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ADDED VALUE OF HUMAN BIOMONITORING
IN ASSESSMENT OF GENERAL POPULATION
EXPOSURE TO XENOBIOTICS
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SUMMARY

Human biomonitoring (HBM) has a wide range of applications and long tradition both in health care and the field of public health. Its major
advantage is the integration of all exposure routes and sources. Since HBM information is an integrated exposure finding it offers the opportunity
to trace and mimic a realistic exposure scenario. It reduces the number of assumptions that need to be made when estimating exposure and thus
helps to reduce the uncertainties in exposure science. In spite of some challenges, such as further harmonization in the area of HBM, necessity
of deriving equivalents of markers of external exposure and addressing the ethical and political aspects of its application, HBM is an efficient and
cost-effective way to measure exposure levels of the human body to xenobiotics.
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INTRODUCTION

People are exposed to thousands of chemicals in work and
the environment via air, water, food and soil. More than 10,000
chemical contaminants can enter the human body by skin, inges-
tion and respiration. The general population experiences uncon-
trolled multi-chemical exposure from many different sources at
doses around or well below regulatory limits. First ever exposure
occurs in the uterus (1).

A plethora of chemicals from anthropogenic and natural origins
enter animal feed, human food and water either as undesirable
contaminants or as part of the components of a diet. Anthro-
pogenic contaminants of public and animal health importance
include persistent organic pollutants (i.e. dioxins, polychlorinated
biphenyls (PCBs), brominated flame retardants, perfluoroalkyl
acids), Maillard reaction products (acrylamide, furans), phthalates,
pharmaceuticals, as well as residues from production aids and
chemicals authorized for use following a pre-marketing approval
in food and feed productions such as pesticides/biocides, and food
and feed additives. Important classes of natural contaminants
include heavy metals such as lead, cadmium, uranium, mercury,
and metalloids such as arsenic and natural toxins produced by
bacteria, protozoa, algae, fungi, and plants (2).

Risk is defined by the WHO International Programme on
Chemical Safety (IPCS) as “the probability of an adverse effect
in an organism, system, or (sub)population caused under specified
circumstances by exposure to an agent” (3). Complete elimina-
tion of the risk is an unrealistic objective and the circumstances

and level of exposure are important aspects (1). People in mod-
ern societies are exposed to a wide spectrum of environmental
chemicals. Exposure to some of them may be associated with
adverse health effects. Knowledge of population exposure to
these substances is therefore crucial for estimation of associated
health risks (4).

There have been significant advances in techniques for obtain-
ing available data. Despite this development, however, exposure
information for 95-99% of the 100,000 chemicals with potential
toxicity is still unavailable (5).

Assessment of population exposure to environmental chemi-
cals is based on two methodological approaches: environmental
monitoring, i.e. analysis of pollutants in environmental media
and calculation of human exposure according to their intake and
measurement of environmental chemicals in human body fluids
and tissues, i.e. human monitoring. For assessment of exposure
and body burden a combination of both approaches can be rec-
ommended (4).

In 2002, the National Research Council of the United States of
America defined human biomonitoring (HBM) as a method for
assessing human exposure to chemicals by measuring chemicals
or their metabolites in human tissues or specimens such as blood
or urine (6). HBM relies on the use of biomarkers, measurable
indicators of changes or events in biological systems. Biomarkers
are measurements of the concentrations of chemical substances,
their metabolites or reaction products in human tissues or speci-
mens such as blood, urine, hair, adipose tissue, teeth, saliva, breast
milk, and sperm (7).
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Added Value and Advantages of Human Biomoni-
toring

It was shown that heterogeneity in biological measurements
is less likely to skew results than heterogeneity in external expo-
sure (8). Thus, HBM is a sound solution for addressing chemical
‘events’ leading to fewer uncertainties (9).

The main advantage of using biomarkers is intrinsic in their
nature, representing an integrative measurement of exposure to
a given agent (i.e. the internal dose) that results from complex
pathways of human exposure and also incorporates toxicokinetic
information and individual characteristics such as a genetically
based susceptibility (10). It takes into account processes such as
metabolism, bioaccumulation and excretion (7). Through the use
of biomarkers it is not only possible to monitor exposure but it
also becomes feasible to detect early health effects (10).

