analytes  

The identification of VAHs was conducted by using NIST library via Agilent MSD 

Chemstation D.01.02.  After completion of analysis, the total ion chromatogram was 

generated which represent the total abundance of ions.  Using scan mode ranges 

between 35 to 550 m/z, the spectrum shows the abundance for each ion detected.  

Compounds which had more than 90% quality match were recorded and reported in 

this thesis.  The retention time and molecular ions of VAHs are described in Table 4.4. 



 41 

 

Table 4.4 :  Retention time and molecular ions for VAHs 

Compounds Retention time (min) Molecular ions (m/z) 

Benzene 7.50 78 

Toluene 9.33 91 

Ehtylbenzene 10.55 91 and 106 

mp-Xylene 10.69 91 and 106 

o-xylene 10.98 91 and 106 

Styrene 10.93 104 

Naphthalene 13.94 128 

 

4.4.5 Standard Solutions Calibration  

Standard solutions calibration was conducted by using seven calibration levels from 

Stock A and B as shown in Table 4.5.  These ranges of volumes gave a wide range of 

masses using Equation 4.4.  The stock solution was injected into the sorbent tube 

containing Tenax TA using 1 µL syringe with a scale of 0.1 µL and was placed into the 

TDS 2 system for analysis.  The process of analyzing the stock solutions was 

performed 3 times for each volume.  Prior to analysing the stock solutions, a laboratory 

blanks were conducted to ensure the quality of the analysis results.  The areas of the 

compounds were obtained using Agilent MSD Chemstation D.01.02.  The areas of the 

analytes were corrected with laboratory blanks and are summarised in Table 4.6. 

 

Table 4.5 :  Standard solutions calibration design for VAHs 

Stock Solution Concentration (µg/µL) Volume injected (µL) Mass (µg) 

B 0.01 0.1 0.001 

B  0.5 0.005 

B  1.0 0.01 

A 0.1 0.3 0.03 

A  0.5 0.05 

A  0.8 0.08 

A  1.0 0.1 

 

The calibration curve of the study compounds were plotted between mass (µg) and the 

areas of analytes corrected with laboratory blanks (ASTM, 2003).  From these graphs, 

the correlation coefficient (R2) and the linear equation of the analytes were obtained.  
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All of the study compound shows a high correlation with R2 of 0.99 (Figure 4.7), 

comparable to Bertoni et al. (2002), Kim et al. (2001) and Kuntasal et al. (2005).  These 

results were also used to obtain the relative standard deviation (RSD), recovery, LOD 

and LOQ for individual compounds. 

 

4.4.6 Relative Standard Deviation  

The relative standard deviation (RSD) or coefficient of variation (CV) was conducted 

by using Equation 4.5 as follows: 

%100
X

SDRSD     Equation 4.5 

 

where SD is the standard deviation of the areas and X  is the mean areas of the 

analytes.  The RSD for benzene, toluene, ethylbenzene, xylenes, styrene and 

naphthalene ranged between 0.3 to 10.4% (Table 4.6).  These values are lower than 

Kuntasal et al. (2005) and conform with USEPA (1999) requirement of less than 30%.  

The result indicates the repeatability of the standard calibration for all compounds are 

good with minimal human error. 

 

4.4.7 Recovery Analysis  

The recovery of mass of analytes was calculated using Equation 4.6.  Where applied 

weight (µg) (from the preparation of standard solution) and recovered weight (µg) 

(from the analysis using GC-MSD-TDS) was calculated using the linear equation from 

Figure 4.7.  The mass of analytes recovered for benzene, toluene, ethylbenzene, 

xylenes, styrene and naphthalene ranged between 77 to 115% (Table 4.6).  The mean 

recovery value for benzene, toluene, ethylbenzene and styrene in this study are lower 

than Kuntasal et al. (2005) and Ohura et al. (2006b), except for xylenes and 

naphthalene.  Nonetheless, these values are well above the recommended HSE (2000) 

guideline of more than 75%. 

100%
appliedWeight

blankrecoveredWeight(%)eryRecov 


   Equation 4.6 
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Table 4.6 :  Standard solutions calibration, RSD and recovery results for VAHs 

Mass (µg) / Average areas corrected with blank  
Compounds 
 

Retention 
time  
(min) 0.001 0.005 0.01 0.03 0.05 0.08 0.1 

 
RSD (%) 

 

 
Recovery (%) 

 

Benzene 7.50 32497 246922 399222 1310514 2310164 3574327 4441758 3.5 – 10.1 77.1 – 104.2 

Toluene 9.33 181809 332768 514887 1499417 2376179 3694195 4391240 0.8 – 9.8 79.0 – 95.3 

Ethylbenzene 10.55 121163 295148 529768 1709591 2800200 4299939 5240581 1.5 – 9.6 78.1 – 95.4 

mp-Xylene 10.69 356706 660436 992887 3060779 4954774 7517333 8929154 2.3 – 9.7 83.8 – 109.7 

o-Xylene 10.98 100464 258919 524958 1623736 2642987 4047304 5006553 0.3 – 7.9 82.6 – 107.8 

Styrene 10.93 84357 254785 486552 1509175 2426533 3825111 4697843 1.1 – 8.8 77.5 – 97.5 

Naphthalene 13.94 48266 251052 616254 2088373 3314799 5074004 6488564 1.4 – 10.4 78.1 – 115.9 
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Figure 4.7 :  Calibration of VAHs using standard solutions 

Mass (µg)  
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Figure 4.7 :  Calibration of VAHs using standard solutions (continued)  

Mass (µg)  
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4.4.8 Limit of Detection and Limit of Quantification  

The limit of detection (LOD) and limit of quantification (LOQ) for VAHs was 

calculated using Equations 4.7 and 4.8 respectively.  Where, LOD and LOQ were 

defined as 3 and 10 times of the standard deviation (SD).  Unlike other studies 

(Kuntasal et al., 2005, Payne-Sturges et al., 2004, Serrano-Trespalacios et al., 2004, 

Zhu et al., 2005), the SD in this study was obtained from the differences between 

prepared mass from the stock solutions and calculated mass using linear equation in 

Figure 4.7.  As shown in Table 4.7, the LOD and LOQ for VAHs ranged between 0.005 

to 0.009 µg and 0.018 to 0.031 µg, respectively.  The LOD values in this study are 

higher than Carrer et al. (2000) and Ohura et al. (2006b). 

SDLOD 3       Equation 4.7 

SDLOQ 10      Equation 4.8 

 

Table 4.7 :  Limit of detection and limit of quantification for VAHs 

Compounds LOD (µg) LOQ (µg) 

Benzene 0.008 0.027 

Toluene 0.006 0.024 

Ethylbenzene 0.007 0.026 

mp-Xylene 0.005 0.019 

o-Xylene 0.005 0.018 

Styrene 0.005 0.020 

Naphthalene 0.009 0.031 
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CHAPTER 5 PRODECURE FOR HEALTH RISK 

ASSESSMENT USING THE PROBABILISTIC 

TECHNIQUES 
 

5.1 Background 

The health risk assessment was conducted referring to the framework developed by the 

U.S. National Research Council (NRC, 1983).  The strategy for health risk assessment 

of disinfection by-products (DBPs) and volatile aromatic hydrocarbons (VAHs) is 

outline in Figure 5.1.  There are several stages involved in this process; (1) exposure 

assessment of the chemicals, (2) evaluation of dose-response from animal toxicology 

studies (3) evaluation of human exposure or epidemiology studies and the (4) 

characterization of risks. 

 

In the exposure assessment, the exposure concentrations (EXPC) were used to estimate 

the exposure doses (EXPD) using USEPA (1997) method.  The concentrations and dose 

data were expressed as the cumulative probability (CP) plots.  From these plots, linear 

regression equations, correlation coefficient (R2) and percentage value of the doses of 

the calculated compounds were identified.  Cumulative probability plots of 

concentration levels were also compared to the international guideline values to 

identify the health significant of the observed levels of exposures with humans. 

 

In the dose responses assessment, the laboratory experiment on surrogate animals, the 

observed concentrations which produced adverse effects were converted to Human 

Equivalent Doses (HED) by considering the body weight difference between the human 

and animal (FDA, 2005).  While, in the human population studies, the exposure 

concentrations were converted to doses indicated as Lifetime Average Daily Dose 

(LADDH). 
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Figure 5.1 :  The strategy for health risk assessment with DBPs and VAHs. 
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Finally, in the risk characterization process, the results from the exposure assessment 

were compared to the dose-response relationship using probabilistic technique.  Since 

the EXPD values and the dose-response relationship are in the same units, this process 

will identify any overlap in the probabilistic plots which indicates the EXPD and the 

possibility of adverse health effects on humans.  Detail descriptions of the exposure 

assessment, dose-responses relationship and risk characterization are described in 

Sections 5.3, 5.4 and 5.5, respectively. 

 

5.2 Sources of Data 

There are 3 sets of exposure data were used in this study, (1) is the DBPs in chlorinated 

drinking water derived from the scientific literature, (2) the VAHs in indoor air of 

houses from an international perspective derived from the scientific literature and (3) is 

the VAHs in the indoor air of houses in Brisbane.  Details of each of the data sets are 

described below. 

 

5.2.1 Disinfection By-Products in Drinking Water for Various Countries 

The selection of study compounds was based on commonly regulated compounds and 

their abundancy in chlorinated drinking water.  Of several groups of DBPs, 

trihalomethanes (THMs) and haloacetic acids (HAAs) were selected since these were 

the most significant from a human health perspective.  The THMs consist of 

trichloromethane or chloroform (TCM), bromodichloromethane (BDCM), 

dibromochloromethane (DBCM) and tribromomethane or bromoform (TBM) and with 

the HAAs, only 2 compounds were considered significant, namely dichloroacetic acid 

(DCAA) and trichloroacetic acid (TCAA). 

 

The study compounds were evaluated on the basis of published monitoring data for 

treated surface water from more than 15 different countries around the globe (Table 

5.1).  The data consists of mean, minimum and maximum concentrations and included 

concentrations in tap water and in the drinking water distribution systems.  To maintain 

unit consistency, the published concentration values were all converted into mg/L.  The 

exposure concentration data was used to construct CP plots and was compared to the 

World Health Organization (WHO) guideline values (WHO, 2004).  From the data, the 

linear regression equations were calculated as well as the R2 for each compound.  This 

was carried out for the linear range of the plots of the data which is between 20 to 85 % 

of the CP of exposure concentration (CP-EXPC). 
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Table 5.1 :  List of sources of DBPs for the development of CP-EXPC and CP-EXPD  

DBPs Country Year Source of water References 

TCM, BDCM, DBCM, TBM Turkey 2004 Distribution system Uyak (2006) 
TCM, BDCM, DBCM, TBM, DCAA, TCAA Greece 2001/02 Distribution system Golfinopoulos and Nikolaou (2005) 
DCAA, TCAA UK 2003 Tap water Malliarou et al. (2005) 
TCM, BDCM, DBCM, TBM, DCAA, TCAA Turkey & Italy 2004 After chlorination Rizzo et al. (2005) 
TCM, BDCM, DBCM, TBM Turkey 2003 Distribution system Toroz and Uyak (2005) 
TCM, BDCM, DBCM, TBM Hong Kong 1997 Tap water Lee et al. (2004) 
TCM, BDCM, DBCM, TBM, DCAA, TCAA Canada 2000/01 & 2001/02 Distribution system Rodriguez et al. (2004a, 2004b) 
TCM, BDCM, DBCM, TBM, DCAA, TCAA Russia 1999 - 2001 Tap water Egorov et al. (2003) 
TCM, BDCM, DBCM, TBM Spain 2000 After chlorination Iriarte et al. (2003) 
TCM, BDCM, DBCM, TBM, DCAA, TCAA Spain 1990 Tap water Villanueva et al. (2003) 
TCM, BDCM, DBCM, TBM UK 1992 - 1998 - Whitaker et al. (2003) 
TCM, BDCM, DBCM, TBM, DCAA, TCAA Korea - After chlorination Kim et al. (2002) 
TCM, BDCM, DBCM, TBM, DCAA, TCAA Finland 1994 After chlorination Nissinen et al. (2002) 
TCM, BDCM, DBCM, TBM, DCAA, TCAA Korea 1996 - 1998 After chlorination Lee et al. (2001) 
TCM, BDCM, DBCM, TBM, DCAA, TCAA European 

countries 
1980 – late 90s After chlorination Palacios et al. (2000) 

TCM, BDCM, DBCM, TBM, DCAA, TCAA Spain 1997/98 After chlorination Cancho et al. (1999) 
TCM, BDCM, DBCM, TBM, DCAA, TCAA US & Europe 1989 - 1993 - Nikolaou et al. (1999) 
TCM, BDCM, DBCM, TBM Egypt 1991 - 1993 After chlorination El-Shahat et al. (1998) 
TCM, BDCM, DBCM, TBM, DCAA, TCAA Canada 1993 After chlorination Williams et al. (1998, , 1997) 
TCM, BDCM, DBCM Greece 1995/96 Distribution system Golfinopoulos et al (1998) 
TCM, BDCM, DBCM, TBM Taiwan - Tap water Kuo et al. (1997) 
TCM, BDCM, DBCM, TBM Egypt - - Hassan et al. (1996) 
TCM, BDCM, DBCM, TBM Israel - - Heller-Grossman et al. (1993) 
TCM, BDCM, DBCM, TBM Egypt 1989 Distribution system El-Dib and Ali (1992) 
TCM, BDCM, DBCM, TBM Canada 1981 - Morrison and Dionne (1982) 
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5.2.2 Volatile Aromatic Hydrocarbons in Indoor Air of Houses 

There are wide ranges of concentrations and chemicals types of volatile organic 

compounds (VOCs) in the environment.  In this study, attention was focused on the 

VAHs group as several of the compounds are classified as carcinogens with benzene 

being classified as Class 1 carcinogen (IARC, 1987).  The study compounds were 

benzene, toluene, ethylbenzene, mp-xylene, o-xylene, styrene and naphthalene which 

commonly occur in indoor air environment.  The evaluation of VAHs in indoor air of 

houses was conducted using two sets of data, (1) VAHs in indoor air of houses from 

international perspective and (2) VAHs in indoor air of houses in Brisbane.  Details of 

the data are described below. 

 

5.2.2.1 Data from Literature 

An initial evaluation was carried out on data from the scientific literature.  A data set of 

VAHs was compiled from published monitoring data for indoor air of houses 

originating from more than 10 different countries (Table 5.2).  The data consists of 

mean, minimum and maximum concentrations in the indoor environment (e.g. living 

room, bedrooms and kitchen) in new, renovated and established dwellings.  These data 

were used to construct the CP-EXPC and were compared to the international indoor air 

quality (IAQ) guideline values from Germany, Hong Kong, Japan and the WHO.  From 

the CP-EXPC of probabilistic plots, linear regression equation and R2 for each 

compound were calculated between 20 to 80 % of the CP-EXPC which is the linear part 

of the plots.  These data were also used to plot the CP-EXPD and were compared with 

the dose-response data to identify possible health risks on humans. 
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Table 5.2 :  List of sources of VAHs in indoor air of houses for the development of CP-EXPC and CP-EXPD  

Country Year Compounds Sites References 

Athens, Greece 1997-1998 T 50 homes Alexopoulos et al. (2006) 
Helsinki and Turku, Finland 1999-2003 BTEoXmpXS 8 homes in bedrooms Jarnstrom et al. (2006) 
Shimizu, Japan 2000-2001 BTEoX 21-25 houses in living room Ohura et al. (2006b) 
Japan 2000-2002 TES 251-1417 houses (new and old) in living 

room or bedrooms 
Park and Ikeda (2006) 

Athens, Greece 1997-1998 B 50 houses Chatzis et al. (2005) 
Ottawa, Canada 2002-2003 BTEoXmpXSN 75 homes in living room or bedrooms Zhu et al. (2005) 
Scleswig-Holstein, Germany 2000-2001 BTEoXSN 79 homes in living room and bedrooms Hippelein (2004) 
Perth, Australia 1998-1999 BTEoXmpXS - Rumchev et al. (2004) 
Sapporo, Japan 2001 TES 96 houses in living room Saijo et al. (2004) 
Mexico City, Mexico 1998-1999 BTEoXmpXS 30 homes Serrano-Trespalacios et al. (2004) 
Hong Kong 1999 BTEoXmpX 6 homes in living rooms and kitchens Guo et al. (2003a) 
Daegu, Korea 2001 BTEoXmpX 112 homes in living room Jo et al. (2003) 
Asan and Seoul, Korea 2001 BTEoX 60 homes in living rooms Son et al. (2003) 
Monterotondo and Rome, Italy 2002 BT 17 homes in living rooms Bertoni et al. (2002) 
Melbourne, Australia - BTESN 27 dwellings in living rooms and bedrooms Brown (2002) 
New York, USA 1999 BTEoXmpXS 46 homes Kinney et al. (2002) 
Hong Kong 1999 BTEoXmpX 6 home in living rooms and kitchens Lee et al. (2002) 
United Kingdom 1999-2000 BTEoXSN 12 homes Kim et al. (2001) 
Hamburg and Erfurt, Germany 1995-1996 BTEoXmpX 405 homes in living rooms and bedrooms Schneider et al. (2001) 
Helsinki, Finland 1996-1997 BTEoXmpXSN - Edwards et al. (2001b) 
Hannover, Germany 1995-1997 BTEoXmpX 115 homes Ilgen et al. (2001) 
Erfurt, Germany 1994 BTEoXmpX 20 homes in living rooms, bedrooms and 

kitchen 
Schneider et al. (1999) 

Seoul and Taegu, Korea 1994-1995 BTEoXmpXS 12 homes Baek et al. (1997) 
Shizuoka, Japan 1996 N 2 homes in bedrooms and kitchens Zhu et al. (1997) 
Finland - BTEoXSN 88 homes Kostiainen (1995) 
Canada 1991 BTEXoXSN 754 homes Fellin and Otson (1994) 
Italy 1983-1984 BTEoXmpXN 14 homes in living room Bortoli et al. (1986) 
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5.2.2.2 Measurement of Volatile Aromatic Hydrocarbons in Houses 

A total of 32 houses in Brisbane were selected for the investigation of indoor VAHs 

(Figure 4.1).  The data represent VAHs concentrations in living room and bedroom of 

the houses and all concentration values were expressed in µg/m3.  These data were used 

to construct the CP-EXPC and were compared to the international IAQ guideline values 

from Germany, Hong Kong, Japan and the WHO.  From the CP-EXPC of probabilistic 

plots, linear regression equation and R2 for each compound were calculated between 30 

to 90 % of the CP-EXPC which is the linear part of the plots.  These data were also used 

to plot the CP-EXPD and were compared with the dose-response data to identify 

possible health risks on humans. 

 

5.3 Calculation of Exposure Doses  

5.3.1 Disinfection By-Products in Drinking Water 

To evaluate the EXPD for humans, DBPs concentration values were converted into 

doses using a USEPA (1997) equation, considering the exposure time, ingestion rate 

and body weight of an average individual.  This method has been used by Lee et al. 

(2006b), Nazir and Khan (2006), Tokmak et al. (2004) and Uyak (2006).  The equation 

is express as follows: 

ATBW
EDAFEFIRCWEXPD 


     Equation 5.1 

 

where exposure dose (EXPD) is in mg/kg/day, CW is the concentration in water (mg/L), 

IR is the ingestion rate (L/day), EF is the exposure frequency (days/year), AF is the 

exposure factor (assume to be unity), ED is the exposure duration (years), BW is the 

body weight (kg) and AT is the average time (70 years × 365 days/year).  The standard 

values for IR, ED and BW for an adult are described in Table 5.3.  Cumulative 

probability plots for estimated doses (CP-EXPD) of the compounds were then plotted 

and the estimated doses at 50% and 95% for each compound were identified from the 

graphs.   

 

5.3.2 Volatile Aromatic Hydrocarbons in Indoor Air of Houses 

The evaluation of indoor air exposure was carried out by considering the occupants as 2 

groups namely adults (men and women) and children (of age between 3 to 5 years).  
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The indoor VAHs concentrations were converted into doses using a USEPA (1997) 

equation which is expressed as follows 

ATBW
AFEDELIRCAEXPD 


     Equation 5.2 

 

where exposure doses (EXPD) is in µg/kg/day, CA is the concentration in air (µg/m3), 

IR is the inhalation rate (m3/day), EL is the exposure length (day/day) as a function of 

the day exposure, ED is the exposure duration (days), AF is the exposure factor, BW is 

the body weight (kg) and AT is the average time (70 years x 365 days/year).   

 

The IR and BW for these groups are described in Table 5.3.  The values for AF, EL and 

ED in this evaluation are taken from previous studies suggesting as 0.9, 0.7 day/day 

and 70 years, respectively (Guo et al., 2004a, Sax et al., 2006, USEPA, 1997).  

Cumulative probability plots for estimated doses of each compound were plotted and 

the estimated doses at 50% and 95% for each compound were identified from the 

graphs. 

 

Table 5.3 : Humans and animals physiology parameters (Derelanko and Hollinger, 

1995, USEPA, 1997)  

Parameter Unit Human Mouse Rat Pig Rabbit 

Lifetime years 70 1.5 2 4.5 7.8 

Body weight kg 70 (adults) 

18 (children) 

0.03 0.35 0.84 3.8 

Water 
consumption 

L/day 2 (adults) 0.006 0.05 0.2 0.410 

Inhalation 
rate 
 

m3/day 20 (adults) 
 

8.3 (children) 

0.052 0.29 0.4 2 

 

5.4 Dose-response Assessment 

Two sets of dose-response data were available for use in the risk assessment.  The first 

set from toxicological studies on animals used as surrogates for humans and the second 

from epidemiology studies on human populations.  These two data sets were used to 

evaluate the potential health risks of the chemicals on humans. 
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5.4.1 Animal Dose-response Experiments in Terms of Human Equivalent Doses 

5.4.1.1 Disinfection By-Products via Ingestion 

In the evaluation of DBPs, animals were given various exposure doses measured in 

mg/kg/day, either by gavage or drinking water as summarized in Appendix B.  To 

evaluate the significance of the data to humans, the animal doses were converted into 

HED as follows: 

 
3/1














weightbodyHuman
weightbodyAnimal

doseAnimalHED   Equation 5.3 

 

where HED is in mg/kg/day, animal dose is in mg/kg/day, and human and animal body 

weights are in kg.  The reference values for human and animal body weights were 

referred to Table 5.3.  Since there was usually insufficient data to plot cumulative plot, 

theses data were usually plotted as a range from minimum to maximum which 

represented the observed adverse health effect range of the exposure levels.  A CP plot 

of HED (CP-HED) was also plotted which represented the minimum values of every 

adverse effects.  This plot is considered as the threshold of CP-HED. 

 

5.4.1.2 Volatile Aromatic Hydrocarbons via Inhalation 

In the evaluation of VAHs, animals were given various exposure concentrations 

measured in parts per million (ppm) through inhalation (Appendix D).  These data were 

converted to µg/m3 as described in Equation 5.4.   















 


02445.0
/ 3

weightmolecularppm
mg    Equation 5.4 

 

The concentration values were then converted into doses using Equation 5.2.  The 

values for CA, EL and ED were obtained from the respective experimental data (see 

Appendix C).  While the values of IR, BW and LT of animals were referred to Table 

5.3.  To evaluate the significance of this animal data to humans, the animal doses were 

converted into HED using Equation 5.3.  Similar conditions with the DBPs data, the 

HED were plotted as range which represents minimum to maximum doses within 

which the adverse health effect was observed.  A threshold CP plot of HED (CP-HED) 

was also plotted which represented the minimum values of every adverse effects.   
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5.4.2 Human Population Studies with Dose-response in Terms of Lifetime Average 

Daily Doses  

5.4.2.1 Disinfection By-Products in Drinking Water 

The human exposure data obtained from several epidemiology studies were mainly for 

TCM, BDCM, DCAA and TCAA.  The evaluation data for DBCM and TBM are very 

limited, as their formation is low in drinking water (Dodds and King, 2001, King et al., 

2000a, Wright et al., 2004).  Nonetheless, the study on total THM (TTHM) was 

included in this study because it consisted mainly of TCM (Bove et al., 1995).   

 

The exposure data, risk factors and incidence cases of adverse health effects on humans 

in these studies were obtained from the scientific literature (Appendix C).  This 

information was analyzed and positive correlations between exposure level of DBPs 

and adverse health effects were recorded. The concentration values were then converted 

into lifetime average daily doses (LADDH) as follows: 

ATBW
EDAFEFIRCLADDH 


     Equation 5.5 

 

where LADDH is in mg/kg/day, C is the concentration in water (mg/L), IR is the 

ingestion rate (L/day), EF is the exposure frequency (days/year), AF is the exposure 

factor (assume to be unity), ED is the exposure duration (years), BW is the body weight 

(kg) and AT is the average time (70 years × 365 days/year).  The standard values for IR, 

ED and BW are described in Table 5.3.   

 

This is a similar situation to the animal toxicology data.  The LADDH have to be 

plotted as a range as there were insufficient data on EXPC and the adverse effects to 

make the probability plots.  These ranges represent the minimum and maximum doses 

within which were observed.  A CP plot of LADDH (CP-LADDH) was plotted which 

represented the minimum values of all the reported adverse health effects.  This plot is 

known as threshold CP-LADDH.    
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5.4.2.2 Volatile Aromatic Hydrocarbons in Indoor Air 

In the evaluation of VAHs on humans, groups of workers or human populations were 

selected to identify possible relationships between adverse health with the exposure 

levels within the atmospheric environment.  From the reported positive correlations, the 

VAHs concentrations and adverse health effects were identified and were converted 

into LADDH using Equation 5.5.  Where exposure doses (LADDH) is in µg/kg/day, C is 

the concentration in air (µg/m3), IR is the inhalation rate (m3/day), EL is the exposure 

length (day/day) as a function of the day exposure, ED is the exposure duration (days), 

AF is the exposure factor, BW is the body weight (kg) and AT is the average time (70 

years x 365 days/year).  The values for EL and ED in this evaluation are taken from 

respective studies as described in Appendix E. 

 

However, the evaluations of these data were limited to benzene, toluene, xylene and 

styrene since insufficient data on other compounds are not available.  Similar to the 

evaluation of DBPs, this data were plotted as a range from minimum to maximum dose 

and a threshold of CP-LADDH was plotted for the minimum points in this data. 

 

5.5 Risk Characterization 

The risk characterizations of DBPs in drinking water and VAHs in the residential 

indoor air were evaluated by three methods.  The first approach is by comparison 

between EXPD with the threshold HED and threshold LADDH respectively.  The 

second method by using hazard quotient (HQ95/5) derived from 0.95 CP of EXPD and 

0.05 CP of threshold LADDH.  The third method by using hazard quotient (HQMC) 

using Monte Carlo simulation using Crystal Ball 2000 software.  Details of the 

evaluation are described below. 

 

5.5.1 Comparison of Exposure Dose with Human Equivalent Dose and Lifetime 

Average Daily Dose 

The risk was evaluated by using the exposure assessment to gather with the dose-

response assessment using probabilistic methods.  The EXPD from the uptake of DBPs 

and VAHs (from Section 5.3) were plotted as probabilistic distributions.  Animal dose-

response data converted to human equivalent values derived from toxicology studies 

(HED) (from Section 5.4.1) and human data from epidemiology studies (LADDH) 

(from Section 5.4.2) were plotted as ranges from minimum to maximum dose.  A 
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threshold CP-HED and threshold CP-LADDH were plotted which represent the 

minimum values of all the reported adverse health effects.  Health risks were identified 

when the maximum EXPD exceeded the threshold dose giving adverse effects and 

effectively the overlap between exposure and doses which give adverse health effects. 

