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Application of Biomonitoring in Risk Assessment: an Overview

Abstract: Risk assessment is widely used as the most scientific tool around the world to evaluate the probability of human health effects resulting from hazards exposure. However, limited resources increase the uncertainties in most risk assessments such as lack of human exposure and dose data. Biomonitoring is a direct way to provide human data on internal exposure and early effects for a more precise and realistic risk assessment. Many developed countries and international institutes have established biomonitoring programs and encourage applying biomonitoring data in the risk assessment process. This article addresses the definition and development of biomonitoring, depicts the use of biomonitoring in risk assessment and exposure assessment, illustrates the interpretation of biomonitoring data for risk assessment, and illuminates the limitations of integration of biomonitoring data in risk assessment. In conclusion, biomonitoring can be fully integrated into risk assessment practices and has the potential to greatly improve risk assessment with the accumulation of relevant data.
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1. Introduction

Risk assessment has become a more structured activity during the past 50 years and increasingly is being used to inform major policy decisions around the world. It has become a dominant public policy tool for making choices, based on limited resources, to protect public health and the environment. 

Risk assessment is the scientific evaluation of known or potential adverse health effects resulting from human exposure to environmental hazards. The goal of a risk assessment is to quantify the likelihood of harm (or loss) in a format that assists decision makers who must act to tolerate, mitigate, or eliminate the potential harm. In the standard framework, the risk assessment process includes four components: hazard identification, exposure assessment, dose-response assessment, and risk characterization.[1] In general, dose-response assessment relies on experimental data from high-dose chemical exposure studies in animals when estimating the “safe” or tolerable dose in humans. There are a variety of uncertainty factors that should be accounted for, such as interspecies variation (animal to human, inter-individual) and low-dose extrapolation problems (the inference of low-dose effects from high-dose experiments). Exposure assessment often relies on calculations that attempt to quantitatively account for intake of a chemical through various routes using estimates of concentrations of various chemicals in a specific media, such as  food, soil and dust ingestion, drinking water, or breathing the ambient air. External exposure can be estimated based on these concentrations.  However internal dose can be much different due to bioavailability, absorption, disposition, metabolism and elimination. Lack of exposure data and a deficiency of understanding about important exposure mechanisms are major sources of scientific uncertainty in most risk assessments.

In contrast, biomonitoring can provide a measure of an individual’s internal dose to an environmental chemical. Biomonitoring can contribute information needed for the continuum between environmental exposure and adverse health effects in two ways: on the one hand building on environmental monitoring data to provide detailed information on the sources and pathways of pollutants that enter the human body; and on the other hand clarifying new and existing hypotheses on the relationship between environmental pollutants and the prevalence of diseases or the occurrence and identification of disease clusters.[2] It has the potential to improve methods for assessing exposure to environmental factors and to provide the possibility of a more sensitive assessment of effects. Moreover, biomonitoring may help in detecting inter-individual variations in response to exposure to environmental factors and in clarifying the mechanism(s) by which environmental factors exert adverse effects on health.[3] Biomonitoring data could eliminate or reduce many uncertainties in estimating risk because internal dose and response information would be directly available for a human population.

2. Definition of biomonitoring

Biomonitoring represents one technique for assessing people’s exposure to chemicals.  The World Health Organization Regional Office for Europe  originally defined biomonitoring as a "systematic standardized measurement of a substance or its metabolites in the body fluids (including blood and urine) of exposed persons".[4] The U.S. Centers for Disease Control and Prevention defines biomonitoring as the “direct measurement of people's exposure to toxic substances in the environment by measuring the substances or their metabolites in human specimens, such as blood or urine”. [5]

Biomonitoring programs are performed to obtain information on the presence and effects of chemicals in human matrices. It can be used to identify priority exposures out of thousands of chemicals, recognize time trends in exposure, identify at-risk populations, establish reference ranges for comparison, provide integrated dose measurements, and evaluate exposure intervention and prevention efforts. [6]

In contrast to risk assessment, biomonitoring is conducted by collecting samples of human fluids and/or tissues (such as blood, urine, breast milk or hair) in order to detect exposure. It is a more direct indicator of exposure and it is measurable. It indicates the amount of the chemical that actually gets into people from all environmental sources (e.g., air, soil, water, dust, food), including some that are very difficult or impossible to assess by environmental measurement (such as hand-to-mouth ingestion). Biomonitoring can be a "reality check" on indices of exposure; it helps evaluate whether exposure indices are accurately estimated. Moreover, biomonitoring can be used as direct measurements of important dose events (e.g., internal, delivered, or target dose) and to estimate biological effect if a relationship has been established between the biological measurement and the health outcome.
3. Development of biomonitoring