HBM can show geographical, age and socioeconomic dif-
ferences in exposure and body burden (7). As an example, it is
possible to demonstrate that the homeless population in Prague
(including non-smoking homeless women) faces a greater risk
of cadmium exposure than the majority of Prague’s sheltered
population. Older adults can also be more vulnerable to health
effects from chemical exposure than young people (11). HBM
programmes have shown that several metals appear to accumulate
in the elderly population. Findings of the Flemish Environment
and Health Survey (FLEHS) showed that the highest levels of total
mercury in blood were found in the elderly (aged 50—65) (12).
In a group of seniors, it was found that higher blood lead levels
were significantly associated with chronic kidney disease and
stroke, but the blood mercury level in this group was significantly
lower compared to blood donors (4). Pregnant women and their
newborns in particular are populations with high susceptibility
risks because chemical exposure in pregnant women could result
in prenatal exposure of newborns to chemicals via the placenta
(7). The EU-wide DEMOCOPHES project showed elevated levels
of methyl mercury in fish eating subgroups of the investigated
populations (i.e. mothers) (7), and the Norwegian MoBa cohort
study reported a negative association between maternal exposure
to mercury (via reported dietary intake during pregnancy) and
birth weight (13). The Japanese Tohoku HBM study also reported
anegative relationship between maternal hair mercury levels and
motor abilities of infants (14). DEMOCOPHES included school
children and their mothers and was able to demonstrate age dif-
ferences in body burdens (7). Furthermore, the study designs of
many HBM programmes often include data collection of multiple
factors from participants such as gender, living environment
(urban vs. rural), lifestyle habits (e.g. smoking, vegetarians),
medical history (e.g. diabetes) etc. These factors have been proven
useful for determining additional risk factors of higher chemical
body burden. HBM can help to link the following factors with
chemical exposure:
influence of gender on mercury load: boys had higher levels
of mercury than girls (GerES IV study), men had higher levels
of mercury than women (PROBE study) whereas in another
study women had higher levels of mercury in blood and urine
than men (CZ-HBM study);
impact of a region on the body burden of mercury: the levels
of mercury in blood and urine were higher among children in
urban areas (Slovenia HBM study) (7);
influence of genetic polymorphism on mercury load: interin-

dividual variations in biomarker levels can have an important

genetic component (15).

Another major advantage of HBM is the possibility of reduc-
ing the number of assumptions that have to be made regarding
consumption rates. Thus, HBM helps to further reduce the un-
certainties in exposure science (7).

Another advantage is integration over all routes and sources
that may elucidate exposures that have not been anticipated or
have been neglected in external aggregate exposure assessments
and/or models. For complex health risk assessment of the general
public HBM surveys are the ideal exposure data collecting tool
(7). For example, the Human Early Life Exposome (HELIX)
project measures the environmental exposure of up to 32,000
European mother-child pairs and its consequent impact on the
growth, development and health of children. It estimates prenatal
and postnatal exposure to a broad range of chemical and physical
factors: persistent and non-persistent organic chemicals, metals,
pesticides, environmental tobacco smoke, water contaminants, air
pollutants, noise, UV radiation, and contact with green spaces.
Part of the project comprises a collection of extensive biomarker
data for a subset of 1,200 mother-child pairs (16).

However, biological measures of exposure are preferable, if
available, to environmental exposure data as they are closer to the
target organ dose and provide greater precision in risk estimates
and in dose—response relationships. HBM is often more specific
and sensitive than environmental monitoring (e.g. food monitor-
ing) in assessing the degree of recent and indeed past exposure to
chemicals from all routes (17). Internal doses, i.e. concentrations
in fluids (urine, blood) or organs inside the body are relevant for
reflecting actual exposure. Internal doses are also more relevant
than external doses in providing a link between exposure and
effects. They account for the dose to which target organs or sys-
tems are actually exposed to. In the context of human predictive
toxicology there is an increase in the use of models coupling hu-
man toxicokinetics modelling and dose-response models relating
internal dose and effects at target level, as shown, for instance,
by Péry et al. (18) to predict acetaminophen hepatotoxicity in
humans from effects measured in vitro on hepatic cell lines (19).