 

5.5.2 Risk Characterisation Using Hazard Quotient at Exposure 

Doses0.95/Threshold Dose0.05 (HQ95/5) 

The HQ95/5 was quantified as the ratio between human EXPD as the 0.95 CP plot from 

DBPs and VAHs (from Section 5.3) and dose-response from human threshold data at 

0.05 CP from LADDH (from Section 5.4.2).  The HQ95/5 described the highest exposure 

levels of DBPs and VAHs at 0.95 CP and the threshold health risks at 0.05 CP 

observed with human population.  The HQ95/5 is calculated as follows,  

05.0

95.0
5/95

H

D

LADD
EXP

HQ      Equation 5.6 

 

where HQ95/5 is in ratio, EXPD, 0.95 is the 95% of the CP-EXPD (mg/kg/day for DBPs 

and µg/kg/day for VAHs) and LADDH, 0.05 is the 5% of the CP-LADDH (mg/kg/day for 

DBPs and µg/kg/day for VAHs) plots.  Health risks were quantified by the ratio value 

of the HQ95/5.  Hazard quotient (HQ95/5) of less than 1 indicates of less health risks on 

humans.  While HQ95/5 of 1 and above indicates the potential health risk on humans.  

 

5.5.3 Risk Characterisation Using Monte Carlo Simulation 

In the third method in risk characterization, the hazard quotient by Monte Carlo 

technique (HQMC) was conducted using Monte Carlo simulation via Crystal Ball 2000 

software.  In this approach, the Monte Carlo simulation was used to simulate varying 

inputs, the CP-EXPD and the CP-LADDH by 2000 trials.  The CP plots for EXPD and 

CP of LADDH were assumed to follow the log normal distribution respectively.  The 

outputs from the simulation are in frequency distributions of the values of the HQMC.  

The values of the probability of higher than unity (equal to 1) was calculated by the 

Crystal Ball as the areas under the curve ranging from the x-axis values of unity to 

infinity.  The CP for HQMC higher than unity indicates a high probability of adverse 

health effects on humans.  
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5.5.4 Estimation of Safety Ratio 

The estimation of safety ratio was obtained from the ratio between CP plots from 

surrogate animal data in terms of threshold HED and human response data in terms of 

threshold LADDH.  Using the CP-HED (Section 5.4.1) and CP-LADDH (Section 5.4.2), 

the safety ratio for each compound were quantified.  This has been derived since 

surrogate animal data is often used in place of human data with appropriate safety 

factors.  According to Barnes and Dourson (1988), Dorne and Renwick (2005) and 

NRC (1986), safety factors for interspecies for most chemicals are usually in the order 

of 102 to 103.  Therefore, the safety factors and the safety ratio should approximate to 

the same value if appropriate safety factors are being used.   

 

The safety ratio was obtained from an average ratio values from 0.2, 0.5 and 0.8 of the 

CP scale.  In few conditions, the 0.2 and 0.8 points from the CP plots could not be 

obtained directly.  However, these points were estimated from the linear equation of the 

CP plot. 
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CHAPTER 6 HEALTH RISK ASSESSMENT OF 

DISINFECTION BY-PRODUCTS IN DRINKING 

WATER USING DATA FROM VARIOUS 

COUNTRIES 
 

6.1 Background 

The health risk assessment with chlorinated disinfection by-products (DBPs) in 

drinking water will be focused specifically on trihalomethanes (THMs) and haloacetic 

acids (HAAs) as described in Section 5.2.1.  These compounds were selected for 

evaluation because they are frequently found in chlorinated drinking water 

(Richardson, 2003) and an adequate database is available on them.  Also, these 

compounds are the most widely regulated and have potentially adverse effects on 

humans (Health Canada, 2004, NHMRC, 2004, WHO, 2004).  For example, several 

compounds within these groups have been classified as possibly carcinogen to humans 

by the International Agency for Research on Cancer (IARC) (IARC, 2004, IARC, 

1991, IARC, 1987). 

 

This chapter will describe the exposure concentration (EXPC) of DBPs in drinking 

water from more than 15 countries and their exposure levels compared to the 

international guideline value.  The concentrations were converted into doses which 

were used for assessment with the dose-response data from animal toxicology and 

human epidemiology to characterize the possible adverse health effects on humans. 

 

6.2 Concentration Levels of Disinfection By-Products in Drinking Water from 

the Literature 

The evaluation of the occurrence of DBPs in drinking water was based on literature 

data on concentrations as described in Table 5.1.  This information revealed that the 

DBPs are mainly THMs and HAAs.  This evaluation would be expected to give an 

overall picture of the exposure levels resulting from DBPs in drinking water with 

humans from an international perspectives since the data is drawn from more than 15 

countries around the globe.  
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6.2.1 Trihalomethanes 

Trihalomethanes (THMs) is the major group of DBPs formed in drinking water on 

chlorination (Richardson, 2003).  The group consists of trichloromethane (TCM), 

bromodichloromethane (BDCM), dibromochloromethane (DBCM) and 

tribromomethane (TBM).  Of these, TCM was found to be the major compound, 

followed by BDCM, DBCM and TBM (El-Dib and Ali, 1992, El-Shahat et al., 1998, 

Golfinopoulos et al., 1998, Shin et al., 1999, Williams et al., 1997).   

 

The reported concentration levels of THMs, from publications listed in Table 5.1, are 

shown in Figure 6.1, as cumulative probability (CP) plots.  The analytical detection 

limit indicated on the plots and there is no concentrations data below this point.  The 

CP of the data below the detection limit is indicated by the lowest point on each CP 

plot.  The data were compared to the World Health Organization (WHO) guideline 

(WHO, 2004) which is considered to be as references rather than standards.  The 

concentrations level of TCM, BDCM, DBCM and TBM ranging between 5.0 × 10-5 to 

0.19 mg/L, 5.0 × 10-5 to 7.2 × 10-2 mg/L, 5.0 × 10-5 to 0.20 mg/L and 5.0 × 10-5 to 0.35 

mg/L, respectively.  Some of BDCM, DBCM and TBM concentrations were observed 

below the analytical detection limit as indicated in bottom left of Figure 6.1. 

 

Most of the EXPC are below the WHO guideline values.  However, the data points in 

the top right-hand side of Figure 6.1 indicate that some of the observed BDCM 

concentrations at more than 0.95 CP exceeded the WHO guideline value of 0.06 mg/L.  

These occurred during the summer period when changes in pH, temperature and 

chlorine dose may have influenced the formation of this compound (El-Dib and Ali, 

1992).  Similar conditions were also reported by Lee et al. (2001), Toroz and Uyak 

(2005) and Williams et al. (1997).  However, their results although were relatively 

high, they were below the WHO guideline values. 
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Figure 6.1 :  Cumulative probability of EXPC (CP-EXPC) (mg/L) of TCM, BDCM, DBCM and TBM in chlorinated drinking water.  The 

arrow on the exposure lower axis indicates the analytical detection limit 
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Figure 6.1 also shows that some of DBCM and TBM concentrations of more than 0.95 

CP exceeded the WHO guideline of 0.1 mg/L.  These were due to high concentrations 

of bromide ion in raw water, which resulted in the formation of brominated 

halomethane compounds (Heller-Grossman et al., 1993).  In the absence of bromide ion 

in raw water, DBCM and TBM were undetected or below the detection limit, which is 

5.0 × 10-5 mg/L as shown Figure 6.1 (Egorov et al., 2003, El-Dib and Ali, 1992, 

Golfinopoulos and Nikolaou, 2005, Golfinopoulos et al., 1998, Kim et al., 2002, Kuo et 

al., 1997, Lee et al., 2004, Morrison and Dionne, 1982, Rodriguez et al., 2004a, 

Rodriguez et al., 2004b).  No data points are recorded for DBCM and TBM below 5.0 

× 10-5 mg/L since this concentration is the detection limit.  

 

From the CP plot, the linear equations and the correlation of coefficient (R2) for each 

compound were obtained over the linear range from 0.20 to 0.85 CP (Table 6.1).  The 

TBM has a lower slope as followed by BDCM, DBCM and TCM.  This indicates a 

greater range in concentrations in drinking water as compared to BDCM, DBCM and 

TCM.  The wide concentration level of TBM is depending on the present of bromide 

ion in raw water.  As described earlier, the present of bromide ion has a direct 

correlation with brominated compounds.  Correlation coefficient (R2) of more than 0.9 

was obtained for all compounds which indicated a high degree of linearity in the 

distribution plot.   

 

Table 6.1 :  Linear regression equation and correlation coefficient of THMs and HAAs 

Compounds Probability 
range 

Slope Intercept R2 

TCM 0.20 – 0.85 0.444 2.313 0.99 

BDCM 0.25 – 0.85 0.351 2.190 0.97 

DBCM 0.20 – 0.80 0.357 2.635 0.98 

TBM 0.30 – 0.80 0.167 1.683 0.93 

DCAA 0.20 – 0.80 0.564 3.105 0.98 

TCAA 0.20 – 0.80 0.334 1.973 0.97 
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6.2.2 Haloacetic Acids 

The HAAs group was found to be relatively high in treated drinking water (Figure 6.2).  

Of these, dichloroacetic acid (DCAA) and trichloroacetic acid (TCAA) were the major 

compounds detected (Cancho et al., 1999, Egorov et al., 2003, Golfinopoulos and 

Nikolaou, 2005, Kim et al., 2002, Lee et al., 2001, Nikolaou et al., 1999, Nissinen et 

al., 2002, Palacios et al., 2000, Rizzo et al., 2005, Rodriguez et al., 2004a, Rodriguez et 

al., 2004b, Villanueva et al., 2003, Williams et al., 1998, Williams et al., 1997).   

 

The concentrations of DCAA and TCAA ranged between 2.5 × 10-4 to 7.2 × 10-2 mg/L 

and 1.3 × 10-4 to 0.21 mg/L respectively.  As shown in Figure 6.2, some DCAA and 

TCAA values above 0.95 CP exceeded the WHO guideline values of 0.05 mg/L and 0.2 

mg/L respectively (Egorov et al., 2003, Nissinen et al., 2002, Rizzo et al., 2005).  There 

are many factors that may influence the formation of DCAA and TCAA.  These include 

the physical and chemical characteristics of water and the chlorination process in the 

treatment plant (Golfinopoulos and Nikolaou, 2005, Li et al., 2001, Nikolaou et al., 

2004).  High concentration of DCAA and TCAA may be due to high total organic 

carbon levels in water (Nissinen et al., 2002, Rizzo et al., 2005).  This is in agreement 

with Golfinopoulos and Nikolaou (2005) who observed the presence of organic carbon 

has a direct relationship with the formation of DCAA and TCAA. 

 

From the CP plot, the approximately linear part of the plots equations and the R2 for 

each compound were obtained (Table 6.1).  The TCAA has a relatively lower slope as 

compared to DCAA but this is probably not of any significance.  Correlation 

coefficients (R2) of more than 0.95 were obtained for the plots of both compounds 

indicated close adherence to a linear relationships.   
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Figure 6.2 :  Cumulative probability of EXPC (CP-EXPC) (mg/L) of DCAA and TCAA in chlorinated drinking water. 
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6.3 Exposure Doses of Disinfection By-Products in Drinking Water 

6.3.1 Trihalomethanes 

The concentration data shown in Figure 6.1 were converted into exposure doses 

(EXPD) in terms of mg/kg-body weight/day using the expression in Equation 5.1.  

These data have been plotted out as CP of EXPD (CP-EXPD) and are shown in Figure 

6.3.  From the graph, the mean, minimum and maximum doses of THMs are shown in 

Table 6.2 and the percentage values of 95% and 50% CP were obtained from Figure 6.3 

as shown in Table 6.2.   
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Figure 6.3 : Cumulative probability of EXPD (CP-EXPD) (mg/kg/day) of TCM, BDCM, 

DBCM and TBM. 

 

In this group, the evaluations of human health risks were focused on TCM due to its 

abundance in chlorinated drinking water and their potential health effect on humans.  

The mean TCM in this evaluation was found to be lower by approximately 10 to 102 

compared to Nazir and Khan (2006), Sadiq et al. (2002) and Tokmak et al. (2004) 

(Table 6.3).  The maximum and minimum EXPD values in this study were also found 

lower than Sadiq et al. (2002) by approximately 10 and 103 respectively (Table 6.3).   
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Since the conversion of EXPD is in terms of human body weight, the selection of body 

weight value may influence the dose intake in humans.  With high body weight will 

resulted to low dose intake and low body weight resulted to high dose intake.  As 

shown in Table 6.3, the mean EXPD in Sadiq et al. (2002) was found highest compare 

to others. This was probably due to the use of low human body weight of 50 kg 

compare to others ranged between 65 to 72 kg.  In this study, human body weight of 70 

kg was used which is considered appropriate for adult (USEPA, 1997). 

 

Table 6.2 :  Statistical characterizations of the EXPD (mg/kg/day) data for THMs and 

HAAs 

 TCM BDCM DBCM TBM DCAA TCAA 

Minimum 1.4 × 10-6 1.4 × 10-6 1.4 × 10-6 1.4 × 10-6 7.1× 10-6 3.7 × 10-6 

Maximum 5.6 × 10-3 2.0 × 10-3 5.8 × 10-3 1.0 × 10-2 2.0 × 10-3 6.0 × 10-3 

Mean 6.6 × 10-4 4.0 × 10-4 2.3 × 10-4 3.9 × 10-4 3.9 × 10-4 8.0 × 10-4 

95% 1.6 × 10-3 1.5 × 10-3 7.9 × 10-4 9.7 × 10-4 1.1 × 10-3 3.3 × 10-3 

50%  4.8 × 10-4 2.7 × 10-4 8.2 × 10-5 4.8 × 10-5 2.7 × 10-4 3.4 × 10-4 

 

Table 6.3 :  Exposure dose (EXPD, mg/kg/day) of TCM for adults via ingestion and 

comparison with this study 

EXPD (mg/kg/day)  
Exposure 

Minimum Maximum Mean 

 
References 

City 1 – – 1.3 × 10-2 Nazir and Khan (2006) 

City 2  – – 6.3 × 10-3  

City 3  – – 1.1 × 10-3  

City 1  8.1 × 10-3 6.5 × 10-2 1.9 × 10-2 Sadiq et al. (2002) 

City 2  – 1.6 × 10-2 4.1 × 10-3  

Male  – – 1.9 × 10-3 Tokmak et al. (2004) 

Female  – – 2.1 × 10-3  

This study 1.4 × 10-6 5.6 × 10-3 6.6 × 10-4 Literature data 
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6.3.2 Haloacetic Acids 

The concentration data shown in Figure 6.2 were converted into EXPD in terms of 

mg/kg-body weight/day using Equation 5.1.  These data were plotted out as CP of 

EXPD (CP-EXPD) and are shown in Figure 6.4.  The mean, minimum and maximum 

doses of HAAs are shown in Table 6.2 and the percentage values of 95% and 50% 

EXPD were obtained from Figure 6.4 as shown in Table 6.2.   

 

Unlike THMs, the EXPD for HAAs cannot be compared with other studies as there was 

no human health risk assessment were conducted in this group.  Even though the 

important of this group is lesser compared to THMs, the presence of these chemicals in 

chlorinated drinking water cannot be taken lightly as several human epidemiology 

studies found positive correlation of adverse health effects on humans. 
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Figure 6.4 : Cumulative probability of EXPD (CP-EXPD) (mg/kg/day) of DCAA and 

TCAA. 
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6.4 Dose-Response Data from Animal Experiments in Terms of Human 

Equivalent Doses  

The conversion of animal toxicology data in units of mg/kg-body weight/day for 

various adverse effects was converted to Human Equivalent Doses (HED) in the same 

units using literature data converted by Equation 5.3.  The literature data on animal 

toxicology were given in Appendix B.  These adverse effects can be placed in various 

general categories such as carcinogenicity, neurotoxicity, reproductive and 

developmental toxicity.  With all the categories there was insufficient data to plot out 

the dose against response but there was sufficient data to evaluate the range over which 

the adverse response occurred. 

 

6.4.1 Animals Experimental Data with Trihalomethanes 

The HEDs of TCM, BDCM, DBCM and TBM and the ranges over which the adverse 

health effects occurred with animals are shown in Figures 6.5 to 6.8.  The adverse 

effects were placed in categories such as carcinogenicity, neurotoxicity and 

reproductive and developmental toxicity.  The lethal dose at 50% (LD50) for rats with 

TCM, BDCM, DBCM and TBM ranged from a minimum of 1.5 × 102 to a maximum 

of 1.9 × 102, 1.5 × 102 to 1.6 × 102, 1.4 × 102 to 2.0 × 102 and 1.9 × 102 to 2.3 × 102 

mg/kg/day, respectively.  The adverse effects observed consisted of piloerection, 

sedation, flaccid muscle tone, ataxia and prostration (Chu et al., 1980). 

 

With TCM, BDCM, DBCM and TBM, adverse effects in liver, kidney, intestine and 

colon in mice and rats were observed at approximately 1.7 to 37.7 mg/kg/day and 

resulted in tumor (Dunnick et al., 1987, Dunnick et al., 1985, George et al., 2002, Hard 

et al., 2000, Jorgenson et al., 1985, Lilly et al., 1994, NTP, 1987, NTP, 1985) at doses 

ranging between 1.4 to 27.3 mg/kg/day, 0.7 to 68.4 mg/kg/day, 3.7 to 7.5 mg/kg/day 

and 4.2 to 34.2 mg/kg/day, respectively (Figures 6.5 to 6.8).   
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Figure 6.5 :  Human Equivalent Dose (HED) (mg/kg/day) of TCM describing the 

carcinogenic and non-carcinogenic effects on animals 

 

Cardiovascular effects were observed only for DBCM in rats at doses approximately 

14.1 to 1.1 × 102 mg/kg/day (Müller et al., 1997) (Figure 6.7).  However, all of these 

compounds caused neurotoxicity (Balster and Borzelleca, 1982), adverse reproductive 

(Klinefelter et al., 1995) and developmental effects (Bielmeier et al., 2001, Christian et 

al., 2001, Munson et al., 1982, Narotsky et al., 1997, Ruddick et al., 1983, Thompson et 

al., 1974) at doses from 7.5 to 30.1 mg/kg/day, 3.7 to 6.6 mg/kg/day and 13.4 to 18.8 

mg/kg/day, respectively.   
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Figure 6.6 :  Human equivalent dose (HED) (mg/kg/day) of BDCM describing the 

carcinogenic and non-carcinogenic effects on animals 
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Figure 6.7 :  Human equivalent dose (HED) (mg/kg/day) of DBCM describing the 

carcinogenic and non-carcinogenic effects on animals 
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Figure 6.8 : Human equivalent dose (HED) (mg/kg/day) of TBM describing the 

carcinogenic and non-carcinogenic effects on animals 
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6.4.2 Animals Experimental Data with Haloacetic Acids 

The HEDs of DCAA and TCAA and the ranges of which the adverse effect occurred 

are shown in Figures 6.9 and 6.10 respectively.  The exposure to DCAA and TCAA in 

rats and mice induces liver and kidney effects at doses approximately 6.0 to 37.7 

mg/kg/day and resulted to tumor (DeAngelo et al., 1996, DeAngelo et al., 1991, 

Herren-Freund et al., 1987) at doses approximately 68.4 to 1.7 × 102 mg/kg/day and 

30.1 to 75.3 mg/kg/day respectively.  Heart defect in animals was also observed in 

DCAA and TCAA at doses approximately 49.7 to 5.9 × 102 mg/kg/day (Epstein et al., 

1992, Johnson et al., 1998, Smith et al., 1989).  
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Figure 6.9 :  Human equivalent dose (HED) (mg/kg/day) of DCAA describing the 

carcinogenic and non-carcinogenic effects on animals 
 
These compounds also had an adverse effects on reproduction (Linder et al., 1997, Toth 

et al., 1992) and developmental systems (Cicmanec et al., 1991, Smith et al., 1992, 

Smith et al., 1989), at doses approximately 5.3 to 5.1 × 102 mg/kg/day and 7.0 to 4.1 × 
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102 mg/kg/day respectively.  Neurotoxicity (Mather et al., 1990, Moser et al., 1999) and 

ocular lesions (Katz et al., 1981) in rats and dogs were observed only for DCAA at 

doses approximately 2.7 to 58.9 mg/kg/day and 42.4 to 56.6 mg/kg/day respectively 

(Figure 6.9). 
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Figure 6.10 : Human equivalent dose (HED) (mg/kg/day) of TCAA describing the 
carcinogenic and non-carcinogenic effects on animals 

 

 

6.5 Dose-response Data for Disinfection By-Products with Humans 

The conversion of human exposure data to Lifetime Average Daily Dose (LADDH) was 

conducted with literature data using Equation 5.5.  The literature data were also given 

in Appendix C.  The adverse effects are described from epidemiological studies and can 

be placed in the general categories such as carcinogenicity and developmental toxicity.  

Most epidemiology studies have focused on TCM and BDCM because of their 

abundance in drinking water.  There is a lack of information of DBCM and TBM, 

mainly due to their low concentrations in drinking water (Dodds and King, 2001, King 

et al., 2000a, Wright et al., 2004) and as a result these compounds were not included in 

this investigation.   
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In addition, most of the literature data have studied the concentrations of total 

trihalomethanes (TTHM) which is the sum of TCM, BDCM, DBCM and TBM.  This 

term is commonly used in the epidemiology studies because of their presents in 

chlorinated drinking water.  For HAAs, very few studies were conducted.  The adverse 

effects from the exposure of THMs and HAAs are described below. 
 

6.5.1 Humans Exposure to Trihalomethanes 

The LADDH for TTHM, TCM and BDCM are shown in Figures 6.11, 6.12 and 6.13 

respectively.  With carcinogenicity effect, TTHM and TCM were found to have a 

positive correlation with colon and bladder cancers at doses approximately 7.1 × 10-4 to 

2.1 × 10-3 mg/kg/day and 4.0 × 10-4 to 8.2 × 10-3 mg/kg/day respectively (Doyle et al., 

1997, King et al., 2000b, King and Marrett, 1996).  The study by Doyle et al. (1997) 

also found that TCM was positively associated with a group of cancers at doses ranging 

between 4.0 × 10-4 to 8.2 × 10-3 mg/kg/day.  

 

However, all of these compounds were found to have a positive correlation with 

developmental effect especially on infants as summaries in Figures 6.11 to 6.13.  The 

estimated doses of TTHM, TCM and BDCM ranging approximately 9.4 × 10-4 to 4.6 × 

10-3 mg/kg/day, 2.9 × 10-4 to 3.8 × 10-3 mg/kg/day and 1.4 × 10-4 to 1.3 × 10-3 

mg/kg/day, respectively. 
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Figure 6.11 :  Lifetime Average Daily Dose (LADDH) (mg/kg/day) for TTHM induced 

carcinogenic and developmental effects on humans 
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Figure 6.12 :  Lifetime Average Daily Dose (LADDH) (mg/kg/day) for TCM induced 

carcinogenic and developmental effects on humans  
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Figure 6.13 :  Lifetime Average Daily Dose (LADDH) (mg/kg/day) for BDCM induced 

developmental effect on humans 

 

6.5.2 Humans Exposure to Haloacetic Acids 

The LADDH for DCAA and TCAA indicating developmental effect is shown in Figure 

6.14.  A positive correlation was found between DCAA and TCAA with developmental 

effect on infants (Hinckley et al., 2005, Wright et al., 2004).  The estimated doses of 

DCAA and TCAA are 8.0 × 10-3 to 2.2 × 10-2 mg/kg/day and 6.0 × 10-3 to 2.7 × 10-2 

mg/kg/day, respectively. 
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Figure 6.14 : Lifetime Average Daily Dose (LADDH) (mg/kg/day) for DCAA and 

TCAA induced developmental effect on humans  
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6.6 Cumulative Probability Plots of Dose-response Data 

There was insufficient data with each data set to create a CP plot however, a CP plots 

was plotted using the dose response data in Sections 6.4 and 6.5.  With the animal 

experimental data (Section 6.4), the minimum doses for every adverse effect were the 

threshold dose for adverse effects.  These were collated and transformed to CP plots 

and referred as threshold CP in terms of Human Equivalent Dose (CP-HED).   

 

The same procedure was applied with human exposure data (Section 6.5), where the 

threshold doses were transformed into CP plots known as threshold CP in terms of 

Lifetime Average Daily Dose (CP-LADDH).  However, the CP-LADDH can only be 

conducted with THMs.  The data on HAAs could not be plotted as CP plot as there 

were insufficient data points.  Figures 6.15 and 6.16 shows the threshold CP-HEDs for 

THMs and HAAs respectively.  The threshold CP-LADDH for THMs is shown in 

Figure 6.17.  Details of the evaluation between these CP plots are described in Section 

6.7.   
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Figure 6.15 : Threshold cumulative probability plots in terms of Human Equivalent 

Dose (CP-HED) (mg/kg/day) for THMs using animal data 
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Figure 6.16 : Threshold cumulative probability plots in terms of Human Equivalent 

Dose (CP-HED) (mg/kg/day) for HAAs using animal data 

 

0

0.2

0.4

0.6

0.8

1

0.00001 0.0001 0.001 0.01 0.1
 

Figure 6.17 : Threshold cumulative probability plots in terms of Lifetime Average 

Daily Dose (CP-LADDH) (mg/kg/day) for TTHM, TCM and BDCM 

using human data 
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6.7 Risk Characterization of Disinfection By-Products in Drinking Water 

The risk characterization for DBPs in chlorinated drinking water was performed by 

three methods.  The first method, by comparing the exposure dose (Section 6.3), as 

EXPD and the adverse effects in terms of threshold HED (Section 6.4) and threshold 

LADDH (Section 6.5) as shown in Figures 6.18 to 6.22 for THMs and Figures 6.26 to 

6.27 for HAAs.  The second method, by calculating the hazard quotient at 95/5 (HQ95/5) 

which was derived at 0.95 from the CP-EXPD with 0.05 from human response in terms 

of threshold CP-LADDH by Equation 5.6.  The third approach by using hazard quotient 

by Monte Carlo (HQMC) using Monte Carlo simulation using Crystal Ball software. 

 

6.7.1 Trihalomethanes 

6.7.1.1 Comparison of Exposure Dose with Human Equivalent Dose and Lifetime 

Average Daily Dose 

In the first method, the risk characterization for TTHM, TCM, BDCM, DBCM and 

TBM was performed by comparing the EXPD with threshold HED and threshold 

LADDH.  Comparisons between EXPD with threshold HED indicated that the highest 

EXPD was less than the lowest threshold HED for all studied compounds.  The lowest 

threshold HED for TCM, BDCM, DBCM and TBM were approximately 102 to 104 

higher than the 95% CP plots.  Although the measurement of threshold HED is in the 

form of lowest observed adverse effect level (LOAEL) in few cases, the values are still 

higher than the 95% CP of respective EXPD.  According to Christian et al. (2002), the 

adult human drinking water intake for BDCM is approximately 8.0 × 10-4 mg/kg/day.  

Hence, the minimum threshold HED value for BDCM in this study is indicated to be 

approximately 102 times higher than the human adult exposure level. 

 

On the other hand, the ranges of EXPD show positive overlaps with threshold LADDH 

for TTHM, TCM and BDCM (Figures 6.18 to 6.20).  A positive overlap between the 

threshold LADDH of TTHM with EXPD was observed ranging between 7.1 × 10-4 to 

4.6 × 10-3 mg/kg/day (Figure 6.18).  This indicates the risks of carcinogenic effects 

(King et al., 2000b, King and Marrett, 1996), abortion in women (Waller et al., 1998) 

and adverse birth defects in infants such as low birth weight, stillbirth and asphyxia 

(Bove et al., 1995, Dodds et al., 2004, Dodds et al., 1999, Gallagher et al., 1998, King 

et al., 2000a, Lewis et al., 2006, Toledano et al., 2005, Wright et al., 2004, Wright et 

al., 2003).  The doses observed were higher than 35% of EXPD.  With carcinogenic 
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effect, the severity of cancer was associated with exposure duration, concentration level 

and water consumption (King et al., 2000b, King and Marrett, 1996).  