Measuring the levels of chemical substances in human body fluids and tissues has been in routine use in industry and parts of the wider public health community for more than 50 years. The increased availability of analytical technologies with constantly decreasing detection limits has made biomonitoring techniques more accessible, more sensitive, and more useful. Currently many developed countries have established environmental biomonitoring programs that report representative values of selected biomonitoring values in non-occupationally exposed populations.
3.1 North America

3.1.1 United States 

The National Center for Health Statistics (NCHS) within the Centers for Disease Control and Prevention (CDC) has been conducting the National Health and Nutrition Examination Survey (NHANES) [7] since the early 1960s. NHANES was designed to assess the health and nutritional status of adults and children in the United States and to identify the prevalence of and risk factors for chronic diseases. The determination of blood lead concentrations in the general population has been the signature environmental chemical measurement in NHANES Ⅱ (1976-1980). In 1999, the survey began continuous operation to provide results for about 8,000 samples of the U.S. population every two years. The National Center for Environmental Health (NCEH) within the CDC conducts the National Biomonitoring Program (NBP) [8] by obtaining and analyzing blood or urine samples from NHANES participants for selected environnmental chemicals. The NBP uses a random 1/3 subsample of the overall NHANES sample to assess the exposure of U.S. population to environmental chemicals such as metals, pesticides (organochlorine, organophosphate, pyrethroid and herbicide), phenols, dioxins, furans, non-dioxin-like polychlorinated biphenyls, phytoestrogens, polycyclic aromatic hydrocarbons (PAHs), phthalates, brominated flame retardants, tobacco smoke, and so on. So far, the CDC has released its National Report on Human Exposure to Environmental Chemicals in 2001, 2003, and 2005; a fourth report is expected to be released sometime in early 2010.   In each report, the CDC has increased the number of chemicals studied, from 27 in the first report to 148 in the third report.
In addition, National Human Monitoring Program (NHMP), established in 1967, included the National Human Adipose Tissue Survey (NHATS), which collected adipose tissues from people in metropolitan areas in the United States from 1970 to 1990 and monitored chlorinated organic compounds, such as organochlorine pesticides and the polychlorinated biphenyls. Although NHMP is no longer in existence, it has provided data on a number of chemical exposures in the population.

3.1.2 Canada

The Canadian Health Measures Survey (CHMS) [9] is the first comprehensive national biomonitoring study in Canada. The need for population-representative direct health measures surveys has been discussed since the Canada Health Survey was conducted in 1978/1979. CHMS was put into action by Statistics Canada with support from the Health Canada and the Public Health Agency of Canada in 2006. It was developed to address important data gaps and limitations in existing health information by collecting directly measured indicators of health and wellness on a representative sample of approximately 5,000 Canadians aged 6 to 79 years. Blood and urine specimens were collected  through this survey and environmental biomarkers were tested.  By the end of 2008, CHMS Cycle 1 has finished monitoring 90 chemicals or metabolites in blood and urine, including metals, phthalates, polychlorinated biphenyls (PCBs), pesticides (organochlorine, organophosphate, pyrethroid and herbicide), polybrominated compounds, polyfluorinated compounds, bisphenol A, continine, etc. CHMS Cycle 2 is ongoing and Cycle 3 is in the planning phase. 
3.2 Europe