Long-term external monitoring data are always lacking, and
external exposure cannot be determined to completely account
for internal exposure (20). HBM can be used for revealing long-
term trends for contaminants in the population and indicate likely
environmental implications. For example, a remarkable 13-fold
increase of perfluorooctane sulfonate (PFOS) has been observed
in women in China (9).

Furthermore, HBM can help develop physiologically based
pharmacokinetic models (PBPK models) that reflect the absorp-
tion, distribution, metabolism and excretion process (ADME
process). Redding et al. used physiological parameters from a
population cohort in Taiwan and reference values given in the
literature to estimate partition coefficients based on chemical
structure and lipid content in various body tissues (21). They also
utilised exposure data from Japan to predict the acquired PCB-153
body burdens at an average child-bearing age of 25 years. Good
agreement between HBM measurements and prediction indicated
the feasibility of the application of biomonitoring data in human
health risk assessment (9).

By reconstructing the allocation of relevant pathways with
advanced statistical techniques HBM may offer solutions for expo-
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sure minimisation or even elimination (9). Modelling approaches
from HBM data could be used for generating consistent input data
for human exposure assessment. For example, Ulaszewska et al.
(22) used HBM data of PCB levels in breast milk from Italian
women and PBPK models to determine the most probable sce-
nario of exposure: for each congener, the authors determined the
most probable long-term history of PCB emission in air as well
as concentrations in environmental receptor media and food, and
estimated the time evolution of daily intakes over a lifetime. As
a result, they were able to accurately reconstruct exposure and
supplement the data gaps on environmental concentrations over
a period of decades. Such reverse modelling that uses HBM data
can generate data for human health risk assessment (19).

Since HBM information is an integrated exposure finding,
it offers the opportunity to trace and mimic a realistic exposure
scenario (23).

HBM has also contributed to research on the economic con-
sequences of mercury exposure. Pacyna et al. have estimated
that on a global scale lost economic productivity from mercury
pollution could reach $ 29.4 billion in 2020 (24). Studies have
also highlighted the considerable economic benefits of environ-
mental pollution prevention in the US and worldwide (25). The
DEMOCOPHES results on mercury were used for an economic
calculation of the cost of actual exposure of Europeans to this
widespread heavy metal (26).

HBM and biomarkers have a long tradition in health care.
They are used in curative and preventive medicine in several do-
mains and may be applied in a different context to environmental
health. In occupational medicine HBM has played an important
role in measuring the body burden of toxic substances and their
metabolites for over a century. HBM is also used in particular
for detection of exposure and adverse health risk, assessing the
efficiency of preventive measures and for controlling workplace
limit values. For certain industries and professions testing is
mandatory. In public health HBM is used in population screening
to identify people at risk of developing a specific disease at an
early stage. Tests are administered not only to individuals who
have no apparent symptoms but also to population groups with
potentially elevated risk. In environmental health HBM is used
together with other methods such as environmental monitoring
and modelling for research, surveillance and awareness raising.
In research studies, biomarkers are used to improve knowledge
of causal links between environmental factors and health, often
addressing or including (early) effect biomarkers and genetic
factors (biomarkers of susceptibility).

HBM also enables development and re-evaluation of national
reference values and checking of possible exceedance of health-
related limit values (4).

HBM can support monitoring/surveillance of the efficiency of
political risk reduction measures, provide data for identification
of needs and priority settings in policy and contribute to a deci-
sion basis for management measures such as the establishment of
limit values (7). HBM results are important for policy decisions,
regulation of exposure and health risk assessment. They can be
used by regulatory authorities or the government to enforce legis-
lation, to give relevant answers to requests by NGOs or to assess
population health risk in case of unusual emergency situations,
such as the 2002 flooding of a plant that previously produced
chlorinated pesticides with subsequent risk of release of dioxins

into the surrounding environment (27). HBM results also serve as
a strong argument for compliance with international agreements
in the field of environmental influences on health such as the
Stockholm Convention of 2001 regulating exposure to persistent
organic compounds (POPs) or the prepared Minamata Convention
reducing mercury levels in the environment and population body
burden. Long-term downward trends of POPs in human breast
milk or urinary mercury in non-smokers document the gradual
decline of body burden (28).