 

An overlap between the ranges of EXPD with threshold LADDH for TCM was observed 

between 2.8 × 10-4 to 5.6 × 10-3 mg/kg/day (Figure 6.19), which indicates a possible 

risk for cancer and developmental effects in males and infants respectively.  The risks 

for cancers ranged between doses of 4.0 × 10-4 to 8.2 × 10-3 mg/kg/day (Doyle et al., 

1997).  The positive overlap for developmental effects ranged between doses of 7.4 × 

10-4 to 3.8 × 10-3 mg/kg/day.  The adverse effects include chromosomal abnormality 

defects, low birth weight and stillbirth (Dodds et al., 2004, Dodds and King, 2001, 

King et al., 2000a, Kramer et al., 1992, Wright et al., 2004).  The risk of cancers and 

developmental effects were observed from 40% and 25% CP respectively. 

 

The risk characterization for BDCM is shown in Figure 6.20.  The graph shows a 

positive relationship between EXPD with threshold LADDH, ranging between 1.4 × 10-4 

to 1.3 × 10-3 mg/kg/day.  The overlap indicated spontaneous abortion in women and 

birth defects on infants, such as reduction in body weight, neural tube defects and 

stillbirth (Dodds et al., 2004, Dodds and King, 2001, King et al., 2000a, Waller et al., 

1998, Wright et al., 2004).  These adverse effects were observed from 30% of the CP 

plot. 

 

The carcinogenic and developmental effects observed in human population evaluations 

were also found in the animal experiments in the laboratory (toxicology).  However, the 

risk evaluations from these two sets of data are different.  These discrepancies may be 

related to response time and exposure concentrations.  In the toxicology studies , the 

response period for animal tests are relatively short usually ranging from few days up to 

weeks or months and the EXPD range from a few to thousand mg/kg/day.  On the other 

hand, in the epidemiology studies, the exposure time for chlorinated DBPs are 

relatively long and may extend up to 40 years.  The exposure concentrations in these 

studies are relatively low, with TTHM, TCM and BDCM concentration in water 

reaching maximums of 0.20, 0.30 and 0.04 mg/L, respectively.  
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Figure 6.18 : Risk characterization of TTHM on carcinogenic and developmental 

effects by comparison with the threshold CP-LADDH 
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Figure 6.19 : Risk characterization of TCM on carcinogenic and non-carcinogenic effects by 

comparison with the threshold CP-HED and the threshold CP-LADDH 
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Figure 6.20 : Risk characterization of BDCM on carcinogenic and non-carcinogenic effects 

by comparison with the threshold CP-HED and the threshold CP-LADDH 
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Figure 6.21 :  Risk characterization of DBCM on carcinogenic and non-carcinogenic 

effects by comparison with the threshold CP-HED  
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Figure 6.22 : Risk characterization of TBM on carcinogenic and non-carcinogenic 

effects by comparison with the threshold CP-HED  
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6.7.1.2 Hazard Quotient at Exposure Dose0.95/Threshold Dose0.05 (HQ95/5) 

The estimation of HQ95/5 was carried out for TTHM, TCM and BDCM.  The HQ95/5 for 

DBCM and TBM could not be conducted as there was no human response data 

available for establishment of CP plot for the threshold dose.  The HQ95/5 utilizes the 

highest exposure levels of TTHM, TCM and BDCM at 0.95 CP and the threshold 

health risks at 0.05 CP observed with human population.  As shown in Table 6.4, the 

HQ95/5 values for TTHM, TCM and BDCM are 4.7, 5.7 and 9.2, respectively.  These 

values were approximately 5 to 9 times higher than the unity value of 1.  The HQ95/5 of 

TTHM, TCM and BDCM indicates that 5% of the human population has a high 

probability of having carcinogenic and non-carcinogenic effects (Table 6.4).  Table 6.4 

also indicates the types of adverse health effects observed with human population at the 

threshold dose (LADDH 0.05). 

 

The types of adverse effects and the estimated LADDH for TTHM, TCM and BDCM 

are described earlier in the bottom section of Figures 6.18, 6.19 and 6.20, respectively.  

The results in this evaluation have a level of confirmation as similar adverse effects 

were found in several studies as described in these figures.  The findings using HQ95/5 

are consistent with the principles of risk characterization by comparing the EXPD with 

threshold LADDH. 

 

Table 6.4 :  Hazard quotient at 95/5 (HQ95/5) in the risk characterisation of THMs 

 
Compound 

 
EXPD 0.95 

 
LADDH 0.05 

 
HQ95/5 

Observed adverse effects in 
human populations at 0.05 CP 

threshold level 

TTHM 3.4 × 10-3 7.1 × 10-4 4.7 Cancer (e.g. colon and bladder) 

Developmental effect (e.g. low 
birth weight, stillbirth, small for 
gestational age, spontaneous 
abortion and birth defects) 

TCM 1.6 × 10-3 2.8 × 10-4 5.7 Cancer (e.g. colon) 

Developmental effect (e.g. low 
birth weight, stillbirth, asphyxia, 
chromosomal abnormalities and 
small for gestational age) 

BDCM 1.3 × 10-3 1.4 × 10-4 9.2 Developmental effects (e.g. small 
for gestational age, stillbirth, 
asphyxia, spontaneous abortion 
and neural tube defect) 
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6.7.1.3 Hazard Quotient by Monte Carlo Techniques (HQMC) 

The HQMC using Crystal Ball software was carried out for TTHM, TCM and BDCM.  

The HQMC for DBCM and TBM could not be conducted as there was no human 

response data available for development of a threshold CP plot.  The results for HQMC 

for TTHM, TCM and BDCM are shown in Figures 6.23, 6.24 and 6.25, respectively.  

The horizontal and vertical axis in the figures represents the HQMC and the probabilities 

of the occurrences of the HQMC, which were obtained after 2000 trials.  This technique 

will calculate the EXPD/Threshold LADDH from the whole of the two CP plots rather 

than the 0.95 CP level of EXPD and the 0.05 CP of threshold LADDH.  It would be 

suggested to indicate much lower values than the previous method in Section 6.7.1.2. 

 

The HQMC for TTHM of more than the unity value was observed as shown in the x-axis 

of Figure 6.23.  The probability that the HQMC was higher than the unity value is 0.30.  

The result suggests a high probability of health risk with carcinogenic and 

developmental effects on humans.  The HQMC for TCM of more than the unity value 

was also observed as shown in x-axis of Figure 6.24.  The probability that the HQMC 

was higher than the unity value is 0.13.  The result suggests a high probability of health 

risk with carcinogenic and developmental effects on humans (Table 6.5).  With BDCM 

the HQMC of more than unity was observed and is indicated by an arrow in the x-axis of 

Figure 6.25.  The probability for HQMC higher than the unity values is 0.41.  The result 

also suggests a high probability of risk of developmental effects in humans.  Details of 

the adverse effects for TCM and BDCM are shown in Table 6.5.  The evaluation of 

TCM and BDCM using the Monte Carlo technique indicates a high probability of risks 

for human exposed to these chemicals in chlorinated drinking water.  This result was 

consistent with the use of probabilistic technique using CP-EXPD compared with the 

threshold CP-LADDH and HQ95/5.   
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Table 6.5 : Hazard quotient using Monte Carlo technique (HQMC) in the risk 

characterisation of THMs 

Compound Probability of 
HQMC more than 1 

Adverse Effects 

TTHM 0.30 Cancers (e.g. colon, bladder) 

Developmental effects (e.g. low birth weight, 
stillbirth, asphyxia, spontaneous abortions and small 
for gestational age) 

TCM 0.13 Cancers (e.g. colon) 

Developmental effects (e.g. low birth weight, 
stillbirth, asphyxia, chromosomal abnormalities and 
small for gestational age) 

BDCM 0.41 Developmental effects (e.g. stillbirth, asphyxia, 
spontaneous abortion, small for gestational age and 
neural tube defect) 

 

 

 

Figure 6.23 :  Hazard quotient (HQMC) using Monte Carlo simulation for TTHM.  

Arrow indicates the unity value. 
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Figure 6.24 :  Hazard quotient (HQMC) using Monte Carlo simulation for TCM.  Arrow 

indicates the unity value. 

 

 

Figure 6.25 :  Hazard quotient (HQMC) using Monte Carlo simulation for BDCM.  

Arrow indicates the unity value. 
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6.7.2 Haloacetic Acid 

The risk characterization for DCAA and TCAA can only be carried out using a 

comparison of EXPD with the threshold HED and threshold LADDH.  Since, there is 

insufficient data on human response, the HQ95/5 and HQMC using Monte Carlo 

simulation could not be conducted.  The risk characterization for DCAA and TCAA by 

comparison with threshold HED and threshold LADDH are shown in Figures 6.26 and 

6.27.  Comparisons between EXPD with threshold HED indicated that the highest EXPD 

was less than the threshold HED for both compounds.  The minimum threshold HED of 

DCAA and TCAA were approximately 103 higher than 95% CP plots.   

 

The risk characterization using EXPD with LADDH for DCAA and TCAA shows 

overlaps (Figures 6.26 to 6.27).  Risk of adverse birth defects in infants was observed 

for DCAA and TCAA at doses ranging between 2.3 x 10-4 and 6.3 x 10-4 mg/kg/day 

and 1.7 x 10-4 to 7.7 x 10-4 mg/kg/day, respectively.  These overlaps were observed 

between 20% to 90% of CP plots.  They relate to a reduction in body weight of infants.  

Relationships between exposure and adverse health effects were observed in different 

pregnancy periods, especially in the third trimester (Hinckley et al., 2005, Wright et al., 

2004).  

 

The developmental effect observed in human population evaluations were also found in 

the animal experiments in the laboratory.  Similar to THMs, the risk evaluations from 

these two sets of data are different and the discrepancies may be related to response 

time and the exposure concentrations.  For example, DeAngelo et al. (1996) estimated 

at 3.6 mg/kg/day of DCAA in animal corresponded with a mean daily concentration of 

DCAA in the drinking water of 50 mg/L.  The estimated dose is approximately 103 

times higher than the average concentrations that occurred in chlorinated human 

drinking water. 
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6.7.3 Estimation of Safety Ratio 

The estimation of the safety ratio is the ratio between the threshold surrogate animal 

data, threshold CP-HED and the threshold human data, threshold CP-LADDH.  This has 

been derived since surrogate animal data is often used in place of human data with 

appropriate safety factors.  The safety factors and the safety ratio should approximate to 

the same value if appropriate safety factors are being used.  In this study the evaluation 

of the safety ratio can only be estimated for THMs.  With HAAs, the safety ratio could 

not be estimated as there were insufficient human response data to plot threshold dose.   

 

The safety ratio was obtained from an average from three CP points, 0.2, 0.5 and 0.8 of 

the respective CP plots.  The average safety ratios for THMs ranged between 103 to 

104.  This indicated the dose intake in the surrogate animal data is higher than the 

human response data.  According to the Agency for Toxic Substances and Disease 

Registry (ATSDR), safety factor for THMs is in the order of 102 to 103 (Chou et al., 

1998).  These values were derived from the acute and chronic adverse effects for liver, 

and kidney.  Similar to Dorne and Renwick (2005) and NRC (1986), safety factors are 

usually in the order of 102 to 103.  However, this evaluation suggests that even higher 

safety values may be needed when surrogate animal data are used in risk investigation. 
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Figure 6.26 :  Risk characterization of DCAA on carcinogenic and non-carcinogenic 

effects by comparison with the threshold CP-HED and LADDH  
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CHAPTER 7 HEALTH RISK ASSESSMENT OF VOLATILE 

AROMATIC HYDROCARBONS IN 

RESIDENTIAL INDOOR AIR UTILISING DATA 

FROM VARIOUS COUNTRIES 
 

7.1 Background 

Volatile aromatic hydrocarbons (VAHs) are an important group of volatile organic 

compounds (VOCs) in residential indoor air, since they occur widely and several 

compounds have been classified as carcinogens (IARC, 1987).  These compounds are 

frequently found in residential indoor air due to usage of household products, domestic 

activities, heating and cooling and building materials (Knoppel and Schauenburg, 1989, 

Lee et al., 2002, Sack and Steele, 1992, Wallace et al., 1987, Wolkoff et al., 1998).  

Since, humans spend the major proportion of their time in the indoor environment, a 

significant health risk can result from exposure to the VAHs in the ambient air. 

 

7.2 Concentration of Volatile Aromatic Hydrocarbons from the Literature 

The evaluation of concentration levels of VAHs in residential indoor air was based on 

literature data as collated in Table 5.2.  The evaluation of benzene, toluene, 

ethylbenzene, mp-xylene, o-xylene, styrene and naphthalene gave on an overall picture 

of the exposure levels of VAHs in residential indoor air from an international 

perspective.  

 

The concentration of VAHs from the publications listed in Table 5.2 are shown in 

Figure 7.1, as cumulative probability (CP) plots.  The data presented in Figure 7.1 are 

from analysis of air in established and new/renovated dwellings.  From these data it 

was found that the concentrations levels of benzene, toluene, ethylbenzene, mp-xylene, 

o-xylene, styrene and naphthalene ranged between 0.9 to 204 µg/m3, 4.4 to 509.1 

µg/m3, 0.6 to 386.1 µg/m3, 1.9 to 138.9 µg/m3, 0.5 to 255 µg/m3, 0.1 to 171.3 µg/m3 

and 0.4 to 144.4 µg/m3, respectively.   
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The exposure concentrations (EXPC) were compared to international Indoor Air Quality 

(IAQ) guideline values from Germany, Hong Kong, Japan and World Health 

Organization (WHO) to identify the significance of the levels of exposure to humans in 

indoor environment (NRCC, 2005, WHO, 1999).  Several guideline values for toluene, 

ethylbenzene and styrene are available for comparison but benzene and naphthalene 

guideline values are very limited.  Also, xylene guideline values are only available as 

total xylene and hence was not included in this evaluation.   

 

As shown in Figure 7.1, the exposure levels of ethylbenzene and styrene are below the 

guideline values from WHO, Hong Kong and Japan.  The results also show that several 

concentrations at above 0.8 and 0.7 of CP plots of benzene and naphthalene are higher 

than the Hong Kong and Germany guideline values of 16.1 µg/m3 and 20 µg/m3, 

respectively.  The high concentration levels of these compounds were influenced by 

cigarette smoking activities, motor vehicles, carpets, furniture and solvent based 

products (Bortoli et al., 1986, Brown, 2002, Kim et al., 2001, Kostiainen, 1995, 

Rehwagen et al., 2003, Rumchev et al., 2004, Serrano-Trespalacios et al., 2004, Son et 

al., 2003, Zhu et al., 2005).  The evaluation also found few toluene concentrations of 

above 0.9 of CP plot were higher than the IAQ guideline values from WHO and Japan 

at 260 µg/m3.  Factors that contributed to this compound were similar to those with 

benzene and naphthalene. 

 

From the CP plot, the linear regression equations and the correlation coefficient (R2) for 

each compound were obtained from 0.2 to 0.8 of the EXPC (Figure 7.1).  The benzene 

and toluene has a higher slope compare to mp-xylene, ethylbenzene, o-xylenes, styrene 

and naphthalene.  Correlation coefficients (R2) of more than 0.95 was obtained for all 

compounds which indicated highly linear distribution plot in the 0.2 to 0.8 sections of 

the EXPC.   
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Figure 7.1 : Cumulative probability concentrations (µg/m3) of VAHs in residential indoor air from 
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Figure 7.1 : Cumulative probability concentrations (µg/m3) of VAHs in residential indoor air from 

more than ten countries with IAQ guidelines from Hong Kong (HKIAQ), Germany 

(GIAQ), Japan (JIAQ) and WHO (continued) 
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7.3 Exposure Doses of Volatile Aromatic Hydrocarbons in Indoor Air of 

Houses 

The concentration data shown in Figure 7.1 were converted into cumulative probability 

exposure doses (CP-EXPD) as the 95% and 50% of EXPD and are shown in Figure 7.2.  

The evaluation was carried out considering two groups namely adults and children of 

aged between 3 to 5 years.  The minimum and maximum doses of VAHs as well as the 

95% ans 50% of the EXPD are shown in Table 7.1.  In general the EXPD for children 

are higher than adults.  The difference of EXPD between these two groups is mainly 

related to the difference in body weight.  As suggested in Equation 5.1, the dose intake 

is inversely proportional to human body weight.  With adults, higher body weight 

resulted in low doses.  While, with lower body weight in children resulted in higher 

doses.  This result shows that the exposure to VAHs in children is more significant than 

adults due to higher intake in children than adult.  On the other hand, the average 

exposure time (AT) as described in Equation 5.1 is less significant as it can be excluded 

by eliminating the exposure frequency (EF) and duration (ED).  

 

Not all compounds in the VAHs group are considered in the health risk assessment.  

Previous studies were focused on benzene in the atmospheric environment and personal 

exposure (Ohura et al., 2006a, Payne-Sturges et al., 2004, Sax et al., 2006, Soma et al., 

2002).  Very few studies on residential indoor VAHs were studied.  The average EXPD 

for benzene for adults in smoker and non-smoker houses is 2.88 and 0.62 g/kg/day 

respectively (Guo et al., 2004a).  While in Duarte-Davidson et al. (2001), the benzene 

EXPD for adults in smoker and non-smoker houses ranged between 0.65 to 1.09 

g/kg/day and 1.30 to 1.56 g/kg/day, respectively.  In comparison, the average EXPD 

of 2.62 g/kg/day for adults in this study was found to be higher than Duarte-Davidson 

et al. (2001) but lower than smoker houses as described by Guo et al (2004a).   

 

The average EXPD for benzene for infant and children ranged between 0.47 to 2.25 

g/kg/day were estimated in rural and urban houses in United Kingdom (Duarte-

Davidson et al., 2001).  These values were found to be lower than this study estimated 

at 4.23 g/kg/day.  However, the comparison of these data needs careful consideration 

because of the use of human body weight value in the estimation of EXPD.  In this 

study, a body weight of 18 kg was used for the estimation for children EXPD.  While in 
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Duarte-Davidson et al. (2001), body weight of 9.1 and 41.1 kg were selected in the 

estimation for infant and children dose intake.   

 

While with styrene, the average EXPD for adults in smoker and non-smoker houses are 

7.73 × 10-2 and 0.57 g/kg/day, respectively (Guo et al., 2004a).  These values were 

found lower than the average EXPD estimated in this study of 2.41 g/kg/day.  Other 

compounds including toluene, ethylbenzene, xylenes and naphthalene were not 

available for comparison with this study. 

 

Table 7.1 :  Statistical characteristic of EXPD (µg/kg/day) of VAHs 

Minimum Maximum 95% 50%  
Compounds Adult Children Adult Children Adult Children Adult Children 

Benzene 0.17 0.28 36.72 59.26 9.31 15.03 1.25 2.03 

Toluene 0.80 1.30 91.64 147.89 48.39 78.10 7.39 11.93 

Ethylbenzene 0.11 0.18 69.51 112.18 5.67 9.16 0.93 1.50 

mp-Xylene 0.34 0.55 25.01 40.37 15.70 25.34 2.54 4.11 

o-Xylene 0.09 0.15 45.90 74.07 17.55 28.32 0.90 1.45 

Styrene 0.01 0.02 30.83 49.76 13.10 21.14 0.46 0.75 

Naphthalene 0.07 0.12 25.99 41.95 8.92 14.39 0.70 1.13 
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Figure 7.2 :   Cumulative probability of EXPD (µg/kg/day) to VAHs in the air in 

residential houses from more than 10 different countries 
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Figure 7.2 :   Cumulative probability of EXPD (µg/kg/day) to VAHs in the air in 

residential houses from more than 10 different countries (continued) 
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7.4 Dose-response Data from Animal Experiments in Terms of Human 

Equivalent Doses 

The conversion of animal toxicology data in ppm or mg/m3 to Human Equivalent 

Doses (HED) in µg/kg/day, was conducted using literature data using Equation 5.3.  

The adverse effects in animals can be placed in categories such as carcinogenicity, 

genotoxicity, neurotoxicity, ototoxicity, reproductive and developmental toxicity, acute 

and chronic effects (Table 7.2).  Figures 7.3 to 7.8 describe the HED values and the 

adverse effects of VAHs on animals but since there is insufficient data to plot out dose-

response curves, the data is recorded in the ranges of HED with the adverse effect was 

suggested. 

 

Table 7.2  :  Classification of adverse effects of VAHs on animals 

Classification Animal toxicology studies 

Carcinogenicity Leukemia, liver tumor, kidney tumor, lung tumor, nose and 
respiratory tract, testicular tumor 

Genotoxicity Sister chromatid exchange (SCE), chromosome aberration, 
DNA strand breaks 

Reproductive Epididymal sperm counts, sperm motility, sperm quality and in 
vitro penetrating ability 

Developmental Body weight loss, increase relative liver, lung and kidney 
weight, fetotoxic, skeletal abnormalities, physical growth, 
delayed air-righting reflex 

Neurotoxicity Central nervous system, neurobehavioral changes, impaired 
cognitive function, impaired motor coordination, delay reflex 
acquisition, brain development effects 

Ototoxicity Hearing impairment, hearing loss 
Acute effects Nasal injury focused in the olfactory mucosa, conjugation to 

glutathione loss in respiratory tract 

Chronic effects Liver injury, glomerular filtration effect in kidney, hematologic 
effect 

 

A short term exposure to xylenes and naphthalene in animals were found to have 

adverse effect on lung, nasal and respiratory tract in animals (Lee et al., 2005, Phimister 

et al., 2004, Silverman and Schatz, 1991) (Figures 7.6 and 7.8).  These adverse effects 

were found at estimated doses of 1.7 × 102 and 0.5 to 3.4 µg/kg/day, respectively. 
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Carcinogenic effects in animals was found for benzene, ethylbenzene, styrene and 

naphthalene at doses ranging between 1.3 × 103 to 5.4 × 103 µg/kg/day, 7.3 × 103 to 8.9 

× 104 µg/kg/day, 2.8 × 102 to 1.8 × 104 µg/kg/day and 38.3 to 4.3 × 103 µg/kg/day, 

respectively.  The target organs were liver, kidney, testicles, blood, nose, respiratory 

tract and lung (Abdo et al., 2001, Abdo et al., 1992, Chan et al., 1998, Cronkite et al., 

1989, Cruzan et al., 2001, Farris et al., 1993, Long et al., 2003, Morgan et al., 1993, 

NTP, 2000, NTP, 1999, NTP, 1992, Snyder et al., 1980, Sumner et al., 1997).   
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Figure 7.3 : Ranges of the HED (µg/kg/day) for benzene describing the carcinogenic 

and non-carcinogenic effects on animals 

Human Equivalent Dose (HED) for Benzene 
Fetotoxic and maternal effects in rats   
(Hudak and Ungvary, 1978) 
Fetotoxic and maternal effects in rats   
(Kuna and Kapp, 1981) 
Hematologic and myelogenous effects in rats   
(Johnston et al., 1979) 
Hematologic and myelogenous effects in pig   
(Johnston et al., 1979) 
Immunotoxicity effect in mice   
(Rozen et al., 1984) 
Leukemia in mice  (Cronkite et al., 1984) 

Blood effect in mice (Aoyama, 1986) 

Hematotoxic and carcinogenic effects in mice   
(Cronkite et al., 1984) 
Lymphoid, preputial and lung tumor in mice  (Farris et al., 1993) 

Changes in hematopoiesis parameters in mice   
(Farris et al., 1997) 
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The adverse reproductive and genotoxicity effects in animals were only reported for 

toluene and styrene respectively (Figure 7.4 and 7.7).  The HEDs for these adverse 

effects ranging between 2.3 × 103 to 1.1 × 104 µg/kg/day (Ono et al., 1999, Yilmaz et 

al., 2006) and 3.5 × 102 to 9.6 × 104 µg/kg/day (Conner et al., 1980, Conner et al., 

1979, Otteneder et al., 2002, Vodicka et al., 2001), respectively.   
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Figure 7.4 : Ranges for the HED (µg/kg/day) for toluene describing the non-

carcinogenic effects on animals 

 

 

An ototoxicity effect was reported with toluene, ethylbenzene, xylenes and styrene 

which resulted to hearing loss in animals at doses ranging between 3.7 × 102 to 6.5 × 

103 µg/kg/day (Campo et al., 1997, Lataye and Campo, 1997, Loquet et al., 1999, 

McWilliams et al., 2000), 4.9 × 102 to 9.9 × 102 µg/kg/day (Cappaert et al., 2000, 

Human Equivalent Dose (HED) for Toluene 

N
o 

sc
al

e 

Dose (µg/kg/day) 

Hearing loss in rats  (Campo et al., 1997) 

Hearing impairment  in pigs  
(McWilliams et al., 2000) 
Neurotoxicity effect in rats   
(Hillefors-Berglund et al., 1995) 

Developmental neurotoxicity effects in rats  (Hass et al., 1999) 

Neurotoxicity effect in rats (Euler et al., 2000) 

Neurobehavioral effect in rats   
(Berenguer et al., 2003, Soulage et al., 2004) 
Reproductive effect in male rats  (Ono et al., 1999) 

Reproductive effect in male rats  (Yilmaz et al., 2006) 

Fetotoxic effect in rats  (Hudak and Ungvary, 1978) 

Maternal and developmental effects in rats   
(Saillenfait et al., 2007) 

Maternal and developmental effects in rats   
(Roberts et al., 2007) 
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Cappaert et al., 1999), 2.2 × 103 to 2.6 × 104 µg/kg/day (Crofton et al., 1994, Gagnaire 

et al., 2001, Pryor et al., 1987) and 2.4 × 103 to 5.5 × 103 µg/kg/day (Campo et al., 

2001, Lataye et al., 2000, Loquet et al., 2000, Loquet et al., 1999, Mäkitie et al., 2003), 

respectively.  These compounds, except ethylbenzene, were also resulted in 

neurotoxicity effects (Berenguer et al., 2003, Euler et al., 2000, Gralewicz and 

Wiaderna, 2001, Hass et al., 1999, Hass et al., 1995, Hillefors-Berglund et al., 1995, 

Kishi et al., 1995, Soulage et al., 2004, Umemura et al., 2005) as described in Figures 

7.4, 7.6 and 7.7. 
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Figure 7.5 : Ranges of the HED (µg/kg/day) for ethylbenzene describing the 

carcinogenic and non-carcinogenic effects on animals 

Human Equivalent Dose (HED) for Ethylbenzene 
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Dose (µg/kg/day) 

Hearing loss in rats  (Cappaert et al., 1999) 

Hearing loss in rats  (Cappaert et al., 2000) 

Body weight reduction in rabbits  (Cragg et al., 1989) 

Organ weight and hematological changes in rats  
(Cragg et al., 1989) 
Increase in liver weight and ratios in mice   
(Cragg et al., 1989) 
Fetal and maternal effects in rats  (Saillenfait et al., 2003) 

Fetal and maternal effects in rats  (Saillenfait et al., 2007) 

Lung and liver tumors in mice  (Chan et al., 1998) 

Kidney and testes tumors in rats  (Chan et al., 1998) 

Liver and lung tumors in mice  (NTP, 1999) 

Kidney and testicular tumors in rats  (NTP, 1999) 
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However, all of these compounds, except naphthalene, were reported to cause 

developmental toxicity in infants and adults (Cragg et al., 1989, Cruzan et al., 2005, 

Cruzan et al., 1998, Hass and Jakobsen, 1993, Hougaard et al., 1999, Hudák and 

Ungváry, 1978, Kuna and Kapp, 1981, Katakura et al., 2001, Katakura et al., 1999, 

Kishi et al., 1992, Roberts et al., 2007, Saillenfait et al., 2007, Saillenfait et al., 2003).  