3.2.1 European Union  

The use of biomonitoring in Europe came with the discovery that the general population was exposed to lead at high, and even toxic levels due to its use in gasoline. This discovery led to the European Commission directive on “Biological Screening of the Population for Lead” in 1977. Almost 30 years passed before biomonitoring was again considered in Europe. In 2004, the member states of the European Union (EU) confirmed their interest in developing a “Coherent Approach to Human Biomonitoring (HBM) through the European Environment and Health Action Plan 2004–2010” [10], which was  strongly supported by the European Parliament and the European Economic and Social Committee. The action plan identifies 13 actions with a focus on improving the information chain by developing integrated environment and health information (Action 1–4), filling the knowledge gap by strengthening research on environment and health and identifying emerging issues (Action 5–8), and reviewing and adjusting risk reducing policy and improve communication (Action 9–13). Action 3, currently underway, focuses on internal human exposure or human biomonitoring. To achieve the action plan objectives and test the feasibility of such a coordinated approach, the European Commission set up the Expert Team to Support BIOmonitoring (ESBIO), Implementation Group (IG) and nine Technical Working Groups. The IG, together with the experts from ESBIO, has elaborated three recommendations to prepare for a pilot project on biomonitoring by the end of 2006. The project focuses on the determination of concentrations of lead, methyl mercury, cadmium, cotinine, PCBs, PAHs, and phthalates in children and mothers in Europe. Fourteen countries, including Germany, Italy, Sweden, Demark, Belgium, United Kingdom, Netherland, etc., are participating and assuming responsibilities to conduct the project in their countries. Furthermore, the European Commission has invited Member States to nominate governmental representatives responsible for HBM in the environment and/or health and/or research ministries to which IG members have to report in order to ensure strong feedback to the national governments. 
3.2.2 Germany

Germany, as a member of the Action Plan, has had more experiences with biomonitoring than other European countries. The German Federal Ministry for Environment and Ministry of Health has conducted German Environmental Surveys (GerES) [11] since 1985. Up to 14,000 individuals have been monitored in four studies between 1985 and 2006 (GerES I-IV). Metals, pesticides (organochlorine, organophosphate and pyrethroid), PCBs, phthalates, PAHs,  bisphenol A, nicotine and cotinine were tested in the blood or urine in GerES IV. GerES IV was performed in cooperation with the Health Survey for Children and Adolescents (KiGGS). Starting in 2003, 1,800 children from 150 sampling locations around the country participated. The Deutsche Forschungsgemeinschaft has supported a program for the establishment of standard operating procedures for biomonitoring since 1975. Ten volumes of the “Analyses of Hazardous Substances in Biological Materials” have been published. These documents contain approximately 130 standard operating procedures for the determination of metals, solvents, pesticides, PAHs, aromatic amines, phthalates, acrylamide, etc.
3.2.3 Denmark

In Denmark, human biomonitoring has only taken place in research programs and for a few incidences of  lead contamination. However, an arctic program for HBM has been in force for decades. The Arctic Monitoring and Assessment Programme (AMAP) [12] was originally established in 1991 to implement parts of the Arctic Environmental Protection Strategy (AEPS). It was requested by Ministers of the eight Arctic countries (Denmark, Finland, Iceland, Norway, Sweden, Canada, USA, and the Russian Federation). AMAP is responsible for measuring the levels, and assessing the effects of anthropogenic pollutants in all compartments of the Arctic environment, including humans. Persistent organic contaminants (POPs), heavy metals and effects of pollution on the health of humans were monitored in this program. On this basis, and from the preparations of the EU-pilot project on HBM, a Danish HBM program was developed. In 2008, the Conceptual Framework for a Danish Human Biomonitoring Program [13] was published, which declared that Denmark had responsibilities for monitoring heavy metals (lead, mercury and cadmium), the metabolite, cotinine, from nicotine in tobacco smoke, and brominated flame retardants (BFRs). Denmark also took a leading role in the design of appropriate monitoring strategies and procedures for BFRs based on the experience with these compounds.

3.3 Asia and Australia

Biomonitoring has not been institutionalized in Asia and Australia; the respective governments have no specific program for it. However, there are thousands of biomonitoring studies that have taken place in Australia and Asia. For example:

In Japan, various biomonitoring studies have been conducted by the government, including studies on endocrine disrupting chemicals in blood, studies on the exposure to children, and studies on chemicals of concern. Presently, the Japanese Chemical Industry Association (JCIA) [14] is taking a proactive approach and has launched an introduction to biomonitoring. Additionally, current activities of the JCIA in relation to biomonitoring include research on phytoestrogens in cord blood and chemical sensitivity/sick building syndrome.