HBM has become a primary tool for exposure assessment in
a wide variety of contexts including population monitoring at
national level, individual exposure assessments in the context of
epidemiological research on potential adverse health effects of
chemical exposure due to improvements in analytical chemistry,
including growing lab capacity and reductions in cost, coupled
with the increasing focus on more subtle exposure levels that in-
volve more complex exposure sources and routes of exposure (29).

Challenges of Human Biomonitoring

Ideally, both the biomarkers of effect and the biomarkers of
exposure should be associated closely with overall individual
exposure to provide an exact measure of the internal dose or
individual health risk. They should be sensitive, specific, biologi-
cally relevant, feasible, practical, and inexpensive. Seldom does a
biomarker meet all of these criteria — most biomarkers represent
a compromise of these criteria (10).

As biomarker concentrations vary both within and between
individuals, the variations in biomarker concentrations observed
in a population biomonitoring study are not easy to interpret.
In addition, the biological media selected for sampling affect
biomarker concentrations independent of other factors. Finally,
renal or hepatic diseases in particular have an impact on biomarker
variation (29).

Benefits and limitations of different sample types, including
blood, hair, urine, or breast milk have been described at length
(30).

With low tissue levels in the ng/kg body weight range the detec-
tion of biomarkers can be an analytical challenge that is addition-
ally complicated by contamination and the potential instability
of conjugates. With urine sampling the type of sampling (spot
urine, 24h urine or morning void) is an important factor as is the
use of volume-based or creatinine-based urinary concentrations.
Changes in protein/fat composition and enzyme activity impact
on the reliability of human milk samples (7).

Internal concentrations, i.e. concentrations in fluids (urine,
blood) or organs inside the body, are relevant for reflecting actual
exposure (19).

HBM data does not differentiate exposure by source, and HBM
alone cannot provide information about the source of exposure
or how long a chemical has been in the body. For translation of
HBM data into daily exposure estimates there is need of a detailed
understanding of the potential analytical/methodological pitfalls
and of the toxicokinetics of the individual chemical (7).

In addition, HBM raises important ethical and privacy issues
due to the fact that it involves taking samples from humans, some-
times in an invasive manner (blood samples) (7). The donation of
tissues or fluids by healthy volunteers implies sensitive ethical and
privacy issues. To ensure the protection of the rights and dignity
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of study participants a complex legal and ethical framework exists
in Europe. One of the most important international references to
define and safeguard fundamental human rights in the field of bio-
medical research, in particular of those participating in research,
is the Oviedo Convention and its Additional Protocol concerning
Biomedical Research. The Additional Protocol emphasizes the
necessity of obtaining informed consent and requires that a re-
search project is submitted to an ethics committee for independent
examination of its scientific merit and multidisciplinary review of
its ethical acceptability. The Data Protection Directive 95/46/EC
(now replaced by General Data Protection Regulation) regulates
the processing of personal data within the EU. It places obligations
on organizations using personal information and gives individuals
certain rights. Samples and data obtained in an HBM study are
considered sensitive personal data related to health. Processing
of such data is in principle forbidden, unless certain conditions
are met. The issue of ethics and data protection has also been ad-
dressed by the twin projects COPHES (COnsortium to Perform
Human biomonitoring on a European Scale) and DEMOCOPHES
(DEMOnstration of a study to COordinate and Perform Human
biomonitoring on a European Scale) (31).

CONCLUSION

HBM is an efficient and cost-effective way to measure the
level of exposure of the human body to xenobiotics. Its advan-
tage is the integration of all exposure routes and sources. Since
HBM information is an integrated exposure finding, it offers the
opportunity to trace and mimic a realistic exposure scenario. It
reduces the number of assumptions that need to be made when
estimating exposure and thus helps to reduce the uncertainties
in exposure science. Other advantages include the possibility
of clarifying human metabolic and contaminant toxicity mecha-
nisms, its usability in case of the majority of xenobiotics and the
fact that it reflects the internal dose of contaminant at the given
point in time. However, further harmonization in the area of
human biomonitoring is necessary in the light of results of the
COPHES and DEMOCOPHES twin projects in order to derive
equivalents of markers of external exposure and to address the
ethical and political aspects of its application. Nevertheless, the
overall benefits of HBM as part of a comprehensive approach to
risk assessment are unquestionable and constitute a step in the
desired direction by minimising uncertainty and approaching real
exposure values.
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