The exposure doses of benzene, toluene, ethylbenzene, xylenes and styrene ranging 

between 2.9 to 1.0 × 103 µg/kg/day, 1.5 × 103 to 4.9 × 103 µg/kg/day, 2.1 × 103 to 3.6 × 

103 µg/kg/day, 1.0 × 103 to 5.6 × 103 µg/kg/day and 1.3 × 102 to 6.4 × 103 µg/kg/day, 

respectively (Figures 7.3 to 7.7).  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

0.001 0.1 10 1000 100000
 

 
Figure 7.6 :  Ranges of the HED (µg/kg/day) for o-, m-, p- and total xylenes describing 

the non-carcinogenic and acute effects on animals 
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(Hudak and Ungvary, 1978) 
Hearing loss in rats  (Pryor et al., 1987) 

Fetotoxic effect in mice   
(Hass and Jakobsen, 1993) 

Hearing loss in rats  (Crofton et al., 1994) 

Neurobehavioral effects in rats   
(Hass et al., 1995) 
Neurobehavioral effects in rats   
(Gralewicz and Wiaderna, 2001) 
Fetal and maternal effects in rats   
(Saillenfait et al., 2003) 
Lung effect in rats   
(Silverman and Schatz, 1991) 
Hearing loss in rats  (Gagnaire et al., 2001) 

Fetal and maternal effects in rats   
(Saillenfait et al., 2003) 
Fetal and maternal effects in rats   
(Saillenfait et al., 2003) 
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Figure 7.7 :   Ranges of the HED (µg/kg/day) for styrene describing the carcinogenic 

and non-carcinogenic effects on animals  
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Liver tumor in mice  (Morgan et al., 1993) 

Liver tumor in mice  (Sumner et al., 1997) 

Liver tumor in mice  (Cruzan et al., 2001) 

Sister chromatic exchange in mice   
(Conner et al., 1980) 
DNA adducts formation in mice   
(Vodicka et al., 2001) 
DNA adducts formation in rat   (Otteneder et al., 2002) 

Hearing loss in rats  (Loquet et al., 1999) 

Hearing loss in rats   
(Lataye et al., 2000, Loquet et al., 2000) 

Hearing loss in rats  (Makitie et al., 2003) 

Neurobehavioral effects  (Kishi et al., 1995) 

Neuroendocrinology system effect in rats   
(Unemura et al., 2005) 
Developmental effect in rats   
(Katakura et al., 2001, Katakura et al., 1999) 
Parental systemic toxicity in rats   
(Cruzan et al., 2005) 
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Figure 7.8 :  Ranges of the HED (µg/kg/day) for naphthalene describing the 

carcinogenic and acute effects on animals 

 

7.5 Dose-response Assessment for Volatile Aromatic Hydrocarbons with 

Humans 

The dose-responses for humans reported in the literature is a result of investigations on 

humans exposed to VAHs in the working environment and epidemiology studies on 

human populations.  The conversion of human exposure data to Lifetime Average 

Daily Dose (LADDH) was carried out using literature data by Equation 5.5 considering 

the exposure concentrations and duration.  The dose-response data on humans were 

only available for benzene, toluene, xylene and styrene (Figures 7.9 to 7.12).  These 

adverse effects can be placed in categories such as carcinogenicity, genotoxicity, 

ototoxicity, neurobehavioral, developmental toxicity and color vision effects.  

However, there was insufficient data to make dose-response plots and so the data is 

recorded in ranges of values where the adverse response was observed. 
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Human Equivalent Dose (HED) for Naphthalene 

Liver tumor in mice  (Abdo et al., 1992) 

Liver tumor in mice  (NTP, 1992) 

Nasal and respiratory tumors in rats   
(NTP, 2000) 

Lung effect in mice  (West et al., 2001) 

Nasal and respiratory tumors in rats   
(Abdo et al., 2001, Long et al., 2003) 

Respiratory tract effects in mice   
(Phimister et al., 2004) 
Nasal injury in rats   
(Lee et al., 2005) 
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A positive relationship was observed between the exposure to benzene and toluene with 

carcinogenic effect at doses ranging between 2.1 to 2.7 × 103 µg/kg/day and 1.0 × 104 

µg/kg/day respectively.  These adverse effects were observed in blood, bone and 

connective tissue (Collins et al., 2003, Wiebelt and Becker, 1999, Wong, 1995).  On the 

other hand, benzene was found to be correlated with developmental effects with 

reduction in body weight in infants (Chen et al., 2000) and menstrual disturbance in 

women (Thurston et al., 2000) at estimated doses of 2.4 to 5.1 × 102 µg/kg/day (Figure 

7.9).  While toluene was found to be associated with abortion in women (Ng et al., 

1992) at estimated doses of 1.6 × 103 to 5.0 × 103 µg/kg/day  (Figure 7.10). 
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Figure 7.9 : Ranges of Lifetime Average Daily Doses for humans (LADDH) 

(µg/kg/day) for benzene induced the carcinogenic and non-carcinogenic 

effects on humans. 
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Figure 7.10 : Ranges of Lifetime Average Daily Dose for humans (LADDH) 

(µg/kg/day) for toluene induced carcinogenic and non-carcinogenic 

effects on humans. 

 

 

Neurobehavioral effect on humans was found with exposure to toluene, xylenes and 

styrene at estimated doses ranging between 2.9 × 102 to 3.0 × 103 µg/kg/day, 6.2 to 

30.5 µg/kg/day and 3.9 × 102 to 6.2 × 103 µg/kg/day, respectively (Figures 7.10, 7.11 

and 7.12).  This adverse effect was mainly related to the decrement in performance in 

humans working in exposed areas (Carpenter et al., 1975, Chouanière et al., 2002, 

Jégaden et al., 1993, Kang et al., 2005b, Savolainen et al., 1979, Tsai and Chen, 1996, 

Viaene et al., 2001).   

 

Color vision effect on humans was observed with toluene and styrene at estimated 

doses ranging between 7.3 × 102 to 4.3 × 103 µg/kg/day and 2.2 × 102 to 4.0 × 103 

µg/kg/day, respectively (Campagna et al., 2001, Cavalleri et al., 2000, Gong et al., 

2002, Iregren et al., 2005) (Figures 7.10 and 7.12).  In addition, styrene was also related 

to hearing impairment at doses between 2.3 × 102 to 5.6 × 103 µg/kg/day (Morata et al., 
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Color vision impairment  (Campagna et al., 2001) 
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(Pelclova et al., 2000) 
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2002, Muijser et al., 1988).  This effect was observed in a wide range of frequencies of 

the hearing thresholds. 

 

With genotoxicity, positive findings were found with exposure to benzene, toluene and 

styrene at doses ranging between 1.1 × 102 to 1.7 × 103 µg/kg/day, 1.2 × 102 to 6.2 × 

103 µg/kg/day and 9.3 × 102 µg/kg/day, respectively (Figures 7.9, 7.10 and 7.12).  The 

adverse effects consists of increase in chromosome aberration, sister chromatid 

exchange and DNA strand breaks in blood (Bogadi-Šare et al., 1997, Hammer et al., 

1998, Somorovská et al., 1999, Yardley-Jones et al., 1990).   
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Figure 7.11 : Ranges of Lifetime Average Daily Dose for humans (LADDH) 

(µg/kg/day) for xylenes induced non-carcinogenic effects on humans 
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Figure 7.12 : Ranges of Lifetime Average Daily Dose for humans (LADDH) 

(µg/kg/day) for styrene induced non-carcinogenic effects on humans 

 

7.6 Cumulative Probability Plots of Dose-response Data 

There was insufficient data with each data set to make a CP plot.  However, a CP plots 

were made by using the dose-response data from several data sets in Section 7.4 and 

7.5.  Thus, with the animal experimental data (Section 7.4), the minimum doses for 

every adverse effect were effectively the threshold doses for adverse effects.  These 

were collated and transformed to CP plots and were named as the threshold CP in terms 

of the Human Equivalent Dose (CP-HED).  A similar process was applied with human 

exposure data (Section 7.5), where the threshold doses were transformed to CP plots 

described as threshold CP in terms of the Lifetime Average Daily Dose (CP-LADDH).  

However, the CP plots for threshold LADDH can only be conducted for benzene, 

toluene and styrene.  Cumulative probability plot for xylene cannot be conducted 

because of insufficient data point.  Figures 7.13 and 7.14 shows the threshold CP-HEDs 

and threshold CP-LADDH for VAHs, respectively.  Details of the evaluation between 

these CP plots are described in Section 7.7.   
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Figure 7.13 :  Threshold CP plots in terms of the Human Equivalent  Dose (CP-HED) 

(µg/kg/day) for VAHs using animal data 
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Figure 7.14 :  Threshold CP plots in terms of the Lifetime Average Daily Dose (CP-

LADDH) (µg/kg/day) for benzene, toluene and styrene using human data 

 

 

7.7 Risk Characterisation of Volatile Aromatic Hydrocarbons 

Similar to DBPs in drinking water (Chapter 6), the risk characterization of VAHs in 

residential indoor air was conducted by three methods. The first method, the risk 

characterization of benzene, toluene, ethylbenzene, xylenes, styrene and naphthalene 

was conducted by comparing the exposure dose (Section 7.3), as EXPD and the 

threshold adverse effects measured in terms of HED (Section 7.4) and LADDH (Section 

7.5) as shown in Figures 7.15 to 7.20.  The second method, by using hazard quotient at 

95/5 (HQ95/5) which was derived between 0.95 from the CP-EXPD with 0.05 from 

human exposure in terms of threshold CP-LADDH.  While the third approach by using 

hazard quotient by Monte Carlo (HQMC) using Monte Carlo simulation techniques 

using Crystal Ball software. 
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7.7.1 Comparison of Exposure Dose with Human Equivalent Dose 

Comparisons between EXPD with threshold HED indicate that the highest EXPD was 

less than the lowest threshold HED derived from animal investigation for all studied 

compounds except benzene, toluene and naphthalene.  The minimum threshold HED of 

ethylbenzene, xylenes and styrene were approximately 10 times higher than the 95% 

probabilistic level in the CP plots.   

 

An overlap between EXPD and threshold HED of benzene was observed at 

approximately 80% and 60% level of the CP-EXPD for adult and children, respectively 

(Figure 7.15).  The overlap indicated the likelihood of fetotoxic and maternal effects 

and immunotoxicity that may occur with humans.  With fetotoxic and maternal effects 

similar results were also observed in humans such as birth weight reduction (Chen at 

al., 2000, Ha et al., 2002) and spontaneous abortions (Xu et al., 1998).  This show that 

the exposure to benzene may give a high risks to humans especially several household 

cleaning products (Kim et al., 2001, Son et al., 2003) new and refurbished houses 

(Brown, 2002, Kim et al., 2001) and internal garage (Batterman et al., 2006, Isbell et 

al., 2005, Mann et al., 2001) were linked to benzene.  While with immunotoxicity 

effect, the adverse effect cannot be verified with human studies as there was no data 

available for comparison.  

 

The EXPD for toluene was found to exceed the threshold HED at approximately 94% 

CP (Figure 7.16).  However this overlap was only observed for children at doses 

approximately 92 µg/kg/day which suggested there is a risk of hearing impairment with 

humans.  Similar finding on this adverse effect in humans were also found by Morioka 

et al. (1999).  However, the result from this study have to be evaluated carefully 

because the humans were exposed to other chemicals in the environment such methanol 

and acetone.  In other studies, the exposure to styrene was found to be associated with 

hearing impairment (Morata et al., 2002, Muijser et al., 1988).  Since this compound is 

commonly found in residential indoor air with concentrations ranged between 0.1 to 

171.3 µg/m3, the mixture of these two compounds (toluene and styrene) might pose 

some risks to humans. 

 

With naphthalene, an overlap of the EXPD and threshold HED was observed at 

approximately the 30% level of the CP-EXPD (Figure 7.20) indicates that 
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approximately 70% of the EXPD were in excess of threshold.  Detailed evaluation of 

the adverse effects observed in this range of the threshold indicated the likelihood of 

nasal injury, respiratory tract and lung effects that may occur with humans.  However, a 

nasal tumor was observed in animal studies at doses of more than 103 µg/kg/day (Abdo 

et al., 2001, NTP, 2000, Long et al., 2003).  The risks of nasal injury, respiratory tract 

and lung effects at this level of exposure cannot be verified with human studies as there 

was no data available for comparison.  

 

Most of the naphthalene concentrations in the indoor environment, as described in 

Figure 7.1 were less than 10 µg/m3.  Only few concentrations were observed at high 

levels between 20 to 150 µg/m3.  The high naphthalene concentrations were mainly 

attributed to the use of mothballs and new houses with fresh paints and building 

materials (Bortoli et al., 1986, Brown, 2002, Griego et al., 2008, Preuss et al., 2003).  

Hence, the risks to humans with naphthalene are higher in new houses and those that 

use mothballs.  The use of mothballs was also found to be hazardous to humans as it 

can cause methemoglobinemia (Molloy et al., 2004) and hemolytic anemia (Sanctucci 

and Shah, 2000) in blood. 

 

7.7.2 Comparison of Exposure Dose with Lifetime Average Daily Dose 

In the risk characterisation using EXPD and threshold LADDH, an overlap was found 

with benzene, toluene and xylene as shown in Figures 7.15, 7.16 and 7.18, respectively.  

With benzene, an overlap between EXPD with threshold LADDH was observed from 

the 30% level of the CP plots suggesting 70% of the human population would be highly 

at risks (Figure 7.15).  Detailed consideration of the exposure level occurred at this 

point indicated the risks of aplastic anemia, developmental effect and leukemia on 

humans (Baak et al., 1999, Chen et al., 2000, Collins et al., 2003, Wong, 1995).  The 

risk of developmental effect (Chen et al., 2000) was observed at approximately 50% of 

the CP plots indicates that 50% of the human population have a high risks.  This 

overlap shows that children are at a higher risks compared to adults.  Similar adverse 

effects was also observed in the animal studies as shown the middle chart of Figure 

7.15 (Kuna and Kapp, 1981, Hudák and Ungváry, 1978).  However, the severity of 

adverse effects is higher and the EXPD are approximately 102 to 103 higher than human 

exposure.   
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The risk of aplastic anemia was observed in human studies at doses approximately 1.1 

µg/kg/day (Baak et al., 1999).  This point occurs at approximately 40% and 30% of the 

CP plots for adults and children respectively.  This shows that children are at higher 

risks compared to adults.  Similar adverse effects was also found by Yin et al. (1987).  

However, the exposure levels are 10 to 102 higher than the study conducted by Baak et 

al. (1999).  Even though the results of these studies seem to be inconsistent, it should be 

kept in mind that the adverse effects on the exposure duration as well as dose intake in 

humans occurred at different levels.  With Baak et al. (1999), the exposure duration 

was for a long period of 21 years with a low exposure level.  While in Yin et al. (1987), 

the exposure duration was short between 0.6 to 10 years at a relatively high exposure 

level.  Other adverse effects in the blood system such as blood count fluctuations, 

suppressions and disorders were also found in Kang et al. (2005a), Ward et al. (1996) 

and Kipen et al. (1989).  However, this information could not be used in this risk 

characterisation due to incomplete data. 

 

A risk of occurrence of leukemia was reported for benzene at threshold doses of 

approximately 2.1 µg/kg/day in human population.  The EXPD was found to exceed the 

threshold LADDH from 50% to approximately 90% CP indicating children have a 

higher risk than adults.  The types of leukemia which were reported include acute 

myeloid leukemia (Wong, 1995), acute non-lymphocytic leukaemia and multiple 

myeloma (Collins et al., 2003).  The risks of leukemia in several human population 

studies have found a positive correlation between atmospheric benzene and occurrence 

of leukemia (Aksoy, 1980, Aksoy et al., 1974, Hayes et al., 1996, Schnatter et al., 

1996).  There is evidence to suggest that the age of humans and exposure duration may 

be significant factors in these evaluations (Richardson, 2008, Schnatter et al., 1996).  

Similar adverse effects were also observed in animal study as shown in middle chart of 

Figure 7.15.  However, this adverse effect was found at higher dose than described in 

the human studies (Cronkite et al., 1984).  

 

The EXPD was found to exceed with threshold LADDH for toluene approximately 95% 

CP (Figure 7.16).  This overlap was only observed for children doses at approximately 

1.2 × 102 µg/kg/day which suggested that there is a risk of chromosome aberration in 

blood (Pelclova et al., 2000).  Similar findings on this adverse effect in humans were 

also found by Schmid et al. (1985) and Askoy et al. (2006).  However, the results from 
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Askoy et al. (2006) have to be used with caution because the humans were exposed to a 

mixture of chemicals in the environment.   

 

In other studies, benzene and styrene were also found to be associated with 

chromosome aberrations in humans (Bogadi-Šare et al., 1997, Picciano, 1979, Smith et 

al., 1998, Somorovská et al., 1999, Yardley-Jones et al., 1990).  The concentration 

levels of these compounds were observed from 40% and 90% of respective CP in 

Figure 7.1.  Since, these compounds are commonly found in residential indoor 

environment, the mixture of benzene, styrene and toluene might pose some risks to 

humans. 

 

With xylenes, the EXPD exceeded the threshold LADDH at a CP from 60% for mp-

xylene and 80% for o-xylene (Figure 7.18).  However, it is difficult to evaluate the 

results because the presentation of data in the EXPD and threshold LADDH are derived 

from the same compounds but in different compositions.  In top chart of Figure 7.18, 

the EXPD is presented as two plots, m- combined with p-xylenes and o-xylene, 

respectively.  While, in the LADDH chart as shown in the bottom of Figure 7.18, the 

adverse effects are presented as total xylene.  Thus the characterisation of risk could not 

be reliably carried out in this evaluation.  However several human studies have reported 

adverse effects from exposure to m-xylene and total xylene.  These studies reported 

adverse psychophysiological performance and neurotoxicity (Carpenter et al., 1975, 

Hipolito, 1980, Riihimaki and Savolainen, 1980, Savolainen et al., 1980, Savolainen et 

al., 1979, Seppalainen et al., 1981).   
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Figure 7.15 : Risk characterization of benzene on carcinogenic and non-carcinogenic 
effects by comparison of the EXPD with the threshold CP-HED and the 
threshold CP-LADDH  
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Figure 7.17 : Risk characterization of ethylbenzene on carcinogenic and non-
carcinogenic effects by comparison of the EXPD with the threshold CP-
HED  
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Figure 7.19 : Risk characterization of styrene on carcinogenic and non-carcinogenic effects by 

comparison of the EXPD with the threshold CP-HED and the threshold CP-
LADDH  
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Figure 7.20 :  Risk characterization of naphthalene on carcinogenic and acute effects 
on nasal, respiratory tract and lung by comparison of the EXPD with the 
threshold CP-HED  
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7.7.3 Hazard Quotient at Exposure Dose0.95/Threshold Dose0.05 (HQ95/5) 

The estimation of HQ95/5 was carried out for benzene, toluene and styrene using 

Equation 5.6 in Section 5.5.2.  The HQ95/5 for ethylbenzene and naphthalene could not 

be carried as there was no human response data available for establishment of the 

threshold dose.  As with xylenes, the human response data is insufficient for the 

development of CP plot.  This evaluation using HQ95/5 uses the highest exposure levels 

of benzene, toluene and styrene at 0.95 CP and the threshold health risks at 0.05 CP of 

threshold effects on human population.   

 

As shown in Table 7.3, the HQ95/5 values ranged from 0.3 to 22.2.  With styrene, the 

HQ95/5 of 0.3 was obtained which indicated very low risk for non-carcinogenic effects 

on the human population.  However, HQ95/5 of 1.2 and 22.2 were obtained for toluene 

and benzene respectively, which are approximately 1 to 22 times higher than the unity 

value of 1.  With toluene, the HQ95/5 value of 1.2 indicates a low possibility of risk of 

chromosome aberration in the human populations.  Similar adverse effects were also 

found by Askoy et al. (2006), Hammer et al. (1998) and Schmid et al. (1985).   

 

The HQ95/5 for benzene indicates high adverse health risk in the 5% human population 

which is subject to highest exposure.  Risks of leukemia, aplastic anemia and birth 

weight reduction have been reported in this exposure range (Table 7.3).  These adverse 

effects were frequently found in several epidemiology and toxicology studies as 

described in Figure 7.15.  The exposure duration was found to be the main risk factor in 

regards to these adverse health effects (Richardson, 2008, Schnatter et al., 1996).  A 

longer exposure period results in a higher health risk.  The findings using HQ95/5 for 

benzene, toluene and styrene are consistent with risk characterization by comparing of 

EXPD with threshold LADDH. 
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Table 7.3  :  Hazard quotient at 95/5 (HQ95/5) in the risk characterisation of VAHs 

 
Compound 

 
EXPD 0.95 

 
LADDH 0.05 

 
HQ95/5 

Observed adverse effects in 
human populations at 0.05 CP 

threshold level 

Benzene 9.3 0.4 22.2 Leukemia, apalstic anemia and 
birth weight reduction 

Toluene 58.5 48.7 1.2 Genotoxicity effect (e.g. 
chromosome aberration) 

Styrene 27.3 88.3 0.3 Genotoxicity, neurobehavioral, 
hearing loss and color vision 
effects 

 

7.7.4 Hazard Quotient using Monte Carlo Techniques (HQMC) 

The HQMC was carried out for benzene, toluene and styrene.  The HQMC for 

ethylbenzene and naphthalene could not be conducted as there was no human response 

data available for establishment of the threshold response CP.  As with xylenes, the 

human response data is insufficient for evaluation.  The results for HQMC for benzene, 

toluene and styrene are shown in Figures 7.21, 7.22 and 7.23, respectively.  The 

horizontal and vertical axis in the figures represents the HQMC and the probabilities of 

the occurrences of the HQMC, which were obtained over 2000 trials.   

 

The maximum HQMC for benzene as shown in x-axis of Figure 7.21 is 0.68.  This value 

is lower than the unity value which indicates a low probability risks with carcinogenic 

and non-carcinogenic effects.  The probability for HQMC to infinity point is 0.013.  

With toluene and styrene, the maximum HQMC is 0.11 and 0.04 respectively (Figures 

7.22 and 7.23).  These values are lower than the unity value which indicates very low 

risks with carcinogenic and non-carcinogenic effects. The probability for HQMC for 

toluene and styrene to the infinity point is 0.024 and 0.018 respectively.  The evaluation 

of benzene, toluene and styrene using a Monte Carlo simulation suggests of very low 

health risks of carcinogenic and non-carcinogenic effects on humans. 
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Figure 7.21 :  Hazard quotient (HQMC) using Monte Carlo simulation for benzene 

 

 

 

Figure 7.22 :  Hazard quotient (HQMC) using Monte Carlo simulation for toluene 
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Figure 7.23 :  Hazard quotient (HQMC) using Monte Carlo simulation for styrene 

 

7.7.5 Estimation of Safety Ratio 

The estimation of safety ratio was obtained from the ratio between threshold surrogate 

animal data, CP-HED and the threshold human data, CP-LADDH.  This has been 

derived since surrogate animal data is often used in place of human data with 

appropriate safety factors.  The safety factors and the safety ratio should approximate to 

the same value if appropriate safety factors are being used.  In this study the evaluation 

of the safety ratio can only be estimated for benzene, toluene and styrene.  With 

ethylbenzene, xylenes and naphthalene, safety ratio could not be estimated as there 

were insufficient human response data to plot threshold dose.   

 

The ratios value was obtained from the average from three CP points, 0.2, 0.5 and 0.8 

from the respective CP plots.  The estimated safety ratio for benzene, toluene and 

styrene ranged between a factor of 2 to 15.  A high safety ratio value of 15 was 

obtained for benzene, while toluene has the lowest safety ratio with a factor of 2.  The 

results between threshold HED and threshold LADDH indicate that the dose intake in 

surrogate animal data is higher than human response data.  The evaluation for toluene 

and styrene resulted to safety ratio value of less than 4 which is lower than the 

recommended safety factor of 102 to 103 (Dorne and Renwick, 2005, NRC, 1986) and 

safety factor of 102 for chronic neurotoxicity effect by the Agency for Toxic Substances 

and Disease Registry (ATSDR) (Chou et al., 1998).  This evaluation suggests a lower 
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safety factor may be required when animal surrogate data are used in risk investigation.  

With benzene, the safety ratio in this study is within the range than the recommended 

safety factors of 10 and 102 for immunological effects by the ASTDR (Chou et al., 

1998).    
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CHAPTER 8 VOLATILE AROMATIC HYDROCARBONS IN 

INDOOR AIR FROM BRISBANE HOUSES 
 

8.1 Background 

The investigation of volatile aromatic hydrocarbons (VAHs) in the indoor air of 

residential houses was carried in several suburbs in Brisbane.  A total of 32 houses 

comprising of established and new houses with wide range of ages were selected in this 

study (Refer Section 4.1).  The sampling designs for VAHs in the residential indoor air, 

outdoor ambient air and internal garage were described earlier in Section 4.2.  This 

chapter described the VAHs concentration levels in residential indoor air of houses, 

outdoor ambient air and internal garage and the effects of age of houses, outdoor 

ambient air and internal garage on VAHs concentrations in residential indoor air.  The 

indoor air of VAHs in Brisbane houses were compared with international indoor air 

quality (IAQ) guideline values to describe the exposure levels of these chemicals on 

humans. 

 

8.2 Concentrations of Volatile Aromatic Hydrocarbons  

8.2.1 Assessment of Volatile Aromatic Hydrocarbons in the Residential Indoor Air 

of Houses in Brisbane 

Volatile aromatic hydrocarbons (VAHs) were detected in the indoor air of all houses in 

Brisbane.  Toluene and xylenes were detected in all of the test houses.  Benzene and 

ethylbenzene were detected in more than 97% in the houses whereas styrene and 

naphthalene were detected in 94% and 89% of the houses, respectively.  The 

concentrations of total VAHs (TVAH) ranged between 2 to 137 g/m3 (Figure 8.1)  

The concentrations of TVAH represent the indoor air in new and established houses in 

Brisbane.  In the new houses, the TVAH concentrations ranged between 24 to 110 

g/m3 as shown in S4, S5 and S8 in Figure 8.1.  While TVAH concentrations in 

established houses ranged between 2 to 137 g/m3.   
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Figure 8.1 :  Total volatile aromatic hydrocarbons (TVAH) concentrations (µg/m3) in residential indoor air in houses in Brisbane 
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In general, the TVAH concentrations in new houses are higher than the established 

houses.  The mean TVAH concentration in the new houses was 53 g/m3 compared to 

21 g/m3 in the established houses.  The high TVAH concentrations in new houses 

were probably due to the use of fresh housing material products such as plasterboard, 

paints, glue and carpet.  As described earlier, the use of these products results in the 

release of volatile compounds into the air.  Similar observations were also reported by 

Brown (2002), Park and Ikeda (2006) and Saijo et al. (2004) in their studies with mean 

TVAH concentrations of 106.0 to 161.5 g/m3, 141.0 g/m3 and 383.3 g/m3, 

respectively.  It is noteworthy that the TVAH concentration values are approximately 2 

to 8 times higher than observed in this study. 

 

With the established houses, high TVAH concentrations of 122 to 137 g/m3 were 

observed at Site 31.  In another occasion, TVAH concentrations of 17 to 22 g/m3 were 

also detected in the same house.  The two different sets of concentrations in this house 

were suspected to be as a result of the atmospheric conditions causing a variation of the 

air exchange rate of the house.  On the first occasion, the house was closed up with all 

windows and doors were closed resulting in less air exchange rate between ambient and 

indoor air.  While, during the second occasion several windows were opened causing a 

different ventilation condition.   

 

Batterman et al. (2006) has reported that the average air exchange rate in houses with 

the windows open is 0.38 h-1 as compared to houses with closed windows with 0.30 h-1.  

While Morawska et al. (2003) found that the air exchange rate of houses under normal 

ventilation condition ranged between 0.3 to 6.4 h-1 and in minimum ventilation 

conditions the air exchange rate ranged between 0.1 to 2.0 h-1.  These show that higher 

air exchange rates resulted in low chemical concentrations in houses while lower air 

exchange rate resulted in high chemical concentrations (Guo et al., 2003b).  Therefore, 

the wide range of TVAH concentrations in Site 31 can probably be explained by the 

variation in the air exchange rate in the house.  However, the air exchange rate in a 

house depends on several factors including temperature, wind speed, building design, 

windows and door opening (Batterman et al., 2006, Johnson et al., 2004, Murray and 

Burmaster, 1995). 
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According to Johnson et al. (2004), the air exchange rate will increase with opening 

windows or doors.  The mean air exchange rate with at least one window or door open 

was 1.98 h-1 compared to closed windows and doors with a mean value of 0.77 h-1.  The 

air exchange rate was also found to decline with houses with both screen and solid 

doors compared to solid door alone (Batterman et al., 2006).  This indicates a possible 

tighter garage-door interface of the house.  On top of these, the air exchange rate tended 

to increase with the space above the garage that was occupied, increased atmospheric 

pressure, decreased relative humidity and wind speed.  However, these correlations 

have to evaluate carefully because of the small number of samples (Batterman et al., 

2006). 