The Chinese Ministry of Health carried out the fourth Chinese Total Diet Study (TDS) in 12 provinces in 2007, which was performed by the Chinese Centre of Disease Control and Prevention. 1237 breast milk samples were collected within 3-8 weeks after child birth in the same 12 provinces. Two brominated flame retardants (BFRs), hexabromocyclododecane (HBCD) and tetrabromobisphenol A (TBBPA),  were tested in these samples. [15]

The New Zealand Ministry of Health commissioned the Massey University, Centre for Public Health Research to assess the levels of POPs in human breast milk from 2006 to 2008. It completed the collection of breastmilk from 50 mothers. The chemicals tested include basic POPs (DDT, HCH, PCBs) and advanced POPs (PCDDs, PBDEs). [16]  

4. Biomonitoring use in risk assessment

Due to recent technical developments, biomonitoring is increasingly used to evaluate human exposures to chemicals and improve the accuracy of related health risk assessments. Within Europe and the USA, the incorporation of human biomonitoring data into the risk assessment process is specifically encouraged. Biomonitoring comprises biological monitoring, biochemical effect monitoring and biological effect monitoring. It measures the biomarkers of exposures, effective doses, effect and diseases as well, [17] which help better understand the complex relationships not only between external and internal exposure, but also between dose and response. Biomonitoring is the “gold standard” for assessing people’s exposure to pollution by measuring chemicals in human tissues. Risk assessment without human biomonitoring may lead to wrong risk estimates and cause inadequate measures. [18]
4.1 Risk assessment

Risk assessment is a formalized process for estimating the magnitude, likelihood, and uncertainty of environmentally induced health effects. Exposure assessment, effects assessment, and risk characterization are integral parts of this process. Effects assessment is based on animal and human data, and comprises hazard identification and dose-response assessment. Exposure assessment is the estimation of the concentrations/doses to which human populations are or may be exposed. Risk characterization is the estimation of the incidence and severity of the adverse effects likely to occur in a human population due to actual or predicted exposure to a substance, and may include risk estimation, namely the quantification of that likelihood. [19] Risk assessment runs through the exposure-disease continuum (figure 1). [20]
              Exposure-disease
                 continuum                                risk  assessment  framwork

Figure 1  Relationship between exposure-disease continuum and risk assessment framwork

According to the relationship between risk assessment and exposure-disease continuum, it is obvious that estimation of exposure (external and internal) is the central feature of assessment activities. Three tools have been used to assess exposure: exposure history/questionnaire information, environmental monitoring, and biomonitoring. [21]

Exposure history/questionnaire information and environmental monitoring provide exposure pathways and exposure concentration. Exposure concentration is the concentration of a chemical in a carrier medium at the point of contact with the outer boundary of the human body. The method of estimating exposure uses mathematical models to integrate information on soil, water, air, dust, and food concentrations and data on human behaviors. All of the input parameters have some degree of variability, potentially increasing the degree of uncertainty. Most exposure assessment does not stop at exposure concentration since that information alone is not very useful unless it is converted to dose or risk. Biomonitoring plays an important role in offering data about dose, however the chemical enters the body by either intake or uptake. By measuring the “body burden”, direct evidence of actual human exposure can be obtained. Several different types of dose are relevant to exposure estimation (figure 2). [22]
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Figure 2 Different types of dose relevant to exposure assessment

Potential dose is the amount of a chemical that is actually ingested, inhaled, or applied to the skin. Applied dose is the amount of the chemical directly in contact with the body's absorption barriers, such as the skin, respiratory tract, and gastrointestinal tract, and therefore available for absorption. Internal (Absorbed) dose is the amount of the chemical absorbed, and therefore available to undergo metabolism, transport, storage, or elimination. Delivered dose is the portion of the internal dose that reaches a tissue of interest. Biologically effective (Target) dose is the portion of the delivered dose that reaches the site or sites of toxic action. Generally speaking, measurement of delivered dose is relatively straightforward, while measurement of potential dose and internal dose is usually possible only with substantially greater effort. Measurement of biologically effective dose is also possible in some cases. However, it is typically difficult or impossible, given existing approaches and methods, to measure applied dose.

Parts of these doses, which can be measured, have served as a “reality check” on indices of exposure (e.g., questionnaires, exposure history). It is helpful to evaluate whether exposure indices accurately estimate dose, and it is intuitive to establish the link between exposure and dose. In addition, with the development of physiologically based pharmacokinetic (PBPK) models, combining some doses in the human body, it is convenient to test and confirm the dose-response relationship from animal toxicology data with the definitions of biological effects or adverse effects. Sometimes it promotes better understanding of low-level exposure leading to human effects while animal experiments reflect the relationship between high-dose exposure and response. The complement of biomonitoring improves understanding of internal exposure and toxicokinetics and earlier effects, which is critical to realistic risk characterization.  Moreover, biomonitoring can be used to detect interindividual variations in response to exposure and identify population groups at special risk, which contributes to risk assessment use in risk management.

4.2 Integrate biomonitoring data into risk assessment

Probably the main achievement of biomonitoring data for risk assessment is that they provide an integrated overview of the pollutant load that the population is exposed to, as well as sometimes the effects induced by the exposures. Three main items must be considered to better interpret and understand human biomonitoring data: collection and storage, measurement methods of biomarkers, and interpretation of biomonitoring data. [23]
4.2.1 Collection and storage of human tissue samples

Biomonitoring data comes from the measurement of biomarkers in human tissues. The choices of human tissues to be sampled are often associated with the aims of what types of chemical concentration to be addressed. There are many different matrices that can indicate biomarkers in human body. [24]

Whole blood/serum

Blood is probably the most frequently used to determine biomarkers. It is one of the pathways through which most chemicals and their metabolites travel within the body.  Many relevant biomarkers of effect can be determined in blood, too. Blood makes the link between exposure, dose, effect, and health impact much more relevant. Nevertheless, collecting blood is invasive, many people are opposed to having their blood drawn. Additionally, due to the life span of a red blood cell (it is only around 90-120 days) past exposures may be under-estimated. 

Urine

The collection of urine samples is often the preferred method for biomonitoring programs. It is noninvasive and the sample volumes can be large. But for most chemicals it is not a reliable indicator of exposure because it often contains excreted metabolites instead of parent compounds. The knowledge of toxickinetics is important to decide the timing of sample collection. Urine can be used to measure effects on kidney in many cases, and it can be an attractive methodology for large-scale studies.

Breast milk

Breast milk often provides significant information about fat-soluble chemicals in the environment such as PCBs and PBDEs. Samples of breast milk are relatively easy to collect and may reflect historical exposures to lipid-soluble chemicals around the home and in processed foods. Breast milk not only provides an overview of the pollutant load of mothers, but it also provides relevant information on the in utero or early life exposure of babies. [25] For small infants, breast-feeding may be the most important route of exposure to contaminants, which is convenient for assessing the potential adverse effects of lipid-soluble pollutant exposures in the developing child.

Further, other more or less exotic biomarkers have been developed. Fingernails, hair, exhaled breath, saliva or sputum, semen are examples of matrices that are not applicable for all chemicals or chemical classes, but have proven to be adequate matrices for some specific chemical groups and generally exhibit no ethical problems. Hair and fingernails generally are used as long-term accumulators of metals such as arsenic or methylmercury. Exhaled breath, on the other hand, can be used for the very short-term exposure of volatile components, such as the disinfection by-product trihalomethane.

Generally, standard procedures of samples collection and storage are available for the most frequently used matrices such as blood and urine. Many national and international guidelines exist, outlining the proper methodology to adequately sample and store different tissues.[26] Samples are generally stored frozen at -20°C or -80°C, though matrices containing metals may be stored at 4°C. In addition, since sampling and storage always carry a risk for cross-contamination of samples, appropriate choice of containers and cleaning procedures are important to take into account.

4.2.2 Measurement methods of biomarkers

Biomarkers are indicators of chemical burden in the human body, that can be measured in accessible human tissues. There are several categories of biomarkers. More specific biomarkers are more reliable. The selection of appropriate biomarkers is very important to indicate the chemicals in human body. 

For unchanged exogenous agents such as heavy metals, PCBs and solvents, the biomarkers are the same as the chemicals absorbed into body. For metabolized exogenous agents, biomarker measurement should focus on the metabolites of the chemicals. For instance, phenol is the biomarker of benzene; acrolein is the biomarker of cyclophosphamide. In addition, there are endogenously produced molecules that can be exposure markers of chemicals. Acetyl-cholinesterase enzyme activity can be the biomarker for uptake of organophosphate pesticides; porphyrin ratios can indicate the concentration of lead and other metals. Biomarkers also can be selected as disease markers, molecular changes and cellular/tissue changes. Alpha-fetoprotein is a marker for diagnosis of liver cancer; DNA adducts, protein adducts and cell histology, sperm counts, etc. can also reflect the effects of some chemicals. [20] 

The expanding availability of biomarkers offers increasing potential to represent dose and effects in the human body (figure 2). For example, lead in body fluids serves as a delivered dose marker for lead exposure; protein adducts (hemoglobin) in red blood cell serve as a biological effect dose marker for ethylene oxide exposure; decreased acetyl-cholinesterase in plasma serves as biologic effects (response) marker for organophosphate pesticide exposure; and serum alpha-fetoprotein can be the adverse effects marker for subclinical liver cancer. According to these, it is apparent that biomarkers are helpful to improve methods for assessing exposure to environmental factors, permit the estimation of the biological effective dose arising from exposure, provide the possibility of a more sensitive assessment of effects, and allow for an earlier recognition of health outcomes with long latency periods. These are essential for more realistic risk assessment. 