 

The concentration levels of individual compounds observed in this study are 

summarized in Table 8.1.  This table describes the distribution pattern of VAHs in 

terms of mean, median, range and standard deviation (SD).  The mean values of VAHs 

in residential houses are higher than the outdoor ambient air but lower than an internal 

garage.  This suggests that there are potential sources of VAHs in the garage which 

may influence the concentrations in indoor air of houses.   

 

From these results, approximately 13% of toluene concentrations in residential indoor 

air were found below the LOD.  With benzene, mp-xylene and o-xylene approximately 

30 to 35% of the data are below LOD.  While with ethylbenzene, styrene and 

naphthalene, more than 50% of the data were below the LOD.  The results for 

ethylbenzene, styrene and naphthalene in this study indicated that these chemicals 

occurred at comparatively low levels in the indoor air of houses.  The median values of 

benzene, toluene, ethylbenzene, xylenes, styrene and naphthalene in this study were 

most to be found lower than other studies as shown in Table 8.2.  This shows that the 

VAHs concentrations in the indoor air of houses in Brisbane are mostly lower from an 

international point of view. 
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Table 8.1 :  Statistical descriptions of VAHs concentrations (µg/m3) in residential indoor air, outdoor ambient air and internal garage 

Residential Indoor Air Outdoor Ambient Air Internal Garage 
Compounds 

Mean Median Range SD Mean Median Range SD Mean Median Range SD 

Benzene  2.4 1.7 ND – 13 2.4 0.9 1.0 0.4 – 2 0.4 5.9 5.6 4 – 8 1.3 

Toluene  10.7 7.5 0.8 – 82 13.8 2.3 2.0 0.6 – 12 2.2 25.5 24.8 7 – 38 8.7 

Ethylbenzene  1.9 1.3 ND – 14 2.4 0.3 0.3 ND – 1 0.3 3.6 3.4 2 – 5 1.1 

mp-Xylene 3.7 2.8 0.3 – 24 4.3 0.8 0.6 0.21 – 3 0.6 8.1 8.8 3 – 12 2.6 

o-Xylene 2.6 1.8 0.1 – 17 3.2 0.4 0.3 0.08 – 2 0.4 5.4 5.4 1 – 8 1.9 

Styrene  1.5 0.9 ND – 12 2.1 0.1 0.2 ND – 0.9 0.1 1.1 0.7 ND – 4 1.2 

Naphthalene 2.3 0.9 ND – 34 5.9 0.1 0.1 ND – 0.4 0.1 0.7 0.7 0.3 – 1 0.2 

ND – Not detectable 
SD – Standard deviation 
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Table 8.2 :  Median concentration of VAHs (g/m3) in the residential indoor air of houses including this study 

References Benzene Toluene Ethylbenzene mp-Xylene o-Xylene Styrene Naphthalene 

Ohura et al. (2006b) a  0.99 
2.69 

11.5 
25.9 

2.47 
5.26 

3.40 
8.86 

1.10 
3.40 

– – 

Serrano-Trespalacios et 
al. (2004) 

6.9 13.9 5.5 17.0 6.2 1.4 – 

Guo et al. (2003a) 4.31 68.19 2.42 4.69 3.41 – – 

Rehwagen et al. (2003) 2.24 18.80 1.68 4.13 1.43 0.61 0.31 

Son et al. (2003) b  23.83 
35.90 

13.90 
54.44 

0.83 
1.22 

– 8.28 
9.29 

– – 

Bertoni et al. (2002) 3.3 16.3 – – – – – 

Brown (2002) c  3.3 
2.7 

8.9 
7.1 

1.5 
1.3 

4.1 
2.2 

– 0.9 
1.0 

1.6 
4.1 

Edwards et al. (2001b) 1.57 14.62 2.17 6.13 1.88 0.84 0.55 

Ilgen et al. (2001) d  1.84 
3.07 

19.72 
21.75 

2.04 
2.35 

4.47 
5.99 

1.37 
1.97 

– – 

Kim et al. (2001) e  6.6 
11.4 

45.5 
28.4 

2.4 
1.5 

7.6 
4.7 

2.2 
1.2 

0.4 
0.5 

0.5 
0.5 

This study 1.7 7.5 1.3 2.8 1.8 0.9 0.9 
a – Data indicated the median value in summer and winter respectively. 
b – Data indicated 2 major cities. 
c – Data indicated non-complain and complain houses. 
d – Data indicated rural and urban houses. 
e – Data indicated non-smoking and smoking houses.
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Smoking activity was found to be one of the major sources for indoor benzene (Baya et 

al., 2004, Kim et al., 2001, Ohura et al., 2006b, Rehwagen et al., 2003).  On top of this 

smoking activity was also found to elevate the levels of toluene, ethylbenzene and 

xylenes (Edwards et al. 2001b, Kim et al. 2001).  In this study, smoking activity was 

not observed through out the sampling period.  As a result, the median concentrations 

of benzene, toluene, ethylbenzene and xylenes in this study are mostly lower than 

previous studies.  On the other hand, other human activities such as cleaning and 

painting (Kim et al. 2001), the use of mosquito-repellent and insecticide (Son et al. 

2003) were also found to be increased the level of benzene, toluene, ethylbenzene, 

xylenes, styrene and naphthalene.  

 

Changes in atmospheric weather was also found to affect the level of VAH in indoor 

residential.  The VAHs concentration during winter season was found to be higher than 

summer season (Ohura et al., 2006b, Rehwagen et al., 2003).  Unlike in this study, the 

residential indoor air sampling was conducted during autumn-winter period whereby 

the ambient temperature is higher than in Japan (Ohura et al., 2006b) and Germany 

(Rehwagen et al., 2003).  The high VAHs concentration during winter season was 

probably due to the use of kerosene heaters and air conditioner for heating purposes 

(Ohura et al. 2006b, Soma et al., 2002).  The cold weather may resulted residents to 

closed their windows and doors to avoid low ambient temperature air from entering the 

house.  However, the closed windows and doors may lead to lower air exchange rate in 

the house.  According to Batterman et al. (2006), Johnson et al. (2004) and Morowska 

et al (2003) a low air exchange rate in the house will reduce the air circulation of the 

house and this may elevate the level of VAHs in the house.  

 

The composition of toluene in residential indoor air of houses was found to be the most 

frequent occurring in an average of 44% followed by mp-xylene (15%), benzene 

(12%), o-xylene (10%), ethylbenzene (8%), naphthalene (6%) and styrene (5%).  The 

distributions of chemicals in residential indoor air found in this study are similar to Guo 

et al. (2003a), Ilgen et al. (2001), Serrano-Tespalacios et al. (2004) and Son et al. 

(2003).   
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8.2.2 Occurrence of Volatile Aromatic Hydrocarbons in the Outdoor Ambient Air 

Volatile aromatic hydrocarbons (VAHs) were detected in the outdoor ambient air of all 

houses in Brisbane.  Benzene, toluene and xylenes were detected in the outdoor 

ambient air of all houses in this study.  Ethylbenzene was detected more than 96% of 

the houses in this study.  While, styrene and naphthalene were detected at levels of 75% 

and 59% respectively.   

 
Figure 8.2 shows the TVAH concentrations which ranged between 1 to 21 g/m3.  High 

TVAH concentration was detected at Site 18 followed by Site 31 with a value of 21 

g/m3 and 16 g/m3, respectively.  The high atmospheric concentrations of TVAH at 

these houses were probably due to the high traffic volume where the houses were 

located adjacent to a busy road.  According to Ilgen et al. (2001) the motor vehicle is 

one of the major sources of volatile compounds including VAHs.  On average, the 

TVAH concentration in the outdoor ambient air of these houses is 5 g/m3.  The mean 

TVAH concentrations in this study are 3 to 15 times lower than several studies found 

elsewhere (Edwards et al., 2001b, Guo et al., 2003a, Kim et al., 2001, Serrano-

Trespalacios et al., 2004). 

 

Approximately 40% of toluene concentrations were found to be below the LOD.  While 

benzene and mp-xylene were 75% and 84% below the LOD, respectively.  However 

with ethylbenzene, o-xylene, styrene and naphthalene, more than 90% of the data were 

below the LOD.  These results indicate that the individual compounds occurred at a 

very low level in the outdoor ambient air.  Most of the houses were located far from 

busy roads which is a major source of VAHs (Lai et al., 2004).  The nearest sampling 

sites to Brisbane City were located in Taringa and Indooroopilly which is 

approximately 5 km distant.  Unlike previous studies (Ilgen et al., 2001, Kim et al., 

2001), the location of samplings are nearer to the city or located adjacent to major 

roads with high traffic volume.  In general, the median values of benzene, toluene, 

ethylbenzene, xylenes, styrene and naphthalene in this study were found lower than 

other studies as shown in Table 8.3.  This result may suggest the outdoor ambient air of 

houses in Brisbane are lower from an international perspective. 
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Figure 8.2 :  Total volatile aromatic hydrocarbons (TVAH) concentration (µg/m3) in the outdoor ambient air of houses in Brisbane. 
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Table 8.3 :  Median concentration of VAHs (g/m3) in the outdoor ambient air including this study 

References Benzene Toluene Ethylbenzene mp-Xylene o-Xylene Styrene Naphthalene 

Ohura et al. (2006b) a  1.01 
2.18 

11.5 
16.2 

1.70 
2.47 

2.43 
3.61 

0.71 
1.14 

– – 

Serrano-Trespalacios et 
al. (2004) 

5.9 37.9 5.0 14.9 5.9 1.2 – 

Guo et al. (2003a) 1.62 36.56 5.40 5.34 3.48 – – 

Rehwagen et al. (2003) 1.30 2.83 0.49 1.32 0.41 0.04 0.08 

Son et al. (2003) b  24.51 
24.58 

11.16 
46.41 

0.89 
1.43 

– 6.66 
8.70 

– – 

Bertoni et al. (2002) 2.3 9.3 – – – – – 

Brown (2002) 1.9 3.5 1.1 1.6  < 2.0 < 2.0 

Edwards et al. (2001b) 1.40 3.70 0.80 2.43 1.06 – – 

Ilgen et al. (2001) 6.4 – 12.9 15.5 – 36.1 – – – – – 

Kim et al. (2001) 5.1 11.2 1.2 4.1 1.2 0.2 0.2 

This study 1.0 2.0 0.3 0.6 0.3 0.2 0.1 

a – Data indicated the median value in summer and winter respectively. 
b – Data indicated 2 major cities. 
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The results also show that the occurrence of toluene in the outdoor ambient air was 

found in highest number of locations with an average of 45%, followed by benzene 

(18%), mp-xylene (16%), o-xylene (9%), ethylbenzene (7%), styrene (3%) and 

naphthalene (2%).  The distribution pattern of VAHs in the atmospheric environment in 

this study are found similar to Brown (2002), Kim et al. (2001) and Rehwagen et al. 

(2003).   

 

8.2.3 House with an Internal Garage in Brisbane 

The monitoring of VAHs in the air of internal garage was conducted at house labelled 

as Site 10.  The garage was used to park a petrol vehicle of 1.3 litres capacity.  A total 

of 13 measurements in 3 sampling events were carried out in the internal garage under 

two situations.  First, where the vehicle was not in use.  Second, where the vehicle was 

parked after driving from the roadway and than the engine was turned off and the 

measurement was conducted promptly.  Concurrently, the measurement of VAHs in the 

indoor air of the house was conducted in the living room adjacent to the internal garage 

separated by a door.   

 

Volatile aromatic hydrocarbons (VAHs) was found in the air of the internal garage of 

the house at Site 10 (Figure 8.3).  Where the TVAH concentrations ranged between 19 

to 77 g/m3.  Under conditions where the engine of the car has been stopped for a 

period of cooling the TVAH concentrations occurred at comparatively low levels 

ranging between 19 to 43 g/m3 as shown in M1, M6 and M10 of Figure 8.3.  When 

the car engine has been recently stopped but the engine is hot the TVAH concentrations 

are high in the garage ranging between 46 to 77 g/m3 as shown in M2 to M5, M7 to 

M9 and M11 to M13 of Figure 8.3.  These data shows that the TVAH levels during the 

hot phase of engine operation are higher than the cool phase of engine operation which 

ranged between 10 to 60% of the higher values.   

 

From Table 8.1, the mean values for benzene, toluene, ethylbenzene and xylenes in the 

internal garage are higher than the residential indoor air which suggests that motor 

vehicles are a major source of VAHs.  The results also show that benzene, toluene, 

ethylbenzene and xylenes were detected on all sampling occasions.  However, with 

styrene and naphthalene more than 85% of the data are below the LOD.  The median 

concentrations of benzene, toluene, ethylbenzene, xylenes and naphthalene in this study 
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are lower than Batterman et al. (2006) and Graham et al. (2004) as shown in Table 8.4.  

The high median concentrations of these compounds may be due to gasoline powered 

lawn movers, fuel container, oil spills, paints, solvents and other VOC containing 

materials found in the garages.   

 

The occurrence of toluene in the internal garage was found to be the highest on the 

sampling occasions with an average of 51% followed by mp-xylene (16%), benzene 

(12%), o-xylene (11%), ethylbenzene (7%), styrene (2%) and naphthalene (1%).  The 

composition pattern in this study is similar to Batterman et al. (2006).  This 

composition pattern in this study shows the expected profile of emissions from motor 

vehicles as demonstrated by Batterman et al. (2006). 

 

Table 8.4 : Median concentration of VAHs (g/m3) in the air of internal garage 

including this study 

Compounds Batterman et al. (2006) Graham et al. (2004) This study 

Benzene 26.36 393a/91.2b 5.6 

Toluene 121.30 845a/309b 24.8 

Ethylbenzene 28.03 220a/61.4b 3.4 

mp-Xylene 113.98 –  8.8 

o-Xylene 24.90 –  5.4 

Styrene 0.35 44.9a/2.27b 0.7 

Naphthalene 6.34 –  0.7 

a – Hot-soak garage 

b – Cold-start garage 

 

 



143 

 

0

20

40

60

80

100

M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 M13

Benzene Toluene
Ethylbenzene mp-Xylene
o-Xylene Styrene
Naphthalene

 
Figure 8.3 :  Total volatile aromatic hydrocarbons (TVAH) concentration (µg/m3) in internal garage of the house of Site 10 
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8.3 Relationship between Volatile Aromatic Hydrocarbons in Residential 

Indoor Air and the Outdoor Ambient Air 

The relationship of VAHs in the indoor air of houses with the outdoor ambient air was 

evaluated.  The concentrations of VAHs in indoor air was compared to the outdoor 

ambient air concentration with the same house on the same sampling occasion was 

plotted as the Indoor–Ambient Ratio (IAR).  An IAR of more than 1 suggests that the 

potential sources of VAHs may originate from the indoor environment of houses.  On 

the other hand, IAR of less than 1 suggests the potential of outdoor ambient VAHs to 

influence the residential IAQ.  The results for IAR in this study are shown in Figure 8.4 

for each of the VAHs.  The correlation coefficient (R2) of 0.001 to 0.1 was obtained for 

all compounds.  The R2 suggests that there was no correlation between indoor air and 

outdoor ambient air VAHs (Figure 8.4).   

 

As shown in right side of the broken line of the IAR in Figure 8.4, more than 80% of 

IAR of VAHs are more than 1.  The average IAR for benzene, toluene, ethylbenzene, 

mp-xylene, o-xylene, styrene and naphthalene are 2.9, 7.2, 7.2, 5.8, 7.6, 7.1 and 11.3, 

respectively.  The IAR, in this study indicates that the potential sources for VAHs may 

originate indoors in houses rather than the outdoor ambient air.  The IAR shows similar 

results with Edwards et al. (2001b), Kim et al. (2001), Schneider et al. (1999) and Zhu 

et al. (2005).  The indoor sources may be associated with human activities, household 

products and building products as described earlier. 
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Figure 8.4 :  Plots of the indoor and outdoor ambient concentration (the Indoor-Ambient Ratio) of VAHs in Brisbane houses 
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8.4 Relationship between Volatile Aromatic Hydrocarbons in Residential 

Indoor Air and Internal Garage 

The VAHs concentrations in the internal garage were compared with the living room of 

the house.  The living room is located next to the internal garage separated by a sliding 

door.  As shown in Figure 8.5, the TVAH in the air of the internal garage and living 

room ranging between 19 to 77 g/m3 and 14 to 51 g/m3 respectively.  The 

concentrations of TVAH in the garage were found to be higher than those in the living 

room of the house in every monitoring event.  The TVAH concentrations in the garage 

were found to be approximately 25 to 50 % higher than the living room.   

 

The concentrations and statistical characteristics of individual compounds in the 

internal garage and the living room are summarized in Table 8.5.  In general, the mean, 

median and ranges values of benzene, toluene, ethylbenzene, mp-xylene, o-xylene, 

styrene and naphthalene in internal garage are higher as compared to the living room of 

the house.  The concentration levels of benzene, toluene, ethylbenzene, mp-xylene and 

o-xylene in internal garage are higher than in the living room by a factor of 

approximately 1.5 to 2.  This result is lower than the comparative data produced by 

Isbell et al. (2005) who found that the benzene and toluene levels in the garage were 2 

to 10 times higher than in the house.  The high VAHs concentration in the garage is 

mainly due to emissions from the tailpipe and evaporation from the vehicles engine 

(Tsai et al., 2003).  Motorcycles in garages may produce a similar VAHs level 

(Batterman et al., 2006, Isbell et al., 2005).  In a few investigations, the garage was also 

used as storage for some gardening machines using gasoline which were also found to 

be a major source of VAHs (Batterman et al., 2007).  
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Figure 8.5 :  TVAH concentration (µg/m3) in indoor air and internal garage of the 

house of Site 10 

 

 

Table 8.5  :  Concentrations of VAHs (µg/m3) in the internal garage and living room of 

the house (Site 10) 

Living room Internal Garage  
Compounds 

Mean Median Range SD Mean Median Range SD 

Benzene 3.4 1.5 1 – 7 1.5 5.9 5.6 4 – 8 1.3 

Toluene 14.5 15.1 6 – 24 5.6 25.5 24.8 7 – 38 8.7 

Ethylbenzene 2.2 2.0 1 – 4 0.8 3.6 3.4 2 – 5 1.1 

mp-Xylene 4.7 4.7 2 – 7 1.6 8.1 8.8 3 – 12 2.6 

o-Xylene 3.1 2.8 1 – 5 1.3 5.4 5.4 1 – 8 1.9 

Styrene 1.4 0.9 ND – 5 1.5 1.1 0.7 ND – 4 1.2 

Naphthalene 0.8 0.7 ND – 1 0.5 0.7 0.7 0.3 – 1 0.2 

ND – Not detectable 
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In evaluating the relationship of VAHs in the air of the living room with the internal 

garage, the concentrations of VAHs in the living room were plotted against the internal 

garage concentrations.  This factor, the Indoor-Garage Ratio (IGR), when it has a value 

of more than 1 it suggests potential sources of VAHs may come from inside of the 

houses.  While an IGR of less than 1 indicates the potential of internal garage VAHs to 

influence the living room IAQ.  The results of IGR in this study are shown in Figure 

8.6.   

 

In Figure 8.6, the broken line shows the IGR as 1.  When the concentrations in the 

internal garage and living room are equal, IGR values below the broken line indicate 

the source of VAHs may come from indoor within house.  IGR values above the 

broken line suggest the source of VAHs may be within the internal garage.  The IGR 

for benzene, toluene, ethylbenzene, mp-xylene and o-xylene ranged between 0.3 and 

0.9.  These IGR values are higher than comparable values produced by Batterman et al. 

(2007) who reported the mean IGR values for benzene, toluene, ethylbenzene, mp-

xylene and o-xylene ranging between 0.05 to 0.12.  However the IGR values suggest 

that the source of these VAHs are within internal garage as described earlier.  With 

styrene and naphthalene, the IGR ranged between 0.6 to 1.6 and 0.4 to 2.7, 

respectively.  These results suggest that the internal garage is not the main sources for 

styrene and naphthalene.  These compounds may have sources within from the house 

such as carpets and building materials as described in Section 3.1.2.3.   

 

The R2 values for VAHs range between 0.01 to 0.97 (Figure 8.6).  The R2 for benzene, 

toluene, ethylbenzene, mp-xylene and o-xylene show good correlation of 0.66, 0.81, 

0.64, 0.74 and 0.71, respectively.  This supports the implication that these chemicals 

may origin from the internal garage and influence the VAHs in the house.  With styrene 

and naphthalene, the R2 of 0.97 and 0.01 was obtained respectively.  This result 

suggests the sources may come from the house. 
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8.5 Relationship between Indoor Volatile Aromatic Hydrocarbons and Age of 

Houses 

Several studies have reported that the concentration of VAHs in new houses is higher 

than that of established houses (Brown, 2002, Jarnstrom et al., 2006, Yamaguchi et al., 

2006) and the concentration level of VAHs in houses was found to be time (age of 

house) dependent.  Park and Ikeda (2006) have found that the VAHs level in new 

houses took approximately 1 to 2 years to decrease to the level to established houses.  

Similarly, in Brown (2002), Jarnstrom et al. (2006) and Yamaguchi et al. (2006), 

concluded that the concentration of VAHs in houses decreasing with time and age of 

house.   

 

In this study, a wide range of houses of different ages from zero (immediately after 

construction) to more than 36 years of age was selected in order to study the 

relationship between VAHs and age of the houses.  The relationship between the 

concentrations and the ages of the houses was described with the first order kinetic 

equation.  The regression analysis is shown in Figure 8.7 with the regression line.  The 

R2 has a range of value between 0.28 to 0.58 for different VAHs.  A relatively weak 

linear correlation was found for naphthalene, styrene and benzene with R2 of 0.28, 0.36 

and 0.38, respectively but a stronger linear correlation was found with toluene, 

ethylbenzene, mp-xylene, o-xylene and toluene with R2 of 0.44, 0.46, 0.58 and 0.56, 

respectively.  The overall TVAH had a reasonable R2 of 0.58 indicating a decline with 

age of house.   

 

Several studies have suggested that these compounds mainly originated from the use of 

mothballs, carpets, heat insulation systems, building materials products, gasoline and 

motor vehicles in the garage (Batterman et al., 2006, Baya et al., 2004, Dodson et al., 

2008, Griego et al., 2008, Hodgson et al., 1992, Zellweger et al., 1997).  According to 

Griego et al. (2008) mothballs as an insecticide with stored clothing is the major source 

of naphthalene.  However, in this study, the use mothballs was not found in more than 

95% of the houses.  The median concentration value for naphthalene was 0.9 g/m3 

which is approximately 1 to 4 times lower than indoor air of houses in Melbourne 

(Brown, 2002).  This may reflect usage rates of this substance as an insecticide. 
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Figure 8.7 :  Relationships between indoor VAHs concentrations in indoor air with age of houses 
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On the other hand, occurrence of naphthalene in the indoor air of houses was also 

related to the use of plasterboard (Preuss et al., 2003).  As shown in Figure 8.1, the 

concentration of naphthalene in new houses (e.g. S5) with the use of fresh plasterboard 

is relatively high ranging between 4 to 34 g/m3.  In established houses, where the 

concentration of naphthalene ranged between 0.1 to 6 g/m3.  Approximately 46% of 

the study houses have an internal structure made from bricks and wood.  The low 

sample volume for houses using plasterboard might be the reason for the weak 

correlation found in this study. 

 

Styrene was mainly found to be associated with the use of carpet and heat insulation 

materials (Hodgson et al., 1992, Zellweger et al., 1997).  In this study, the identification 

of heat insulation materials in the houses was not conducted.  However, approximately 

40% of the floors in the houses was covered by carpet usually either in the living room 

or bedroom or both areas.  The concentration of styrene in these areas was low with a 

median value of 0.9 g/m3.  The weak correlation might be due to low sampling 

volume or low number of sites with carpet.  With benzene, the weak correlation 

indicates that occurrence of this compound is not related to the age of house.  Benzene 

is strongly related to smoking activity and the use of gasoline and motor vehicles 

(Batterman et al., 2006, Baya et al., 2004, Dodson et al., 2008, Kim et al., 2001).   

 

A fair correlation with age of the house was found for toluene, ethylbenzene, mp-

xylene and o-xylene with R2 of 0.44, 0.46, 0.58 and 0.56, respectively.  The results 

show that the age of the house may be a good indicator of the concentration levels of 

toluene, ethylbenzene, mp-xylene and o-xylene.  These compounds are frequently 

found in building materials such as paints, adhesive, joint sealant and putties (Sack and 

Steele, 1992, Zellweger et al., 1997).  Several types of floor covering, such as carpet, 

laminate and hardwood flooring, were also found to be a major sources of these 

chemicals (Hodgson et al., 1992).  In addition, toluene, ethylbenzene, mp-xylene and o-

xylene have also been found in household products such as cleaning agents and 

deodorizer (Knoppel and Schauenburg, 1989, Sack and Steele, 1992, Wolkoff et al., 

1998).   

 

The regression analysis relating natural log concentrations of VAHs in residential 

indoor air with age of houses resulted in linear equations as shown in Table 8.6 with the 
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plots in Figure 8.7.  O-xylene has the highest slope followed by mp-xylene, 

ethylbenzene, toluene, naphthalene, styrene and benzene.  This order reflects the loss of 

these compounds from houses.  The lower slope for benzene suggests there is wide 

range of concentrations in the houses in Brisbane.  Since, several of the consumer and 

building products releases several compounds into the air and these chemicals are 

frequently found in residential indoor air, the evaluation of these chemicals as Total 

VAH (TVAH) was conducted.  As shown in Figure 8.7 the TVAH has a high R2 values 

with age of the house with R2 of 0.58.  This may indicate that the age of these houses 

can be used as an indicator for TVAH in the residential indoor. 

 

Table 8.6 : Linear regression for the relationship of concentrations for individual 

compound and TVAH against age of house 

Linear Equation 
Compounds 

Slope Intercept R2 
Half-Life 
(years) 

Benzene -0.035 1.165 0.38 19 

Toluene -0.049 2.663 0.44 14 

Ethylbenzene -0.049 0.960 0.46 14 

mp-Xylene -0.056 1.759 0.58 12 

o-Xylene -0.058 1.354 0.56 12 

Styrene -0.042 0.557 0.36 16 

Naphthalene -0.048 0.562 0.28 14 

TVAH -0.048 0.562 0.58 13 

Note:  See Figure 8.7 for plots of these relationship 

 

The slope and intercept values in Table 8.6 was used to describe the decay rate of the 

individual and TVAH by using Equation 8.1.   
kt

oeCC       Equation 8.1 

'C
o eC       Equation 8.2 

 

where C is the decay concentration of compound (g/m3), Co is the initial concentration 

(g/m3) which was derived from Equation 8.2, C’ is the concentration in natural log 

(ln) (in Table 8.6), k is the decay rate constant value and t is the elapsed time in years.   
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The decay rate of benzene, toluene, ethylbenzene, mp-xylene, o-xylene, styrene, 

naphthalene and TVAH are shown in Figure 8.8.  The first order kinetic equation 

shows a relatively good fit to VAHs concentrations.  This may be due to the small 

representative of house age especially in the range between 5 to 15 years old.  The R2 

values between concentrations of VAHs with age of houses as shown in Figure 8.7, 

shows a moderate correlation between them.  This may suggest the second order kinetic 

equation may be more suitable for this purpose.  As shown by Brown (2002), the 

double exponential model shows a better fit compared to the first order kinetic 

equation.   

 

The graphs (Figure 8.8) show that o-xylene has the highest decay rate followed by mp-

xylene, ethylbenzene, toluene, naphthalene, styrene and benzene.  With TVAH, the 

decay rate is similar to o-xylene and mp-xylene.  The result also suggests that o-xylene 

may decay faster than other compounds although the differences between VAHs are 

not higher.  While benzene which is the lowest decay rate may persist for longer than 

other compounds in the indoor air of residential houses.  The half-life for each 

compound can be determined by using Equation 8.3.   

k
LifeHalf 2ln

     Equation 8.3 

 

The half-life for these chemicals ranged between 12 to 19 years (Table 8.6).  With 

benzene having the longest half-life followed by styrene, naphthalene, toluene, 

ethylbenzene, mp-xylene and o-xylene.  While, the half-life for TVAH is 

approximately 13 years. 
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8.6 Volatile Aromatic Hydrocarbons and Indoor Air Quality Guidelines 

Of the 7 VAHs monitored in this study, benzene is probably the most important as it 

has been classified as Class 1 carcinogen, while others are classified as Class 2B and 

Class 3 as described in Section 3.1.2.2.  Several developed countries has established the 

guideline values of these chemicals for the indoor environment (NRCC, 2005).   

 

In Australia, the Indoor Interim National Air Quality Goals were introduced by the 

National Health and Medical Research Council (NHMRC) (enHealth, 2002).  Under 

this guideline, several gases and chemicals guideline values were established.  

However, the guideline did not specify the exposure limit for any of the 7 chemicals in 

this study.  Instead, a guideline for total volatile organic compounds (TVOC) was 

established with a value of 500 g/m3.  The guideline also suggested that for a single 

compound the concentration shall not exceeded more than 50% of the TVOC.  This 

does not provide a basis for evaluation of the concentrations of VAHs in the indoor air 

of Brisbane houses.  Thus, the exposure levels of VAHs in the houses in Brisbane was 

compared with guideline values from Hong Kong, Japan, Germany and WHO.   

 

The concentration levels of benzene, toluene, ethylbenzene and styrene are plotted in 

Figure 8.9.  All are well below the guideline values from Hong Kong, Japan and WHO.  

With xylenes, the individual guideline values for m-, p- and o-xylene were not available 

for comparison.  However, the total xylenes in this study which ranging between 0.5 to 

42 g/m3 was found to be well below the guideline values from Hong Kong, Japan and 

WHO of 1447, 870 and 480 g/m3, respectively.   

 

The concentration level of naphthalene was high in S5 with a maximum of 34 g/m3 

which exceeded the guideline value from Germany of 20 g/m3.  The high 

concentration was probably due to the use of fresh building products as suggested by 

Preuss et al. (2003) since the house was just constructed. 
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CHAPTER 9 HEALTH RISK ASSESSMENT OF VOLATILE 

AROMATIC HYDROCARBONS IN INDOOR AIR 

OF HOUSES IN BRISBANE 
 

9.1 Introduction 

The concentrations of volatile aromatic hydrocarbons (VAHs) in residential indoor air 

in Brisbane as described in Chapter 8, were used for human health risk assessment.  

The assessment process will be conducted similar to disinfection by-products (DBPs) in 

chlorinated drinking water and VAHs in residential indoor air from international 

perspectives as described in Chapter 6 and 7 respectively.   

 

In this chapter, the VAHs concentrations in this study will be compared with two other 

studies by Brown (2002) and Rumchev et al. (2004) in residential houses in Melbourne 

and Perth, Australia, respectively.  In Brown (2002), the study summaries the VAHs 

concentrations in non-complaint and complaint houses.  The concentrations of VAHs in 

new and renovated houses were also included in this assessment.  While in Rumchev et 

al. (2004), the VAHs concentrations represent indoor air of houses with children having 

asthma and no symptom of asthma.  The VAHs exposure concentrations for these 

studies were compared to World Health Organization (WHO) and several developed 

countries guideline values for indoor air quality (IAQ).   

 

For the evaluation with dose-response data from humans and animals studies, the 

concentrations data was converted into cumulative probability (CP) dose in g/kg/day.  

These plots were used to identify the relationship of adverse effects and characterise the 

health risks on humans.  The estimated safety ratios were identified in this assessment. 

 

9.2 Concentrations of Volatile Aromatic Hydrocarbons 

The concentrations of VAHs in indoor air of houses in Brisbane as shown in Figures 

8.1 are summarised as CP plots as shown in Figure 9.1.  The VAHs exposure levels by 

Brown (2002) and Rumchev et al. (2004) are shown in Figure 9.1 as CP plots.  This 

figure describes the exposure levels of VAHs in residential indoor air in Brisbane, 

Melbourne and Perth. 
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The exposure concentration (EXPC) of benzene, toluene, ethylbenzene, mp-xylene, o-

xylene, styrene and naphthalene in this study range between not detectable ND to 13 

g/m3, 0.8 to 82 g/m3, ND to 14 g/m3, 0.3 to 24 g/m3, 0.1 to 17 g/m3, ND to 12 

g/m3 and ND to 34 g/m3, respectively.  Some of the values were below the limit of 

detection (LOD) as shown in Figure 9.1.  With naphthalene, 85% of the data were 

below the LOD, followed by styrene and ethylbenzene, with 55% and 52%, 

respectively.  While, benzene, toluene and xylenes, approximately 15 to 33% of the 

concentrations data were below the LOD.   

 

In this study, more than 95% of the resident did not use naphthalene derived products 

such as mothballs and deodorizer.  This was probably the reason for the low 

naphthalene concentrations in most of the houses.  However, in new houses, the 

naphthalene concentrations are high ranging between 4 to 34 g/m3.  The high 

concentrations was probably resulted from the use of fresh building materials products 

such paints and plasterboard (Preuss et al., 2003, Zellweger et al., 1997).  Similar 

condition was also found in Brown (2002), where the naphthalene concentrations in 

newly refurbish houses ranging between 18 to 31 g/m3.  Few naphthalene 

concentrations observed in this study and Brown (2002), at above 0.95 and 0.40 CP 

plots respectively, were found to be exceeded the Germany IAQ guideline value II of 

20 g/m3 (Figure 9.1) 

 

Benzene and toluene concentrations level in this study are slightly lower than houses in 

Melbourne and Perth houses (Figure 9.1).  With benzene, the median value in this study 

is 2.3 g/m3 compared to 2.7 g/m3 to 3.3 g/m3 and 11.8 g/m3 to 24.8 g/m3 in 

Melbourne and Perth respectively (Table 9.1).  This shows that Perth houses has a 

relatively high benzene concentrations followed by Melbourne and Brisbane.  Few 

benzene concentrations in Melbourne and Perth houses from 0.35 CP plots were found 

to be exceeded the Hong Kong IAQ guideline value of 16.1 g/m3.  High benzene 

concentrations in these houses are mainly due to smoking activity and fresh housing 

materials installed in the houses (Brown, 2002, Rumchev et al., 2004).  Other potential 

sources such as cleaning products, motor vehicles and attached garage need to be 

considered as several studies have found positive relationship with them (Dodson et al., 

2008, Jo et al., 2003, Kwon et al., 2008).   
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Toluene concentrations in non-complaint houses in Melbourne and houses with 

children with asthma in Perth are higher than houses in Brisbane.  As shown in Table 

9.1, houses in Perth has a high median value of 11.9 g/m3, followed by Melbourne at 

8.9 g/m3 and Brisbane, 8 g/m3.  The high toluene concentrations found in these 

studies are probably resulted from the use of paints and adhesives.  Nonetheless, the 

concentration levels in the houses for the 3 cities are below the IAQ guideline value 

from WHO and Japan of 260 g/m3.   

 

Ethylbenzene concentration in this study is comparable to Melbourne and Perth houses, 

ranging between ND to 14 g/m3, 0.9 to 28 g/m3 and 0.01 to 16.5 g/m3, respectively.  

The median value in this study is slightly higher compared with the two cities.  

However, the exposure levels at 0.95 CP plots are 102 to 103 lower than the IAQ 

guideline values from Hong Kong and Japan of 1447 g/m3 and 3800 g/m3 

respectively.   

 

With xylenes, only mp-xylene data from Brown (2002) was used for comparison with 

this study.  The rest of the data sets are not suitable for comparison because of different 

classification defined by respective authors.  The mp-xylene concentrations in non-

complaint houses in Melbourne are higher than this study with the median value of 4.1 

g/m3 (Table 9.1).  While with styrene, the concentrations level in this study is high 

compared to houses in Perth.  The concentration levels between these two cities at 0.95 

CP plots are approximately 102 lower than the IAQ guideline values from WHO, Japan 

and Germany.  Table 9.1 summaries the statistical values of the VAHs in indoor air of 

residential houses in this study (Brisbane), Melbourne and Perth. 

 

From the CP plot, the linear regression equations and the correlation coefficient (R2) 

for each compound for three different studies were obtained.  The R2 values of VAHs 

in this study, Melbourne and Perth ranging between 0.92 to 0.99, 0.82 to 0.98 and 0.87 

to 0.97, respectively.  The R2 values were obtained from wide range of the EXPC 

distribution plot as shown in Table 9.1.  These results show a highly linear distribution 

plot in the selected section of the EXPC.   
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Figure 9.1 : Cumulative probability concentration (µg/m3) of VAHs in residential indoor air in 

Brisbane, Melbourne and Perth with IAQ guidelines from Hong Kong (HKIAQ), 

Germany (GIAQ), Japan (JIAQ) and WHO  
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Figure 9.1 :  Cumulative probability concentration (µg/m3) of VAHs in residential 

indoor air in Brisbane, Melbourne and Perth with IAQ guidelines from 

Hong Kong (HKIAQ), Germany (GIAQ), Japan (JIAQ) and WHO 

(continued) 
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Table 9.1  :  Statistical descriptions and correlation regression of VAHs (g/m3) in three cities in Australia 

This study Melbourne Perth  

 LOD Min Max Median Probability 
range 

R2 Min Max Median Probability 
range 

R2 Min Max Median Probability 
range 

R2 

Benzene 1.2 ND 13 2.3 0.3 – 0.8 0.98 – – 3.3a 
2.7b 

0.2 – 0.7 0.97 0.01 81.9 24.8c 
11.8d 

0.4 – 0.8 0.97 

Toluene 2.0 0.8 82 8.0 0.3 – 0.9 0.99 – – 8.9a 
7.1b 

0.1 – 0.6 0.98 0.8 153.9 11.9c 
6.2d 

0.3 – 0.8 0.96 

Ethylbenzene 1.6 ND 14 1.9 0.6 – 0.9 0.95 – – 1.5a 
1.3b 

0.2 – 0.5 0.82 0.01 14.7 1.4c 
0.8d 

0.1 – 0.6 0.87 

mp-Xylene 1.3 0.3 24 3.4 0.3 – 0.9 0.97 – – 4.1a 
2.2b 

0.2 – 0.8 0.95 – – – – – 

o-Xylene 1.2 0.1 17 2.5 0.3 – 0.8 0.97 – – – – – – – – – – 

Styrene 1.2 ND 12 1.5 0.5 – 0.9 0.92 – – – – – 0.01 6.4 0.01cd 0.5 – 0.9 0.89 

Naphthalene 2.0 ND 34 1.3 0.8 – 0.9 0.97 – – 1.6a 
4.1b 

0.3 – 0.9 0.93 – – – – – 

Note: 
1.  a and b indicated the non complaint and complaint houses in Melbourne respectively. 
2.  c and d indicated Perth houses with children having asthma and non-asthmatic symptom respectively. 
ND – Not detectable. 
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9.3 Exposure Doses of Volatile Aromatic Hydrocarbons 

The concentrations data in this study which were converted into exposure doses (EXPD) 

using Equation 5.2 are shown in Figure 9.2 as CP plots.  The evaluation was carried by 

considering two groups namely adults and children aged 3 to 5 years.   

 

In this study, the EXPD for benzene, toluene, ethylbenzene, mp-xylene, o-xylene, 

styrene and naphthalene for adults range between 0.05 to 2.40, 0.14 to 14.81, 0.03 to 

2.63, 0.05 to 4.48, 0.03 to 3.07, 0.04 to 2.23 and 0.02 to 6.25 g/kg/day, respectively 

(Table 9.2).  The EXPD values in this study are found to be lower than an international 

perspective from scientific literature as described in Section 7.3.   

 

Table 9.2 :  Statistical characteristics of EXPD (g/kg/day) of VAHs in Brisbane 

Minimum Maximum 50% 95%  
Compounds Adult Children Adult Children Adult Children Adult Children 

Benzene 0.05 0.08 2.40 3.88 0.29 0.48 1.19 1.92 

Toluene 0.14 0.23 14.81 23.91 1.36 2.20 6.78 10.94 

Ethylbenzene 0.03 0.05 2.63 4.25 0.26 0.42 1.56 2.52 

mp-Xylene 0.05 0.08 4.48 7.23 0.51 0.82 2.82 4.55 

o-Xylene 0.03 0.06 3.07 4.96 0.35 0.57 2.45 3.95 

Styrene 0.04 0.06 2.23 3.61 0.17 0.27 1.36 2.21 

Naphthalene 0.02 0.03 6.25 10.09 0.16 0.26 2.80 4.52 

 

The assessment for indoor air of benzene was conducted by several researchers since it 

is harmful to humans and has been classified as Class 1 carcinogen (IARC, 1987).  The 

estimated mean EXPD for adult  for benzene in this study is higher than Hoddinott and 

Lee (2000) but lower than Duarte-Davidson et al. (2001) (Table 9.3).  The high mean 

EXPD for benzene in indoor air in urban houses was mainly contributed by smoking 

activity in these houses (Duarte-Davidson et al., 2001).  Several studies have also 

suggested that the presence of smoking activity will increase benzene concentration in 

the house (Baya et al., 2004).  On the other hand, the maximum benzene doses in 

indoor house estimated by Hoddinott and Lee (2000) are higher than this study at 5.9 

g/kg/day.  Table 9.3 summarises the comparison of EXPD for benzene in adults as 

described above. 
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Figure 9.2 : Cumulative probability of EXPD (g/kg/day) to VAHs in the air in 

residential houses in Brisbane 
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Figure 9.2 : Cumulative probability of EXPD (g/kg/day) to VAHs in the air in 

residential houses in Brisbane (continued) 
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Table 9.3 :  Mean EXPD (g/kg/day) for VAHs in adult in this study and comparison with literature data 

EXPD (g/kg/day)  
Exposure 

Benzene Ethylbenzene mp-Xylene o-Xylene 

 
References 

Rural houses, non-
smoker 

0.6 (male) 
0.7 (female) 

– – – Duarte-Davidson et al. (2001) 

Urban houses, non-
smoker 

0.9 (male) 
1.1 (female) 

– – –  

Urban houses, passive 
smoker 

1.3 (male) 
1.5 (female) 

– – –  

Urban houses, smoker 1.3 (male) 
1.5 (female) 

– – –  

Indoor houses 0.1 
5.9 (max) 

0.6 
8.0 (max) 

1.8 
25 (max) 

0.7 
10 (max) 

Hoddinott and Lee (2000) 

Indoor houses  (This 
study) 

0.5 
2.4 (max) 

0.5 
2.6 (max) 

0.8 
4.4 (max) 

0.6 
3.1 (max) 

This study 

Note:  

Male and female body weight is 58 and 70 kg respectively.  Adult body weight in this study and Hoddinott and Lee (2000) is 70 kg. 

 



174 

 

The estimated EXPD for children aged 3 to 5 for benzene, toluene, ethylbenzene, mp-

xylene, o-xylene, styrene and naphthalene in this study ranging between 0.08 to 3.88, 

0.23 to 23.91, 0.05 to 4.25, 0.08 to 7.23, 0.06 to 4.96, 0.06 to 3.61 and 0.03 to 10.09 

g/kg/day, respectively (Table 9.2).  Similar to the adult group, the estimated EXPD for 

children in this study are lower than the literature data as described in Section 7.3.  

 

In this group, the comparison of EXPD is difficult because of different age classification 

defined by the researchers.  With Duarte-Davidson et al. (2001), children are evaluated 

as two age groups, less than 1 year (infants) and more than 11 years old.  In Hoddinott 

and Lee (2000), children are divided into two groups, 0 to 6 and 9 to 12 years of age, 

respectively.  While, in this study the evaluation of children age 3 to 5 years old was 

selected.  The classification of children age resulted in the use of different body weight 

in the estimation of dose intake (Table 9.4).  

 

The estimated mean EXPD for benzene for infants are higher compared to this study.  

However the mean EXPD for children (>11 years old) especially in non-smoker houses 

are lower than the mean value in this study of 0.9 g/kg/day (Table 9.4).  With 

Hoddinott and Lee (2000), the estimated mean EXPD for benzene for children age 0 to 

6 and 9 to 12 ranged between 0.4 to 0.7 and 0.2 to 0.4, respectively.  These values are 

lower than the mean EXPD in this study.  However, the maximum EXPD of benzene in 

Hoddinott and Lee (2000) are higher than this study by a factor of 4 to 16.  Table 9.4 

summarises the EXPD for benzene in children as describe above. 

 

As for other compounds, very few studies are available for comparison with this study.  

Most of the study compounds were evaluated using cancer risk and hazard quotient as 

suggested by USEPA for carcinogenic and non-carcinogenic compounds respectively 

(Ohura et al., 2006a, Payne-Sturges et al., 2004, Sax et al., 2006).  Nonetheless, in 

Hoddinott and Lee (2000) the adult and children mean EXPD for ethylbenzene, mp-

xylene and o-xylene are higher than this study at 0.80, 0.75 and 0.80 CP plots, 

respectively (Figure 9.2).  The maximum EXPD for children in Hoddinott and Lee 

(2000) are higher than this study by a factor of 102 to 103.  Summary of the evaluation 

of these compounds are described in Table 9.4. 
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From the evaluation of EXPD for adult and children in this study, it was found that the 

EXPD for children are higher than adult by a factor of approximately 1.5 for all study 

compounds.  Similar results were also obtained by Duarte-Davidson et al. (2001) and 

Hoddinott and Lee (2000) by a factor of approximately 1.5 to 2.5 and 2.5 to 4.0 

respectively.  Even within the children groups, there are also differences of dose intake 

among them.  This shows that human body weight is the main factor for accumulated 

dose intake.  With low body weight will resulted to high intake and high body weight 

will have a low intake.   

 

9.4 Dose-response Data from Animal Experiments in Terms of Human 

Equivalent Doses 

The conversion of animal toxicology data in ppm or mg/m3 to Human Equivalent 

Doses (HED) in µg/kg/day, was conducted using literature data using Equation 5.3.  

The adverse effects in animals can be placed in categories such as carcinogenicity, 

genotoxicity, neurotoxicity, ototoxicity, reproductive and developmental toxicities, 

acute and chronic effects.  The classification of adverse effects was described in Table 

7.2 in Section 7.4.  The HED values and the adverse effects of VAHs on animals were 

described earlier in Figures 7.3 to 7.8 in Section7.4.  Since there is insufficient data to 

plot out dose-response curve, the data is recorded in the ranges of HED with the 

adverse effect was suggested. 
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Table 9.4 :  Mean EXPD (g/kg/day) of VAHs in children in this study and the comparison with literature data 

EXPD (g/kg/day)  
Exposure 

Benzene Ethylbenzene mp-Xylene o-Xylene 

 
References 

Rural houses, non-
smokerc 

1.12 (infant) 
0.5 (children) 

– – – Duarte-Davidson et al. (2001) 

Urban houses, non-
smokerc 

1.5 (infant) 
0.6 (children) 

– – –  

Urban houses, passive 
smokerc 

2.2 (infant) 
0.9 (children) 

– – –  

Indoor houses 0.4-0.7a/0.2-0.4b 
24a/16b (max) 

2.4a/1.4b 
31a/21b (max) 

7.7a/4.2b 
107a/71b (max) 

4.0a/1.7b 
40a/26b (max) 

Hoddinott and Lee (2000) 

Indoor housesd  (This 
study) 

0.9 
3.8 (max) 

0.8 
4.2 (max) 

1.3 
7.2 (max) 

1.1 
4.9 (max) 

This study 

Note:  

a   Children age 0 to 6 years old with body weight of 17.4 kg. 
b   Children age 9 to 12 years old with body weight of 36 kg. 
c  Infant of < 1 year old with body weight of 9.1 kg.  While children age of 11 years old with body weight of 41.1 kg. 
d  Children age 3 to 5 years old with body weight of 18 kg. 
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9.5 Dose-response Assessment for VAHs with Humans 

The dose-response data for humans exposed to VAHs as described in Section 7.5 were 

used in this evalution.  The data which consists of benzene (Figure 7.9), toluene (Figure 

7.10), xylene (Figure 7.11) and styrene (Figure 7.12), were found to be associated with 

several adverse health effects on humans which can be placed in categories such as 

carcinogenicity, genotoxicity, ototoxicity, neurobehavioral, developmental toxicity and 

color vision effects.  These data were ploted as ranges as there were insufficient data to 

plot the CP plot. 

 

9.6 Cumulative Probability of Dose-response Data 

The CP plots for animal experiment data (Figure 7.13) and human exposure data 

(Figure 7.14) as described in Section 7.6 were used in this evaluation.  These plots were 

constructed from the minimum value of each adverse effect.  These plots represent the 

threshold doses for adverse health effects which are referred to as threshold CP-HED 

and threshold CP-LADDH respectively.  

 

9.7 Risk Characterisation of Volatile Aromatic Hydrocarbons 

The risk characterization of VAHs in indoor air of houses in Brisbane was carried out 

by three methods.  The first method, the risk characterization of benzene, toluene, 

ethylbenzene, xylenes, styrene and naphthalene was evaluated by comparing the 

exposure doses (Section 9.3), as EXPD and the threshold adverse effects measured in 

terms of HED (Section 9.4) and LADDH (Section 9.5).  The risk characterization with 

threshold HED was conducted for all study compounds (Figures 9.3 to 9.8).  While, the 

risk characterization with threshold LADDH was conducted only for benzene, toluene 

and styrene since, they are available in the literature (Figures 9.3, 9.4 and 9.7). 

 

In the second method, health risk was characterized by using hazard quotient at 95/5 

(HQ95/5) which was derived from the 95% of the CP-EXPD with 5% from the human 

exposure in terms of threshold CP-LADDH.  However, this evaluation was only 

conducted for benzene, toluene and styrene.  The evaluation for ethylbenzene, xylenes 

and naphthalene could not be conducted as there were insufficient data to plot the CP 

plot.  While the third approach by using hazard quotient by Monte Carlo (HQMC) using 

Monte Carlo simulation via Crystal Ball software.  Similar to HQ95/5, the HQMC was 

only conducted for benzene, toluene and styrene. 
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9.7.1 Comparison of Exposure Dose with Human Equivalent Dose 

Comparisons between EXPD with threshold HED indicate that the highest EXPD was 

less than the lowest threshold HED derived from animal investigation for toluene, 

ethylbenzene, xylenes and styrene ranged between 10 to 102.  The threshold HED of 

ethylbenzene was found highest than the 95% CP plot of EXPD by approximately 102 

(Figure 9.5).  While, the threshold HED for toluene was found lowest by a factor of 

approximately 10 than the 95% probabilistic level in the CP plots (Figure 9.4). 

 

Even though there are no overlap between EXPD with respective threshold HEDs, the 

VAHs exposure levels in this study occurred at low level compared to literature data in 

Section 7.2 and studies by Brown (2002) and Rumchev et al. (2004).  The 95% CP plot 

of EXPC in this study as shown in Figure 9.1 are approximately 8 to 20 times lower 

than the literature data (in Section 7.2) and 2 to 12 times lower than Brown (2002) and 

Rumchev et al. (2004).  Since, most of the potential VAHs sources arise in indoor 

environment (Cox et al., 2002, Guo et al., 2004b, Guo et al., 2002, Jørgensen et al., 

1999, Kwon et al., 2008) a long term exposure to these chemicals may have potential 

adverse health effects on human.  

 

An overlap between EXPD with threshold HED of naphthalene and benzene were 

observed at approximately 85% and 95% level of the CP-EXPD respectively (Figures 

9.3 and 9.8).  With naphthalene the adverse effect observed in this range of the 

threshold indicated the likelihood of chronic effects in nasal, lung and respiratory tract 

(Lee et al., 2005, Phimister et al., 2004, West et al., 2001).  The overlap also indicated 

the likelihood of tumors at these organs (Abdo et al., 2001, Abdo et al., 1992, Long et 

al., 2003, NTP, 1992, NTP, 2000).  However the risks of chronic effects and tumors in 

nasal, lung and respiratory tract cannot be verified with human studies as there were no 

data vailable for comparison. 

 

With benzene, an overlap between EXPD and threshold HED was observed at 

approximately 95% level of the CP-EXPD for children only (Figure 9.3).  The overlap 

indicated the likelihood of fetotoxic and maternal effects (Kuna and Kapp, 1981).  

Similar adverse effects in human studies were also found by Chen et al. (2003) and 

Thurston et al. (2000).  This shows that there are several sources in the residential 

houses which contributed to indoor benzene which comes from human activities 
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(Batterman et al., 2006, Isbell et al., 2005, Kim et al., 2001, Mann et al., 2001, Son et 

al., 2003).   

 

9.7.2 Comparison of Exposure Dose with Lifetime Average Daily Dose 

In the risk characterisation using EXPD and threshold LADDH, there was no overlap 

found with toluene and styrene (Figure 9.4 and 9.7).  The 95% of EXPD for toluene and 

styrene are approximately 10 and 102 lower than the minimum threshold LADDH 

respectively.  However, an overlap was found with benzene and xylene as shown in 

Figures 9.3 and 9.6 respectively. 

 

With benzene, an overlap between EXPD with threshold LADDH was observed from 

the 0.85 and 0.90 of the CP plots for children and adult respectively, suggesting 10 to 

15% of the population have a high risks (Figure 9.3).  Detailed consideration of the 

exposure level occurred at this levels indicated the risks of aplastic anemia, 

developmental effect and leukemia on humans (Baak et al., 1999, Chen et al., 2000, 

Collins et al., 2003).  The risk of developmental effect (Chen et al., 2000) was observed 

at 0.98 of the CP plots.  This overlap shows that children are at a higher risks compared 

to adults.  Similar adverse effects and positive relationship was also observed in the 

animal studies as shown the middle chart of Figure 9.3 (Kuna and Kapp, 1981).  This 

shows a strong indication of possible adverse effects on humans exposed to benzene.  

 

The risk of aplastic anemia (Baak et al., 1999) was observed in human studies at 

approximately 0.85 and 0.90 of the CP plots for children and adult respectively.  This 

shows that children are at higher risks compared to adults.  As described in Section 

7.7.2, this adverse effect may depends on dose intake level and exposure duration 

(Baak et al., 1999, Yin et al., 1987).  The evaluation also suggested that the human 

populations in this study are at lower risk of having aplastic anemia from an 

international perspective.  On the other hand, other adverse effects in the blood system 

as suggested by Kang et al. (2005a), Kipen et al. (1989) and Ward et al. (1996) were 

not included in this evaluation due to incomplete data.   

 

The overlap also suggested a risk of occurrence of leukemia at CP-EXPD of 

approximately 0.95 CP plot indicating children have a higher risk than adults.  The 

types of leukemia which were reported include acute non-lymphocytic leukemia and 

multiple myeloma (Collins et al., 2003).  Similar results in other human studies were 
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also reported by Askoy (1980), Askoy et al. (1974), Hayes et al. (1996), Schnatter et al. 

(1996) and Wong (1995).  This adverse effect may be related to the age of humans and 

exposure duration (Richardson, 2008, Schnatter et al., 1996).  This result also indicated 

that the risk of having leukemia in this study is low compared to literature data as 

described in Section 7.7.2. 