Generally, three groups of analytical techniques may be applied in biomarkers measurement. Metals such as As, Cd, or Pb are generally measured using techniques such as atomic absorption spectroscopy (AAS) or inductively coupled plasma–mass spectrometry (ICP-MS). [27] Gas or liquid chromatography (GC or LC) and mass spectrometry (MS), or high-performance (or -pressure) liquid chromatography (HPLC) are used to measure organic contaminants such as pesticides or polybrominated compounds in different tissues. [28] [29] Bio-analytical techniques such as enzyme-linked immunosorbent assay (ELISA) and receptor-based assays are used to quantify the presence of specific compounds such as antigens or receptors in human matrices, e.g. the CALUX assay developed to measure dioxins and dioxin-like compounds through activation of the aromatic hydrocarbon receptor. [30]
There are important differences among the different chemicals with respect to performance characteristics of the measurement techniques. Generally, metal analyses have a high analytical reproducibility and low inter- and intra-laboratory variability, while for some of the new or emerging chemicals, reproducibility is much lower and variability may be large. The use of internationally recognized standard methods, reference materials, and certified standards improves the accuracy, reproducibility, and comparability of biomonitoring data, most of which are available from U.S. Environmental Protection Agency (EPA) or American Conference of Governmental Industrial Hygienists (ACGIH).
4.2.3 Interpretation of biomonitoring data for risk assessment

The International Council of Chemical Associations (ICCA) and European Center of Ecotoxicology and Toxicology of Chemicals (ECETOC) have defined guidances for interpretation of biomonitoring data and framework for integration of biomonitoring data into chemical risk assessment. [31-33] All of them inidicate the ability of biomonitoring data to describe exposures related to effects for risk assessment. Biomonitoring data represent an integration of exposure from all sources and routes correctly. It can be interpreted to represent short-term exposures as well as cumulative internal dose due to repeated exposures with the knowledge of toxicokinetics and different biomarkers for chemicals. Biomonitoring data makes it feasible to identify metabolic pathways and target metabolites at very low levels of exposure in humans, which is helpful to understand the human toxicokinetics. 

Moreover, the use of physiologically based pharmacokinetic (PBPK) modeling supports the interpretation of biomonitoring data from the perspective of exposure reconstruction and risk characterization. There are three approaches for linking biomonitoring data to health outcomes: direct comparison to toxicity values, forward dosimetry and reverse dosimetry.[34] Biomonitoring data can be directly compared to toxicity values in the case where the relationship of the biomarker to the health effect of concern has been characterized in the human. In forward dosimetry, pharmacokinetic data in the experimental animal can be used to support a direct comparison of internal exposure in humans, providing an estimate of the margin of safety in humans. It is possible to determine the relationship of biomarker concentration to effects observed in animal studies. Alternatively, reverse dosimetry can be performed to estimate the external exposure that is consistent with the measured biomonitoring data for comparison with an animal-based health standard, such as a Reference Dose (RfD) (figure 3). One example of reverse dosimetry uses a physiologically based pharmacokinetic model to identify exposures consistent with human biomonitoring data. One uses a PBPK model and Monte Carlo simulation to predict biomarker concentration distribution at the same assumed exposure level and different exposure patterns and pharmacokinetic parameters, then inverts the resulting distribution to obtain the exposure conversion factor (ECF). Multiplying the ECF distribution by a measured biomarker concentration results in a distribution of exposure. [35] In risk characterization, forward dosimetry and reverse dosimetry are complementary to each other. Quantitative interpretation of biomonitoring data can best be accomplished by linking PBPK modeling with exposure pathway modeling within a probabilistic framework. 
[image: image2.emf]
Figure 3 Interpretation of Biomonitoring Data

One can directly ascertain the exposed population and establish exposure trends by interpreting biomonitoring data, which facilitates risk management according to the risk assessment result.