 

With xylenes, the EXPD exceeded the threshold LADDH at a CP of approximately 96% 

for m,p-xylene only (Figure 9.6).  However, it is difficult to evaluate the results because 

the presentation of data in the EXPD and threshold LADDH are not derived from the 

same compounds.  The reasons for not able to compare these results has been discussed 

earlier in Section 7.7.2.   
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Figure 9.4 :  Risk characterization of toluene in residential indoor air in Brisbane on 
carcinogenic and non-carcinogenic effects by comparison of the EXPD with the 
threshold CP-HED and the threshold CP-LADDH  
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Figure 9.5 : Risk characterization of ethylbenzene in residential indoor air in Brisbane 

on carcinogenic and non-carcinogenic effects by comparison of the EXPD 

with the threshold CP-HED 
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Figure 9.6 :  Risk characterization of xylenes in residential indoor air in Brisbane on 

non-carcinogenic effects by comparison of the EXPD with the threshold 

CP-HED and the threshold CP-LADDH  
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Figure 9.7 : Risk characterization of styrene in residential indoor air in Brisbane on carcinogenic 

and non-carcinogenic effects by comparison of the EXPD with the threshold CP-HED 
and the threshold CP-LADDH  
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Figure 9.8 :  Risk characterization of naphthalene in residential indoor air in Brisbane 

on carcinogenic and acute effects on nasal, respiratory tract and lung by 

comparison of the EXPD with the threshold CP-HED 
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9.7.3 Hazard Quotient at Exposure Dose0.95/Threshold Dose0.05 (HQ95/5) 

As shown in Table 9.5, the HQ95/5 for benzene, toluene and styrene are 2.7, 0.1 and 

0.01 respectively.  With toluene and styrene, the HQ95/5 is less than 1 which indicates 

very low risk of adverse health risks to the human population.  However, the HQ95/5 for 

benzene is approximately 3 times higher than the unity value.  This indicates a high risk 

probability in the 5% human population which is most sensitive having risks of 

leukemia, aplastic anemia and birth weight reduction (Table 9.5).  However, the 

probability of adverse health risks in this study is approximately 7 times lower than 

comparable environments in the literature in Section 7.7.3.  This shows the benzene 

exposure concentrations in houses in Brisbane are lower on an international scale.  The 

findings using HQ95/5 are similar to that obtained by comparing of EXPD and threshold 

LADDH as shown in Figures 9.3. 

 

Table 9.5 :  Hazard quotient (HQ95/5) in the risk characterisation of VAHs in Brisbane 

 
Compound 

 
EXPD 0.95 

 
LADDH 0.05 

 
HQ95/5 

Observed adverse effects in 
human populations at 0.05 CP 

threshold level 

Benzene 1.1 0.4 2.7 Leukemia, apalstic anemia and 
birth weight reduction 

Toluene 6.7 48.7 0.1 Genotoxicity effect (e.g. 
chromosome aberration) 

Styrene 1.3 88.3 0.01 Genotoxicity, neurobehavioral, 
hearing loss and color vision 
effects 

 

 

9.7.4 Hazard Quotient by Monte Carlo (HQMC) 

The HQMC was carried out for benzene only.  With toluene and styrene, the HQMC 

could not be carried out as the EXPD of these compounds occurred at very low levels.  

As with others, there was no human exposure data available for evaluation.  The results 

for HQMC for benzene is shown in Figure 9.9.  The horizontal and vertical axis in the 

figure represents the HQMC and the probabilities of the occurrences of the HQMC.  

These values were obtained over 2000 trials.   
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The maximum HQMC for benzene as shown in x-axis of Figure 9.9 is 0.09.  This value 

is lower than the unity value which indicates a very low HQMC for carcinogenic and 

non-carcinogenic effects.  The probability for HQMC to the infinity point is 0.02.  The 

result from Monte Carlo Simulation indicates a very low risk for humans exposed to 

indoor benzene in houses in Brisbane. 

 

 

 

Figure 9.9  : Hazard quotient (HQMC) for benzene in residential indoor air in Brisbane 

using Monte Carlo simulation for benzene 

 

9.7.5 Estimation of Safety Ratio 

 

The ratios value was obtained from the average from three CP points, 0.2, 0.5 and 0.8 

from the respective CP plots.  The estimated safety ratio for benzene, toluene and 

styrene ranged between 2 to 15.  These safety ratios in this study were found similar to 

literature data as described in Section 7.7.5.  The result suggests that a lower safety 

factors for toluene and styrene  may be required when animal surrogate data are used in 

risk investigation.  However, with benzene, the safety ratios are comparable with the 

safety factor as suggested by Chou et al. (Chou et al., 1998), Dorne and Renwick 

(2005) and NRC (1986). 
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CHAPTER 10 CONCLUSIONS 
 

Health risk assessment using probabilistic techniques gave a better understanding of the 

variability of exposure in the environment and possible health effects on human 

populations.  The use of this technique in the evaluation of disinfection by-products 

(DBPs) in chlorinated drinking water and volatile aromatic hydrocarbons (VAHs) in 

residential indoor air as described in Chapter 6, 7 and 9, was considered effective for 

the following reasons.  It involved a direct comparison of the human exposure dose 

data with the dose-response data derived from human epidemiological investigation.  In 

addition, this data was in probabilistic form for both exposure and dose-response data 

which allowed risk to be characterized on the basis of probability.  The use of human 

epidemiological data in probabilistic form gives information of the nature of the 

adverse health effects which can be expected.  

 

Disinfection by-Products in Chlorinated Drinking Water from Various Countries 

The concentrations of trichloromethane (TCM), bromodichloromethane (BDCM), 

dichloroacetic acid (DCAA) and trichloroacetic acid (TCAA) were highest in 

chlorinated drinking water but were dependent on pH, temperature and chlorine dose.  

However, the presence of bromide ions in raw water, brominated compounds such as 

dibromochloromethane (DBCM) and tribromomethane (TBM) can also occur, often 

exceeding the concentrations of chlorinated compounds. 

 

The maximum exposure dose (EXPD) for all chlorinated DBPs did not exceed the 

minimum dose for the corresponding animal dose-response data for adverse effects 

measured as the threshold Human Equivalent Dose (HED).  In fact the threshold HEDs 

approximately 102 to 104 higher than the EXPD at the 95% level.  This implies that the 

risk of adverse effects with humans is insignificant.  On the other hand, using human 

epidemiological data indicating adverse health effects, the maximum EXPD for TTHM, 

TCM, BDCM, DCAA and TCAA exceeded the threshold Lifetime Average Daily 

Doses (LADDH).  This suggested the possibility of cancers in males and developmental 

effect amongst women and infants.   

 

Hazard quotient (HQ95/5) and hazard quotient by the Monte Carlo technique (HQMC), 

gave values of more than unity for TTHM, TCM and BDCM which suggested a high 
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probability of cancers in males and developmental effect amongst women and infants.  

The calculated average safety ratio from surrogate animal data to observed humans data 

ranged between 103 to 104.  This result implies that safety factor used in conjunction 

with surrogate animal data of 102 or 103 may be inappropriate and require further 

investigation.   

 

Volatile Aromatic Hydrocarbons in Residential Indoor Air from Various 

Countries 

The concentration of toluene was found highest in indoor air of residential followed by 

xylenes (mp-xylene and o-xylene), ethylbenzene, benzene, naphthalene and styrene.  

However, the ranges depends on housing materials, human activities (e.g. cleaning, 

smoking) and the use of household products.   

 

The maximum EXPD for ethylbenzene, xylenes and styrene did not exceed the 

minimum threshold HEDs derived from data on surrogate animals.  The lowest 

threshold HED was found to be 10 times higher than the EXPD at 95% level.  This 

suggests that there are limited risks of adverse effects on humans.  However, the EXPD 

for benzene, toluene and naphthalene from 60%, 94% and 30% respectively, were 

found to exceed the threshold HED.  On the other hand with the human data, the 

threshold LADDH exceeded the EXPD for benzene, and toluene indicating the 

possibility of aplastic anemia, developmental effect, leukemia and chromosome 

aberration with humans.   

 

Using HQ95/5, benzene and toluene were found to have a high risks of adverse effects 

similar to these above with the 5% population group having high exposure.  The HQMC 

related to the whole population suggests that the probabilities of adverse health risks on 

the whole human population are relatively low.  The calculated average safety ratio 

from surrogate animal data to observed human epidemiological data ranged by a factor 

of 2 to 15.  This study suggests that lower safety factors are required for few 

compounds when extrapolating from surrogate animal data.   

 

Volatile Aromatic Hydrocarbons in Indoor Air from Brisbane Houses 

The occurrence of VAHs in the indoor air of Brisbane houses were found similar to the 

literature data.  However, the VAHs concentrations in the indoor air of houses in 
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Brisbane were found lower than houses in Melbourne, Perth and few other countries as 

described in Table 8.2 of Chapter 8. 

 

The wide range of VAHs concentrations in the indoor air of houses in Brisbane was 

mainly due to the use of fresh building materials products.  With established houses, 

the VAHs were found to be lower and in few situations the concentrations of 

ethylbenzene, benzene, naphthalene and styrene were not detectable.  The age of the 

houses is possibly a good indicator of the level of TVAH with half-life of 13 years.  

The decay model shows that the VAHs concentration decreases with time.  The 

presence of an internal garage influences the VAHs concentrations but the outdoor 

ambient air was not a significant influence.   

 

The maximum values of the EXPD for toluene, ethylbenzene, xylenes and styrene did 

not exceed the threshold HEDs from surrogate animals.  The lowest threshold HED 

was found to be 10 to 102 higher than the EXPD at the 95% level.  This suggests that 

there are limited risks of adverse effects on humans.  However, the EXPD for benzene, 

and naphthalene were found to exceed the threshold HED at 95% and 85% 

respectively.  The maximum values EXPD for benzene exceeded the threshold LADDH 

derived from human data suggesting the possibility of aplastic anemia, developmental 

effect and leukemia on humans.  As expected the HQ95/5, the 5% population group at 

the highest exposure level is at higher risk of having adverse health effects.   
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Appendix A Location of residential indoor air in Brisbane  

Suburds Streets No of Houses Age of Houses 

8 Miles Plains Dandelion St 1 4 

Algester Penny St 1 5 

 Algester Rd 1 24 

Carindale Vortigern St 1 36 

Durack King Ave 2 3 

 Blunder Rd 1 19 

Forest Lake High St 2 6 

 Paton Crs 2 33 and 34 

Kuraby Central Ave 1 24 

Robertson Rostyn St 1 37 

 Didbrook St 1 22 

Salisbury Winsome Rd 1 38 

 Douglas St 1 40 

Sherwood Sherwood Rd 2 1 

 Oxley Rd 1 11 

St Lucia Deeper St 1 20 

 Central Ave 1 39 

 Warren St 2 26 and 29 

Sunnybank Pinecone St 1 30 

Sunnybank Hills Bradman St 2 < 1 

Taringa Goldsbrough Rd 1 27 

 Woolley St 1 14 

Waterford Patrick Ct 1 40 

  1 19 

Wishart Koola St 1 27 

 Ham Rd 1 < 1 
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Appendix B List of sources of animal toxicology studies for DBPs for the development of threshold HED 

B1.  Trichloromethane (TCM) 

Reference Tested subject Dose given in drinking 
water or gavage 

(mg/kg/day) 

Adverse effects 

Hard et al. (2000a) Rats 19 – 160 
 

Evidence of persistent cytotoxicity & regenerative hyperplasia was found at 
doses 81 to 160 mg/kg which renal tubule tumors were increased. 
 

Templin et al. (1996a) Rats 10 – 477 
 

Induced cytolethality and regenerative cell proliferation in rats (10 to 474 
mg/kg) which played a role in the induction of kidney tumor. 
 

Larson et al. (1994a) Mice 3 – 477 
 

Necrosis, inflammation and regenerative proliferation responses seen at doses 
of 90 to 477 mg/kg. 
 

Larson et al (1994b) Mice 34 – 277 
 

Death, body weight loss, histopathological changes, necrosis and regenerative 
proliferation were observed in the liver and kidney of mice at 138 to 277 
mg/kg. 
 

Jorgenson et al. (1985a) Rats 19 – 160 
 

Chloroform increased the yield of renal tubular adenomas and 
adenocarcinomas in male rats in a dose-related manner 
 

Ruddick et al. (1983) Rats 100 – 400 
 

Fetotoxic effects in rats including retarded fetal development, reduced fetal 
weight, length and size. 
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B1.  Trichloromethane (TCM) (continued) 

Reference Tested subject Dose given in drinking 
water or gavage 

(mg/kg/day) 
 

Effects 

Blaster and Borzelleca (1982) Mice 100 – 400 
 

Operant behavior (e.g. response rate and reinforcement rates) was affected in 
mice at 100 to 400 mg/kg. 
 

Munson et al. (1982) Mice 50 – 250 
 

Immunological parameters (e.g. body weight, liver, spleen, clinical chemistry 
and humoral immunity) changes in mice at 125 and 250 mg/kg.   
 

Chu et al. (1980a) Rats 546 – 2100 
 

Median lethal doses (LD50) for male and female rats are 908 and 1117 mg/kg 
respectively.  The clinical signs consisted of piloerection, sedation, flaccid 
muscle tone, ataxia, prostration and elicited dacryorrhea in some animals. 
 

Thompson et al. (1974) Rabbits 

Rats 

20 – 50 

20 – 126 

Birth weight reduction was observed in rabbits and rats at 50 and 126 mg/kg 
respectively. 
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B2.  Bromodichloromethane (BDCM) 

Reference Tested subject Dose given in drinking 
water or gavage 

(mg/kg/day) 

Effects 

George et al. (2002a) Rats 3.9 – 36.3 
 

Increased hepatocellular adenoma and carcinoma in male rats. 
 

Bielmier et al. (2001b) Rats 75 Full-litter resorption (e.g. pregnancy loss) in rats at gestation day (GD) 6-10. 
 

Christian et al. (2001) Rats 2.2 – 88 
 

Adverse effects on maternal (45 -88 mg/kg) and fetus (82 mg/kg) in rats. 
 

 Rabbits 1.4 – 55.3 
 

Adverse effects on maternal (35.6 – 55.3 mg/kg) in rabbits. 
 

Narotsky et al. (1997) Rats 25 – 75 
 

Foetal resorption at 50 and 75 mg/kg doses.  No effect on duration of 
gestation, pup survival, weight and morphology. 
 

Klinefelter et al. (1995b) Rats 22 – 39 
 

Significantly decreased the mean straight-line, average path, and curvilinear 
velocities of sperm recovered from the cauda epididymidis in male rats. 
 

Lilly et al. (1994a) Rats 200 – 400 
 

Induced hepatic and renal toxicity in rats at 200 to 400 mg/kg. 
 

Dunnick et al. (1987) Rats 50 – 100 
 

Incidence of tubular cell adenoma or adenocarcinoma at 100 mg/kg in the 
kidney and adenomatous polyp or adenocarcinoma in large intestine at 50 to 
100 mg/kg. 
 

Dunnick et al. (1987) Mice 25 – 50 
 

Incidence of adenoma and carcinoma in liver female mice. 
 

NTP (1987) Rats 50 – 100 
 

Clear evidence of carcinogenicity in female rats.  Renal tubular cell adenomas 
and adenocarcinomas, and adenomatous polyps and adenocarcinomas of the 
large intestine. 
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B2.  Bromodichloromethane (BDCM) (continued) 

Reference Tested subject Dose given in drinking 
water or gavage 

(mg/kg/day) 

Effects 

 Mice 25 – 50 
 

Clear evidence of carcinogenicity (renal tubular adenomas and 
adenocarcinomas) in male mice. 
 

Blaster and Borzelleca (1982) Mice 100 – 400 
 

Operant behavior (e.g. response rate and reinforcement rates) was affected in 
mice at 100 to 400 mg/kg. 
 

Munson et al. (1982) Mice 50 – 250 
 

Immunological parameters (e.g. body weight, liver, spleen, hematology, 
clinical chemistry and humoral immunity) changes in mice at 125 and 250 
mg/kg.   
 

Chu et al. (1980a) Rats 390 – 1500 
 

Median lethal doses (LD50) for male and female rats are 916 and 969 mg/kg 
respectively.  The clinical signs consisted of piloerection, sedation, flaccid 
muscle tone, ataxia and prostration. 
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B3.  Dibromochloromethane (DBCM) 

Reference Tested subject Dose given in drinking 
water or gavage 

(mg/kg/day) 

Effects 

Muller et al. (1997) Rats 83 – 666 
 

Single and subacute oral administration of DBCM resulted in arrhythmogenic 
and negative chronotropic and dromotropic effects in conscious and urethane 
anaesthetized rats. 
 

NTP (1985) Mice 50 – 100 
 

Some evidence of carcinogenicity was observed for female B6C3F1 mice, 
since DBCM caused an increased incidence of hepatocellular adenomas and 
an increased combined incidence of hepatocellular adenomas or carcinomas. 
 

Dunnick et al. (1985) Mice 50 – 100 
 

Incidence of hepatocellular adenomas or carcinomas in female mice. 
 

Ruddick et al. (1983) Rats 50 – 200 
 

Evidence for fetotoxic response, no effect on foetal weight, no teratogenic 
effects. 
 

Blaster and Borzelleca (1982) Mice 400 Operant behavior (e.g. response rate and reinforcement rates) was affected in 
mice at 400 mg/kg. 
 

Munson et al. (1982) Mice 50 – 250 
 

Immunological parameters (e.g. body weight, liver, spleen, hematology, 
clinical chemistry and humoral immunity) changes in mice at 125 and 250 
mg/kg.   
 

Chu et al. (1980a) Rats 546 – 2100 
 

Median lethal doses (LD50) for male and female rats are 1186 and 848 mg/kg 
respectively.  The clinical signs consisted of piloerection, sedation, flaccid 
muscle tone, ataxia and prostration. 
 



239 

 

B4.  Tribromomethane (TBM) 

Reference Tested subject Dose given in drinking 
water or gavage 

(mg/kg/day) 

Effects 

DeAngelo et al. (2002) Rats 76 Induced preneoplastic aberrant crypt foci (ACF) in the colon of rats. 
 

Coffin et al. (2000) Mice 200 – 500 
 

Increased the liver: body weight ratio, induced liver toxicity and enhanced 
cell proliferation in mice. 
 

NTP (1989) Rats 100 – 200 
 

Adenomatous polyps or adenocarcinomas (combined) in the large intestine in 
rats. 
 

Ruddick et al. (1983) Rats 50 – 200 
 

Evidence for fetotoxic response, no effect on foetal weight, no teratogenic 
effects. 
 

Munson et al. (1982) Mice 50 – 250 
 

Immunological parameters (e.g. body weight, liver, hematology, clinical 
chemistry and humoral immunity) changes in mice at 125 and 250 mg/kg.   
 

Blaster and Borzelleca (1982) Mice 100 – 400 
 

Operant behavior (e.g. response rate and reinforcement rates) was affected in 
mice at 100 and 400 mg/kg. 
 

Chu et al. (1980a) Rats 546 – 2100 
 

Median lethal doses (LD50) for male and female rats are 1388 and 1147 mg/kg 
respectively.  The clinical signs consisted of piloerection, sedation, flaccid 
muscle tone, ataxia, prostration and hypothermia.  
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B5.  Dichloroacetic acid (DCAA) 

Reference Tested subject Dose given in drinking 
water or gavage 

(mg/kg/day) 

Effects 

Moser et al. (1999b) Rats 16 – 308 
 

Produced neuromuscular toxicity comprised of limb weakness and deficits in 
gait and righting reflex; altered gait and decreased hind limb grip strength 
were the earliest indicators of toxicity. 
 

Linder et al. (1997a) Rats 1500 – 3000 
 

Delayed spermiation, decreased sperm motility and morphologic 
abnormalities. 
 

DeAngelo et al. (1996a) Rats 3.6 – 139.1 
 

Increased hepatocellular neoplasia (carcinoma and adenoma) and 
hepatocellular carcinoma at 40.2 to 139.1 mg/kg. 
 

Epstein et al. (1992) Rats 1900 – 3500 
 

Cardiac malformation (e.g. high interventricular septal defects) in rats. 

Toth et al. (1992b) Rats 31.25 – 125 
 

Inhibited spermiation at highest dose (125 mg/kg), reduced epidymal sperm 
counts and sperm motility, sperm morphology impacted also at lower dose 
(31.25 to 62.5 mg/kg). 
 

Smith et al. (1992b) Rats 14 – 2400 
 

Increased embryonic resorption (900 mg/kg), reduction in body weight and 
cardiac malformations (140 mg/kg).  Liver, spleen and kidney weight were 
increased (140 to 2400 mg/kg). 
 

Cicmanec et al. (1991a) Dogs 12.5 – 72 
 

Changes of clinical signs, hematology and pathology (in the cerebrum, 
cerebellum, testicles, lungs, pancreas, and liver) were observed in dogs. 
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B5.  Dichloroacetic acid (DCAA) (continued) 

Reference Tested subject Dose given in drinking 
water or gavage 

(mg/kg/day) 

Effects 

DeAngelo et al. (1991b) Mice 7.6 – 486 
 

Increase in liver adenomas, carcinomas and hyperplastic nodules at 410 and 
486 mg/kg. 
 

Mather et al. (1990a) Rats 3.9 – 345 
 

Produced substantial systemic organ toxicity to the liver and kidney at doses 
35.5 to 345 mg/kg.  Testicular atrophy and rear limb weakness were observed 
at doses 35.5 to 345 mg/kg. 
 

Sanchez and Bull (1990a) Mice 250 – 500 
 

Hispathological changes (e.g. liver weight, concentration of DNA in liver) 
induced in the liver of mice. 
 

Herren-Freund et al. (1987a) Mice 400 – 1000 
 

Increased in incidence of adenomas and hepatocellular carcinomas in mouse. 
 

Katz et al. (1981) Dogs In gelatine capsules at  
50 – 100 

 

Ocular lesions (lenticular opacities, superficial corneal vascularization and 
keratoconjunctivities sicca) experienced by dogs at 75 to 100 mg/kg. 
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B6.  Trichloroacetic acid (TCAA) 

Reference Tested subject Dose given in drinking 
water or gavage 

(mg/kg/day) 
 

Effects 

Johnson et al. (1998b) Rats 291 Increased numbers of implantation and resorption sites, and selective cardiac 
teratogenicity. 
 

Mather et al. (1990a) Rats 4.1 – 355 
 

Produced substantial systemic organ toxicity to the liver and kidney at doses 
36.5 to 355 mg/kg. 
 

Sanchez and Bull (1990a) Mice 75 – 500 
 

Hispathological changes (e.g. liver weight, concentration of DNA in liver) 
induced in the liver of mice. 
 

Smith et al. (1989b) Rats 330 – 1800 
 

Increased embryonic resorption, reduction in body weight and increase in 
cardiovascular malformations at all doses (330 to 1800 mg/kg).  Skeletal 
malformations found at highest dose only (1200 to 1800 mg/kg). 
 

Herren-Freund et al. (1987a) 
 

Mice 400 – 1000 
 

Increased in incidence of adenomas and hepatocellular carcinomas in mouse. 
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Appendix C List of sources of epidemiology studies for DBPs for the development of threshold LADDH  

C1.  Total trihalomethane (TTHM) 

References Sample size Exposure assessment Health risks Adjusted OR 
(95% CI) 

Lewis et al. (2006) 36,529 Total (including 780 
term low birth weight) 
 

Based on maternal residence  and 
TTHM exposure 

Term low birth weight at ≥ 70 µg/L 1.50 (1.07 – 2.10) 

Toledano et al. (2005) 920,571 Total (including 
60,641 stillbirths). 
 

Maternal residence matched to 
weighted average of modeled 
quarterly TTHM estimates from water 
company 
 

Stillbirth at ≥ 60 µg/L 1.11 (1.00 – 1.23) 

Dodds et al. (2004) 112 stillbirths and 398 live 
birth controls 
 

Residential water samples plus 
interviews to determine water use 
behaviors at 3 to 4 months gestation 
 

Stillbirth at > 80 µg/L 2.2 (1.1 – 4.4) 

Wright et al. (2004) 196,000 Total (17,359 small 
for gestational age) 

Quarterly monitoring data matched to 
maternal address 
 

Small for gestational age at > 33 to 
163 µg/L 
 

1.13 (1.07 – 1.20) 

Wright et al. (2003) 56,513 Total (5,310 small for 
gestational age) 

Quarterly monitoring data matched to 
maternal address 
 

Small for gestational age at > 80 
µg/L 
 

1.14 (1.02 – 1.26) 

King et al. (2000a) 49,756 Total (214 stillbirth 
including 72 asphyxia) 

Stillbirth or fetal death (e.g. later 
pregnancy loss) at ≥ 100 µg/L 
 

1.66 (1.09 – 2.54) 

  

Using monitoring data and least-
square regression on chlorination 
DBPs 
 Still birth (asphyxia) related death 

at ≥ 100 µg/L 
 

4.57 (1.93 – 10.77) 
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C1.  Total trihalomethane (TTHM) (continued) 

References Sample size Exposure assessment Health risks Adjusted OR 
(95% CI) 

King et al. (2000b) 767 colon and 661 rectal 
cancers 

Colon cancer at ≥ 50 µg/L for 
exposure period of ≥ 35 years 
 

1.52 (1.13 – 2.76) 

  

Based on municipal water survey and 
the use of modeling to predict the 
THM level. 
 Colon cancer at ≥ 75 µg/L for 

exposure period of ≥ 35 years 
 

2.10 (1.21 – 3.66) 

Dodds et al. (1999) 49,842 Total (197 stillbirths). 
 

Using TTHM levels derived from 
linear regression on measurements 
from three locations within 
distribution system. 
 

Stillbirth or fetal death (e.g. later 
pregnancy loss) at ≥ 100 µg/L 
 
 

1.66 (1.09 – 2.52) 

Gallagher et al. (1998) 1,244 Total, (68 preterm, 72 
low birth weight, 29 term low 
birth weight) 

Matched municipal water samples in 
3rd trimester to mother’s residence at 
time of birth.  Using hydraulic 
modeling to estimate TTHM 
 

Low birth weight at ≥ 61 µg/L 
 
Term low birth weight at ≥ 61 µg/L 
 
Term low birth weight at ≥ 50 µg/L 
 

2.1 (1.0 – 4.8) 
 
5.9 (2.0 – 17.0) 
 
2.6 (1.1 – 6.1) 

Waller et al. (1998) 5,144 Total (about 500 
spontaneous abortion) 
 

Based on residential address and 
quarterly municipal water surveys to 
calculate THMs.  Tap water 
consumption was determined by 
telephone interview. 
 

Spontaneous abortion or 
miscarriage at ≥ 75 µg/L especially 
when women consume more than 5 
glasses of water per day. 
 

2.0 (1.1 – 3.6) 
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C1.  Total trihalomethane (TTHM) (continued) 

References Sample size Exposure assessment Health risks Adjusted OR 
(95% CI) 

King and Marrett (1996) 696 bladder cancer Bladder cancer at ≥ 25 µg/L for 
exposure period of ≥ 35 years 
 

1.58 (1.17 – 2.14) 

  

Questionaires and telephone 
interview and the use of model to 
predict the THM levels. 
 Bladder cancer at ≥ 50 µg/L for 

exposure period of ≥ 35 years 
 

1.63 (1.08 – 2.46) 

Bove et al. (1995) Based on maternal residential address 
and municipal water samples to 
estimate monthly TTHM levels. 

Central nervous system at > 80 
µg/L of TTHM. 
 

2.59 (99% CI 1.14 – 
5.55) 

  Neural tube defects at > 80 µg/L of 
TTHM. 
 

2.96 (90% CI 1.26 – 
6.62) 

 

29,268 Total  
(Liver birth: 4,082 small for 
gestational age;  All birth 
defects: 699 surveillance, 56 
neural tube defects, 83 oral 
cleft defects, 118 central 
nervous system defect)  Oral cleft defects at > 100 µg/L of 

TTHM. 
 

3.17 (90% CI 1.18 – 
7.26) 

   Small for gestational age at > 100 
µg/L of TTHM. 
 

1.50 (99% CI 1.04 – 
2.09) 

   All birth defects at > 80 µg/L but 
less than < 100 µg/L of TTHM. 
 

1.57 (99% CI 1.07 – 
2.26) 
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C2.  Trihalomethane (TCM) 

References Sample size Exposure assessment Health risks Adjusted OR 
(95% CI) 

Dodds et al. (2004) 112 stillbirths and 398 live 
birth controls 
 

Residential water samples plus 
interviews to determine water use 
behaviors at 3 to 4 months gestation 
 

Stillbirth at > 80 µg/L 2.2 (1.0 – 4.8) 

Wright et al. (2004) 196,000 Total (17,359 small 
for gestational age) 

Quarterly monitoring data matched to 
maternal address 
 

Small for gestational age at >26 – 
135 g/L 
 

1.11 (1.04 – 1.17) 

Dodds and King (2001) 49,842 Total (including 96 
chromosomal abnormalities) 
 

Approach similar to Dodds et al. 
(1999) but looking at TCM and 
BDCM. 
 

Chromosomal abnormalities at 75 – 
99 g/L 
 

1.9 (1.1 – 3.3) 

King et al. (2000a) 49,756 Total (214 stillbirth 
including 72 asphyxia) 

Stillbirth or fetal death (e.g. later 
pregnancy loss) at ≥ 100 µg/L 
 

1.56 (1.04 – 2.34) 

  

Using monitoring data and least-
square regression on chlorination 
DBPs 
 Stillbirth (asphyxia) related death at 

≥ 100 µg/L 
 

3.15 (1.64 – 6.03) 

Doyle et al. (1997) Monitoring data from municipal 
matched with cohort study group 

Colon cancer at 14 - 287 µg/L 
 

1.68 (1.11 – 2.53) 

 

23,202 Total (178 colon 
cancer, 983 all type of 
cancers   All cancers combined at 14 - 287 

µg/L 
 

1.25 (1.05 – 1.49) 

Kramer et al. (1992) 4,128 Total (187 intrauterine 
growth retardation) 
 

Based on maternal residence at time 
of birth matched with THM levels 
 

Intrauterine growth retardation at ≥ 
10 µg/L 

1.8 (1.03 – 3.0) 
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C3.  Bromodichloromethane (BDCM) 

References Sample size Exposure assessment Health risks Adjusted OR 
(95% CI) 

Dodds et al. (2004) 112 stillbirths and 398 live 
birth controls 
 

Residential water samples plus 
interviews to determine water use 
behaviors at 3 to 4 months gestation 

Stillbirth at ≥ 10 µg/L 2.3 (1.0 – 4.9) 

Wright et al. (2004) 196,000 Total (17,359 small 
for gestational age) 

Quarterly monitoring data matched to 
maternal address 

Small for gestational age at >5 – 46 
g/L 

1.15 (1.08 – 1.22) 

Dodds and King (2001) 49,842 Total (including 77 
neural tube defects) 
 

Approach similar to Dodds et al. 
(1999) but looking at TCM and 
BDCM. 

Neural tube defects at ≥ 20 g/L. 2.5 (1.2 – 5.1) 

King et al. (2000a) 49,756 Total (214 stillbirth 
including 72 asphyxia) 

Asphyxia related death at 10 to ≥ 20 
µg/L 
 

2.32 (1.18 – 4.55) 

  

Using monitoring data and least-
square regression on chlorination 
DBPs 
 Stillbirth or fetal death (e.g. later 

pregnancy loss) at ≥ 20 µg/L 
1.98 (1.23 – 3.49) 

Waller et al. (1998) 5,144 Total (about 500 
spontaneous abortion) 
 

Based on residential address and 
quarterly municipal water surveys to 
calculate THMs.  Tap water 
consumption was determined by 
telephone interview 

Spontaneous abortion or 
miscarriage at ≥ 18 µg/L especially 
when women consume more than 5 
glasses of water per day 
 

2.0 (1.2 – 3.5) 
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C4.  Dichloroacetic acid (DCAA) and trichloroacetic acid (TCAA) 

References Sample size Exposure assessment Health risks Adjusted OR 
(95% CI) 

Hinckley et al. (2005) 48,119 Total (4,346 
intrauterine growth 
retardation) 
 

Quarterly monitoring data matched to 
maternal address 
 

Intrauterine growth retardation at ≥ 
8 µg/L of DCAA 

1.28 (1.08 – 1.51) 

   Intrauterine growth retardation at ≥ 
6 µg/L of TCAA  
 

1.19 (1.01 – 1.41) 

Wright et al. (2004) 196,000 Total (small for 
gestational age) 

 Small for gestational age at > 15 to 
22 µg/L of DCAA 
 

0.86 (0.75 – 0.99) 

   Small for gestational age at > 15 to 
22 µg/L of TCAA 
 

0.87 (0.76 – 0.99) 
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Appendix D List of sources of animal toxicology studies for VAHs for the development of threshold HED 

D1.  Benzene 

Reference Test subject Exposure 
concentration 

(ppm) 

Exposure 
duration (d/d) 

Exposure length 
(days) 

Adverse effects 

Farris et al. (1997) Mice 1 – 200 
 

0.25 40 Benzene altered many parameters of hematopoiesis 
(e.g. bone marrow cells, progenitor cells, 
differentiating cells and blood) at 100 to 200 ppm. 

Abraham (1996) Mice 300 0.25 10 Effect on the hematopoietic stromal progenitors and 
the capacity to generate a viable adherent cell layer 
that can support sustained hematopoiesis. 
 

Farris et al. (1993) Mice 300 0.25 80 Developed lymphoid, preputial and lung tumors in 
male mice. 
 

Cronkite et al. (1989) Mice 10 – 3000 
 

0.25 80 Hematologic effects (e.g. decreases in blood 
lymphocytes and bone marrow cellularity) and 
lymphomatous neoplasms were observed in mice at 
100 to 400 ppm. 
 

Aoyama (1986) Mice 50 – 200 
 

0.25 14 Affect T- and B-lymphocytes before manifestation of 
an obvious leukopenia and B-lymphocytes are more 
sensitive to benzene than T lymphocytes.  
 

Rozen and Snyder (1985) Mice 300 0.25 20 Significant decrease in B-lymphocytes in marrow 
and spleen and T-lymphocytes in thymus and spleen. 
 

Cronkite et al. (1984) Mice 300 0.25 80 Mortality and incidence of lymphoma-leukemia in 
female mice. 
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D1.  Benzene (continued) 

Reference Test subject Exposure 
concentration 

(ppm) 

Exposure 
duration (d/d) 

Exposure length 
(days) 

Adverse effects 

Rozen et al. (1984) Mice 10 – 300 
 

0.25 6 Reduction in certain immune-associated processes 
(e.g. level of circulating lymphocyes, mitogen-
induced blastogenesis of femoral B- and T-
lymphocytes were depressed). 
 

Kuna and Kapp (1981) Rats 10 – 500 
 

0.29 10 Fetotoxic (e.g. decreased live fetal BW) and maternal 
(e.g. decreased BW) effects in rats. 
 

 Rats 500 0.29 10 Fetotoxic effects (e.g. skeletal abnormalities). 
 

Johnston et al. (1979) Pig 20 – 500 
 

0.25 15 

 Rats 500 
 

0.25 15 

Hematologic (e.g. depression of white cell counts, 
total lymphocytes, and proportion of E-rosette-
forming lymphocytes) and myelogenous effects in 
pigs (at 100 – 500 ppm) and rats. 
 

Hudak and Ungvary (1978) Rats 1000 mg/m3 1 6 Maternal effect (e.g. decrease BW) and increase in 
skeletal anomalities (e.g. extra ribs and fused 
sternebrae) and caused retardation of fetal. 
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D2.  Toluene 

Reference Test subject Exposure 
concentration 

(ppm) 

Exposure 
duration (d/d) 

Exposure length 
(days) 

Adverse effects 

Roberts et al. (2007) Rats 250 – 3000 
 

0.25 10 Maternal (e.g. ataxia, hyper-responsivity, increased 
water intake, decreased food consumption and body 
weight) and fetus (e.g. reduced body weight) 
toxicities at 1500 to 3000 ppm. 

Saillenfait et al. (2007) Rats 500 – 1500 
 

0.25 14 Reduction of fetal weight and reduction of maternal 
weight gain at 1500 ppm. 

Yilmaz et al. (2006) Rats 1500 0.08 30 Inhibits testosterone synthesis and secretion by direct 
effect on the Leydig cells in the male rats. 

Soulage et al. (2004) Rats 40 1 72 
 

Elicited neurochemical alteration in several brain 
areas in rats. 

Berenguer et al. (2003) Rats 40 1 72 Significant alterations in behavioral and 
neurochemicals functioning rats. 

Euler et al. (2000) Rats 80 0.25 20 Persistent effects on cognitive and neurological and 
brain structural properties in rats. 

Mc Williams et al. (2000) Pigs 250 – 1000 
 

0.33 5 Temporarily disruption of auditory function. 
 

Loquet et al. (1999) Rats 1000 – 2000 
 

0.25 20 Hearing losses in the vicinity of the mid (16kHz) and 
mid-low (4kHz) regions at 1500 to 2000 ppm. 

Ono et al. (1999) Rats 4000 – 6000 
 

0.08 14 High toluene concentration directly targeted sperm in 
the epididymis and disrupt sperm maturation. 
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D2.  Toluene (continued) 

Reference Test subject Exposure 
concentration 

(ppm) 

Exposure 
duration (d/d) 

Exposure length 
(days) 

Adverse effects 

Hass et al. (1999) Rats 1200 0.25 12 Developmental neurotoxicity effects in rats (e.g. low 
birth weight, delayed reflex development, increased 
activity level and impaired cognitive function in 
offspring of exposed dams). 

Hougaard et al. (1999) Rats 1800 0.25 14 Developmental effects in rats (e.g. low birth weight, 
slightly impaired hearing (in male offspring) and 
impaired cognitive function in female offspring). 

Campo et al. (1997) Rats 1000 – 2000 
 

0.25 20 Cochlear damage in rats.  Trauma is localized in the 
middle (16-20 kHz) and the mid-apical (4-5 kHz). 

Lataye and Campo (1997) Rats 2000 0.25 20 Hearing loss (indicated by outer hair cell loss) in rats. 

Hillefors-Berglund et al. 
(1995) 

Rats 40 – 320 
 

0.25 20 Persistent increases in the affinity of dopamine D2 
agonist binding in the rat caudate-putamen. 

Hudak and Ungvary (1978) Rats 1500 mg/m3 1 6 Increase in skeletal anomalities (e.g. extra ribs, fused 
sternebrae) of fetal. 
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D3.  Ethylbenzene 

Reference Test subject Exposure 
concentration 

(ppm) 

Exposure 
duration (d/d) 

Exposure length 
(days) 

Adverse effects 

Saillenfait et al. (2007) Rats 250 – 1000 
 

0.25 14 Reduction of fetal weight and reduction of maternal 
weight gain at 1000 ppm. 

Saillenfait et al. (2003) Rats 100 – 2000 
 

0.25 14 Fetal (weight reduction) and maternal toxicity (body 
weight reduction, food, consumption, ataxia, 
decreased motor activity).  

Cappaert et al. (2000) Rats 300 – 550 
 

0.33 5 Hearing loss in rats especially in the mid-frequency 
region at 400 to 550 ppm. 

Cappaert et al. (1999) Rats 800 0.3 5 Hearing loss in rats due to outer hair cells loss (mid 
frequency regions).  

NTP (1999) Rats 75 – 750 
 

0.25 520 Renal (kidney) tubule neoplasms and testicular 
adenoma in rats. 

 Mice 75 – 750 
 

0.25 520 Alveolar/bronchiolar neoplasms were observed in 
male mice and hepatocellular neoplasms were 
observed in female mice. 

Chan et al. (1998) Rats 75 – 750 0.25 520 Testicular adenoma and multiple renal tubule 
adenomas were observed in rats at 250 to 750 ppm. 

 Mice 75 – 750 
 

0.25 515 Alveolar/bronchiolar adenoma or carcinoma, alveolar 
epithelial metaplasia, hepatocellular adenoma or 
carcinoma and liver eosinophilic in mice. 

Cragg et al. (1989) Mice 99 – 782 0.25 20 Changes in organ weight (liver) at 782 ppm. 

 Rats 99 – 782 0.25 20 Changes in organ weight (liver) and hematology 
(platelet and leukocyte counts) at 782 ppm. 

 Rabbits 382 – 1610 0.25 20 Body weight reduction at 1610 ppm. 
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D4.  Xylenes 

Reference Test subject Exposure 
concentration 

(ppm) 

Exposure 
duration (d/d) 

Exposure length 
(days) 

Adverse effects 

Saillenfait et al. (2003) Rats 100 – 2000 
(m-, p-, and o-

xylene) 

0.25 14 Fetal (weight reduction) and maternal toxicity (body 
weight reduction, food consumption) in rats at 1000 
to 2000 ppm. 

Gagnaire et al. (2001) Rats 450 – 1800 
(p-xylene) 

0.25 78 Hearing loss (lost of outer hair cells) in rats exposed 
to 900 to 1800 ppm. 

Gralewicz and Wiaderna 
(2001) 
 

Rats 100 
(m-xylene) 

0.25 20 Persistent behavioral alteration (e.g. higher 
spontaneous locomotor activity, impaired passive 
avoidance learning and longer paw-lick latencies). 

Hass et al. (1995) Rats 500 0.25 14 Impairment in behavioral tests (e.g. neuromotor 
abilities and for learning and memory) and the 
effects were most marked in female offspring. 

Crofton et al. (1994) Rats 1800 0.33 5 Hearing loss was observed at mid-frequencies (e.g. 8 
and 16 kHz), in rats. 

Hass and Jakobsen (1993) Rats 500 
 

0.25 22 Higher body weight and an impaired performance on 
a motor ability test in pups. 

Silverman and Schatz (1991) Rats 300 
(p-xylene) 

0.25 3 Alteration in pulmonary microsomal membrane 
(structural and metabolic) parameters. 

Pryor et al. (1987) Rats 800 – 1200 
 

0.58 6 weeks Hearing loss (via behavioral auditory thresholds and 
brainstem auditory-evoked response). 

Hudak and Ungvary (1978) Rats 1000 mg/m3 
 

1 6 Exposure to xylene increases in skeletal anomalities 
(e.g. extra ribs and fused sternebrae) of fetal. 
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D5.  Styrene 

Reference Test subject Exposure 
concentration 

(ppm) 

Exposure 
duration (d/d) 

Exposure length 
(days) 

Adverse effects 

Cruzan et al. (2005) Rats 50 – 500 
 

0.25 70 Parental systemic toxicity was in rats at 150 to 500 
ppm.  This includes degeneration of the olfactory 
epithelium, decreased mean body weights, increased 
water consumption during gestation and lactation. 

Unemura et al. (2005) Rats 150 0.33 10 Hypersecretion of prolactin and a high concentration 
of styrene in blood of female rats. 

Makitie et al. (2003) Rats 100 – 600 
 

0.5 20 Exposure at 600 ppm of styrene resulted to hearing 
loss only at the highest test frequency (8 kHz) and 
loss of outer hair cells in the cochlea. 

Otteneder et al. (2002) Rats 50 – 1000 
 

0.25 520 Increased adduct levels were observed in the highest 
dose group (1000 ppm). 

Cruzan et al. (2001) Mice 20 – 160 0.25 520 Benign and maglinant lung tumors in mice. 

Katakura et al. (2001) Rats 50 – 300 
 

0.25 15 Developmental toxicity (e.g physical growth delayed, 
food intake) & neurochemical changes in rats. 

Vodicka et al. (2001) Mice 750 – 1500 
mg/m3 

0.25 21 DNA adducts formation in mice lung via 7-SO-
guanines & 1-SO-adenines. 

Lataye et al. (2000) Rats 750 0.25 20 Styrene induced hearing loss was related to outer hair 
cell losses. 

Loquet et al. (2000) Rats 750 0.25 20 Hearing losses (permanent threshold shifts and outer 
hair cell damage). 
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D5.  Styrene (continued) 

Reference Test subject Exposure 
concentration 

(ppm) 

Exposure 
duration (d/d) 

Exposure length 
(days) 

Adverse effects 

Katakura et al. (1999) Rats 50 – 300 
 

0.25 15 Affect the development of fetal brain and 
neurochemical alteration. 

Loquet et al. (1999) Rats 500 – 1500 
 

0.25 20 Hearing losses in the vicinity of the mid (16 kHz) 
and mid-low (4 kHz) regions at 650-1500 ppm. 

Sumner et al. (1997) Mice 250 
 

0.25 5 Hepatotoxicity in mice was characterized by severe 
centrilobular congestion. 

Kishi et al. (1995) Rats 50 – 300 
 

0.25 15 Delaying in neurobehavioral development, differing 
open-field behavior, hyperactivity, deficits of motor 
coordination and delays of learning acquisition. 

Morgan et al. (1993) Mice 125 – 500 
 

0.25 14 Severe centrilobular hepatic necrosis and deaths after 
one exposure to 500 ppm or 2 exposures to 250 ppm. 

Conner et al. (1980) Mice 104 – 922 
 

0.25 4 Increase in SCE in alveolar macrophages, bone 
marrow & regenerating liver cells at 387 to 922 ppm. 
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D6.  Naphthalene 

Reference Test subject Exposure 
concentration 

(ppm) 

Exposure 
duration (d/d) 

Exposure length 
(days) 

Adverse effects 

Lee et al. (2005) Rats 3.4 – 23.8 0.16 1 Cellular injury in the olfactory mucosa of the rats. 

Phimister et al. (2004) Mice 1.5 – 15 
 

0.16 1 Conjugation to glutathione (GHS) loss occurs within 
the pulmonary airways in mice. 

Long et al. (2003) Rats 10 – 60 
 

0.25 525 Incidence of olfactory neuroblastomas and 
respiratory epithelial adenomas in rats. 

Abdo et al. (2001) Rats 10 – 60 
 

0.25 525 Increased incidences of respiratory epithelial 
adenoma and olfactory epithelial neuroblastoma. 

West et al. (2001) Mice 2 – 100 
 

0.16 1 Concentration-dependent increases in Clara cell 
injury in mice.  At low concentrations, the injury was 
limited to proximal airways, while at high 
concentrations, the injury in more distal conducting 
airways as well as in the proximal airways. 

NTP (2000) Rats 10 – 60 
 

0.008 525 Respiratory epithelial adenoma & olfactory epithelial 
neuroblastoma of the nose. 

Abdo et al. (1992) Mice 10 – 30 
 

0.25 515 Increase in the incidence of pulmonary 
alveolar/bronchiolar adenomas and an increase in the 
incidence and severity of chronic inflammation, 
olfactory epithelium metaplasia of hyperplasia of the 
nasal respiratory epithelium, and chronic nasal 
inflammation in the lung of mice.  

NTP (1992) Mice 10 – 30 
 

0.25 520 Increased incidences of pulmonary 
alveolar/bronchiolar adenomas (lung tumor) in 
female mice. 
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Appendix E List of sources of human exposure and epidemiology studies for VAHs for the development of threshold LADDH 

E1.  Benzene 

Reference Sample size Exposure assessment Exposure 
concentration 

Mean exposure 
duration (years) 

 

Health risks 

Collins et al. 
(2003) 

4417 Total (males and 
females) 
5 Leukemia c  
3 Multiple myeloma c  
2 Acute non-lymphaticc  

Medical records, plant and human 
activities were used to develop 
exposure classifications. 

100 ppm >40 – 2590 days Risk of leukemia. 
> 40 days  [SMR 2.7 (0.8 – 6.4)] a  
 
Risk of multiple myeloma. 
> 40 days  [SMR 4.0 (0.8 – 11.7)] a  
 
Risk of acute non-lymphatic. 
> 40 days  [SMR 4.1 (0.5 – 14.90] a  
 

Chen et al. (2000) 792 Total (354 exposed 
and 438 non-exposed 
females) 

Questionnaires, monitoring of air 
benzene and birth records were 
matched with workers. 
 

0.191 – 0.2 
 

6.3  Exposure to benzene was 
significantly associated with reduced 
birth weight [-58 g (-115 to -2)] a  

Thurston et al. 
(2000) 

3,343 Total (including 
333 abnormal 
menstrual cycle length 
(AMCL)) c  
 

Using questionnaires which 
matched with workers work tasks 
and exposure length. 

0.86 ppm > 7 Risk of AMCL for workers exposed 
to benzene for more than 7 years 
[OR 1.71 (1.27 to 2.31)] a  

Baak et al. (1999) 1 Exposed (male) Monitoring of air benzene in 
working areas. 
 

0.02 – 0.26 ppm 
 

21 Aplastic anemia. 

a Represent 95% confidence level. 
b Represent cumulative exposure (Cumulative exposure = Exposure * exposure period). 
c Observed cases in the study cohort. 
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E1.  Benzene (continued) 

Reference Sample size Exposure assessment Exposure 
concentration 

Mean exposure 
duration (years) 

 

Health risks 

Bogadi-Sare et al. 
(1997) 

27 Control 
49 Exposed (females) 

Blood measurement and air 
benzene were matched with the 
exposed group. 
 

1.9 – 14.8 ppm 
 

17 Increased in chromosome aberration 
(e.g. dicentric chromosome). 
 

Wong (1995) 6 Acute myeloid 
leukemia c  

Assessment were based from 
Paxton et al. (1994a, , 1994b) 

200 – 400 ppm-
years b  

 

- Acute myeloid leukemia. 
200 – 400 ppm-years  [SMR 27.21 
(3.29 – 98.24)] a  
> 400 ppm-years  [SMR 98.37 
(20.28 – 287.65)] a  
 

Yardley-Jones et 
al. (1990) 

33 Control 
66 Exposed (males) 

Blood measurement matched with 
the exposed group. 

10 – 100 ppm 
 

6 Increased in chromosome aberration 
(e.g. chromatid exchange and gaps). 
 

a Represent 95% confidence level. 
b Represent cumulative exposure (Cumulative exposure = Exposure * exposure period). 
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E2.  Toluene 

Reference Sample size Exposure assessment Exposure 
concentration 

Mean exposure 
duration (years) 

 

Health risks 

Kang et al. 
(2005b) 

54 Exposed Neurobehavioral tests and urine 
measurement were matched with 
exposed groups (low, moderate and 
high exposure). 
 

50 – 100 ppm 
 

99 months  Neurobehavioral changes (e.g. 
affects attention, concentration and 
motor performance deficits). 

Chouaniere et al. 
(2002) 

128 Exposed (males 
and females) 

Psycho-behavioral tests, interview 
and air toluene were matched with 
the exposed groups (consists of 2 
Plants). 
 

7 – 19 ppm 
 

14 Decrements in memory test 
performances. 

Campagna et al. 
(2001) 

74 Control 
92 Exposed (male) 
 

Assessment of air toluene and 
visual function were matched with 
the exposed group. 
 

50 – 296 mg/m3 
 

18 Dyschromatopsia (color blidness) 
was correlated with current toluene 
exposure [OR 1.27 (1.02 – 1.58)] a . 

Cavalleri et al. 
(2000) 

16 Control 
33 Exposed 
 

Urine measurement and color 
vision testing were matched with 
the exposed group. 
 

42 ppm 9.7 Color vision impairment. 

Pelclova et al. 
(2000) 

22 Control 
23 Exposed 

Biological measurements, 
questionnaires and air toluene were 
matched with the exposed group. 
 

30 – 1550 mg/m3 
 

5 Chromosome aberration. 

a Represent 95% confidence level. 
c Observed cases in the study cohort. 
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E2.  Toluene (continued) 

Reference Sample size Exposure assessment Exposure 
concentration 

Mean exposure 
duration (years) 

 

Health risks 

Wiebelt and 
Becker (1999) 

6830 Exposed (males). 
Including 3 cases on 
bone and connective 
tissue c. 

Exposure of toluene in workplace 
followed by identification of 
workers status and statistical 
evaluation of mortality cases. 
 

< 100 ppm 
 

30 Mortality from tumors of the bone 
(articular cartilage) [SMR 813.6 
(139.0 – 3243.7)] a  and connective 
tissue  [SMR 631.4 (122.6 – 
2594.30] a . 
 

Hammer et al. 
(1998) 

45 Control 
42 Exposed (males) 

Biological measurements and air 
toluene were matched with the 
exposed group. 

56 – 451 mg/m3 
 

18.9 Increase in hippuric acid (in urine) 
and SCE (in peripheral blood 
lymphocytes) in exposed workers. 
 

Ng et al. (1992a) 31 Control 
55 Exposed (females) 

Interview on pregnancies history 
that matched with the exposed 
groups (e.g. low and high exposure 
groups). 
 

50 – 150 ppm 
 

10 Spontaneous abortion (foetal loss) in 
women. 

a Represent 95% confidence level. 
c Observed cases in the study cohort. 
 



262 

 

E3.  Xylenes 

Reference Sample size Exposure assessment Exposure 
concentration 

Exposure 
duration (years) 

 

Health risks 

Savolainen et al. 
(1979) 

6 Exposed (males) Volunteers were exposed to m-
xylene in environmental chamber. 
Psychophysiological tests and blood 
samples were measured. 

100 – 200 ppm 
(m-xylene) 

6 hour/day for 2 
weeks 

Deleterious acute effect on the 
equilibrium and the reaction time 
performance (physiological function) 
on humans. 
 

Carpenter et al. 
(1975) 

6 - 7 Exposed Humans exposed to vapour air 
xylene for 15 min. 
 

230 – 690 ppm 
 

15 min Sensory discomfort (nose, eye and 
throat). 
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E4.  Styrene 

Reference Sample size Exposure assessment Exposure 
concentration 

Mean exposure 
duration (years) 

 

Health risks 

Iregren et al. 
(2005) 

108 Exposed Color vision tests and air styrene 
measurement were matched with 
the exposed group (low and high 
exposure). 
 

39.5 – 96.1 
mg/m3 

 

12.9 and 17.8 
respectively 

Color vision impairment. 

Gong et al. (2002) 102 Control 
76 Exposed (males) 

Color vision tests, urine 
measurement and air styrene were 
matched with the exposed group. 
 

10 – 133.5 ppm 
 

6.4 Color vision impairment. 

Morata et al. 
(2002) 

313 Exposed (including 
81 control and 65 
styrene exposure only) 

Urine, noise and air styrene 
measurements and audiometry 
testing that matched with workers 
exposure groups. 
 

16 – 96 mg/m3 
 

17 Hearing impairment at high 
frequencies (< 8 kHz). 

Viaene et al. 
(2001) 

111 Control 
117 Exposed 

Blood measurement, questionnaires 
and air styrene were matched with 
the exposed groups (currently and 
formerly workers). 
 

148 mg/m3 
(currently 
exposed) 

155 mg/m3 

(formerly 
exposed) 

 

9.7 and 7.5 
(currently and 

formerly exposed 
groups 

respectively) 

Persistence of some complaints and 
neurobehavioral changes. 

Somorovska et al. 
(1999) 

19 Control 
44 Exposed (males and 
females) 

Biological measurements and air 
styrene were matched with 
exposure groups (e.g. high, medium 
and low exposures). 

82.3 mg/m3 
 

14 Changes in several immune 
parameters (e.g. chromosome 
aberration, DNA strand breaks, 
haematology). 
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E4.  Styrene (continued) 

Reference Sample size Exposure assessment Exposure 
concentration 

Mean exposure 
duration (years) 

 

Health risks 

Tsai and Chen 
(1996) 

45 Control 
41 Exposed (males and 
females) 

Neurobehavioral tests, blood 
measurement, questionnaires and 
air styrene were matched with the 
exposed group. 
 

22 – 181 ppm 
 

8.3 Significant changes in 
neurobehavioral performance and 
central and peripheral nervous. 
 

Jegaden et al. 
(1993) 

30 Control 
30 Exposed 

Psychometric tests, urine 
measurement and air styrene were 
matched with the exposed group. 
 

22.7 – 55 ppm 
 

5 Mental disorders effect. 

Muijser et al. 
(1988) 

94 Control 
59 Exposed (males), 
indirectly and directly 
 

Measurement of air styrene and 
audiometry testing that matched 
with workers exposure groups. 

61 mg/m3 (mean 
for indirectly 
exposed) 
138 mg/m3 (mean 
for directly 
exposed) 
 

8.6 Hearing impairment at high 
frequencies (> 8 kHz). 

 

 

 