5. Factors limiting the use of biomonitoring for risk assessment

Reliable analytical measurements are at the core of any biomonitoring program. However, even when the analytical methods are adequate, the selection of the most relevant biomarker based on the available toxicokinetic data, and the temporal stability of specimen sampling and storage needs to be considered to ensure the quality of the biomonitoring data. [36] In addition, variable biomarker concentration, inability to link to a specific exposure pathway, high cost and ethical issues affect the evaluation of biomonitoring data for risk assessment. Limitations in integrating biomonitroing data in risk assessment are numerous but not insurmountable. [37]  

5.1 Biomarker selection

Biomarker selection relies primarily on the knowledge of the toxicokinetics of chemicals; it affects the role of biomonitoring data in risk assessment. First, biomarkers (parent chemical, metabolite) can be present in several kinds of human tissues such as blood and urine. Biomarker concentration measured in an inappropriate human tissue can be completely useless and misleading. For example, phenol is the main metabolite of benzene. It is hardly possible to estimate exposure to benzene by measuring phenol in urine even though it may be excreted in urine, Because urinary concentrations of phenol can reflect benzene uptake only at very high occupational exposure levels while blood benzene or urinary S-phenylmercapturic acid are more reliable. In addition, an endogenous contribution to the levels of phenol may make the data hard to interpret in terms of external chemical exposure. The endogenous formation of biomarker can not be understood until the endogenous processes within the human body are clear.

5.2 Variable biomarker concentration

Biomonitoring data often represent only a single time point for an individual. Biomarker concentration changes with its half-life and temporal stability. Some chemicals are rapidly eliminated from the body, with half-lives of a few hours to a few days. After exposure to such a chemical, it is necessary to promptly collect the biologic sample before the chemical has been excreted. This limits the feasibility for these types of chemicals. It is hard to catch the biomarker at the right time. For the chemicals with a long half-life, the biomarker’s appearance in the human body after exposure can be the maximum value or the steady-state value, which cause different exposure and dose estimation. In addition, biomonitoring data may provide limited insight into susceptible populations. Biomarker concentration is variable in subgroups of the population. Assessing population validity to determine variability in subgroups is helpful to apply biomonitoring data in risk assessment.

5.3 Inability to link to specific exposure pathway

Biomonitoring data represents the internal dose across all exposure routes and sources, however, by itself, it does not usually provide information about the relative important source or  route of exposure (e.g., inhalation, ingestion, and dermal absorption). The contribution of important sources and pathways to exposure or dose is one of three key areas for risk assessment. Without exposure pathway information, it is difficult to relate biomonitoring results to sources and routes of exposure and to develop effective health risk management strategies.[38] In addition, lack of physiologically based pharmacokinetic models for chemicals of interest results in an inability to link exposure history and lifestyle, and limits the calculation or assumption of exposure pathways. Previous exposure, intake and uptake doses can be calculated with a good understanding of pharmacokinetics, including bioavailability, absorption, disposition, metabolism and elimination. 

5.4 Ethical issues 

There are a variety of ethical issues involved in the use of biomonitoring data in risk assessment. First of the ethical considerations is the need to take human samples. Some methods for obtaining biological samples are invasive. Psychological harm should be considered when recruiting subjects into biomonitoring program. Secondly, the anonymity is a stronger guarantee of privacy and must be adhered to if a participant wishes not to know his individual results in any form, which has implications for integration of biomonitoring data and environmental data. It will be necessary to make sure the data is geographically identifiable if not linked to individual participants. Thirdly, when biomonitoring data indicates high exposure, the possibility of repeated sampling and/or intervention to reduce exposure has further impact on the participants “right not to know”.[39] Finally, biological specimens may not come from specified biomonitoring programs. Whether the specimens collected for one purpose can be used for future purposes, and who has access to biomonitoring data should be taken into account before using it in risk assessment. 

6. Conclusion

Realistic assessment of health risks associated with exposures to chemicals in our diet and environment depends on adequate knowledge and understanding of both exposures and their associated effects. The characteristics of biomonitoring to evaluate internal exposure and early biochemical and biological effects make biomonitoring a potentially more accurate risk assessment tool than external monitoring such as air monitoring and food contamination monitoring, although the concentration of chemicals in the environment will continually need to be measured and related to exposure parameters. 

A number of scientific issues need to be resolved before biomonitoring can be fully integrated into existing risk assessment practices. Samples’ analytical integrity, sufficient and relevant toxicology and pharmacokinetic data must be considered in the application of biomonitoring data in risk assessment. 
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