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A B S T R A C T   

Human biomonitoring (HBM) is a crucial approach for exposure assessment, as emphasised in the European 
Commission’s Chemicals Strategy for Sustainability (CSS). HBM can help to improve chemical policies in five 
major key areas: (1) assessing internal and aggregate exposure in different target populations; 2) assessing 
exposure to chemicals across life stages; (3) assessing combined exposure to multiple chemicals (mixtures); (4) 
bridging regulatory silos on aggregate exposure; and (5) enhancing the effectiveness of risk management 
measures. 

In this strategy paper we propose a vision and a strategy for the use of HBM in chemical regulations and public 
health policy in Europe and beyond. We outline six strategic objectives and a roadmap to further strengthen HBM 
approaches and increase their implementation in the regulatory risk assessment of chemicals to enhance our 
understanding of exposure and health impacts, enabling timely and targeted policy interventions and risk 
management. These strategic objectives are: 1) further development of sampling strategies and sample prepa
ration; 2) further development of chemical-analytical HBM methods; 3) improving harmonisation throughout the 
HBM research life cycle; 4) further development of quality control / quality assurance throughout the HBM 
research life cycle; 5) obtain sustained funding and reinforcement by legislation; and 6) extend target-specific 
communication with scientists, policymakers, citizens and other stakeholders. 

HBM approaches are essential in risk assessment to address scientific, regulatory and societal challenges. HBM 
requires full and strong support from the scientific and regulatory domain to reach its full potential in public and 
occupational health assessment and in regulatory decision-making.   

1. Introduction 

We live in a world with rapid anthropogenic changes in natural and 
built environments which introduces substantial risks from chemicals in 
human populations. Exposure to a large number of highly diverse and 
biologically active chemicals is extensive, chronic, and multi-faceted 
(Bernhardt et al. 2017). The need to govern such risks from combined 
exposures from multiple sources of single, and mixtures of chemicals, as 
well as other stressors, is a central element of the European Commis
sion’s Chemicals strategy for sustainability towards a toxic-free environment 
(CSS) captured in the Staff Working Document (EC, 2020a). The CSS is 
part of the European Green Deal and its Zero Pollution ambition (EC, 
2020a). Risk governance involves multiple steps in order to understand 
a problem and make decisions on how to address it, in a process often 
depicted as a cycle as suggested by the International Risk Governance 
Council, shown in Supplementary Material Figure S1. In this risk 
governance cycle, human biomonitoring (HBM) has an important role to 
play. For instance, as shown in Fig. 1, HBM data feed into the risk and 
socio-economic assessment, the communication of HBM data to address 
concerns of citizens, and the assessment of the effectiveness of the 
implementation of exposure reduction policies. One of the main bot
tlenecks of the current regulation is the lack of data on the actual human 
exposures to the thousands of chemicals currently on the market.1 This 
leads to a lack of exposure knowledge that prevents existing and future 
health, environment, safety and sustainability legislation from attaining 
their full protective potential (Bruinen de Bruin et al. 2021). 

HBM is a crucial approach to detect and quantify internal exposures, 

and hence a key source of evidence in the risk assessment process. HBM 
datasets are also important in raising awareness about widespread 
chemical exposures (and other stressors) and their associated health 
risks. While the monitoring of external exposure sources, such as indoor 
and outdoor air, workplace air, drinking water, contaminants and 
pesticide residues in food, is anchored in legislation, human internal 
exposure as determined by HBM is generally not, except for occupa
tional settings. Although measuring chemicals in consumer products can 
give additional information on exposure sources (source monitoring), it 
only reflects potential external exposure (Schindler et al. 2014). In 
contrast, HBM measures chemicals and their metabolites in internal 
fluids or other human specimens, and as such by definition reflects the 
internal exposure, i.e. the amount that has been taken up by the body via 
inhalation, oral and dermal uptake. Consequently, HBM accounts for the 
presence of chemicals in the body taken up by all pathways and from 
multiple sources. Although it is clear that Europe is moving towards 
improving current systems for risk assessment and risk management of 
chemicals, a shared understanding on how HBM data can be established 
as evidence for regulatory decisions, consistent regulatory guidelines on 
HBM use, and the implementation of HBM in legal frameworks are still 
lacking. A recent paper gathered information on the use of HBM in risk 
assessment and showed that examples existed only for a few selected 
groups of chemicals and that there is a lack of legal enforcement (Louro 
et al., 2019). 

HBM can facilitate the “one substance, one assessment” (1S1A) 
approach described in the CSS (more coordination and consistency 
across regulations with a coherent assessment) by using exposure data as 
a basis for chemicals regulated under different pieces of chemical 
legislation. This would also support frameworks aimed at attaining 
optimal health for people on a healthy planet (as envisioned in the 
Planetary Health concept) (Panorama, 2017). Although significant ad
vances in this direction have already been made during the course of the 
European Joint Programme HBM4EU (https://www.hbm4eu.eu/) 

1 Risk assessed at least to some extent by government authorities before 
chemicals are allowed onto the market with or without restrictions (e.g. 
intended use for pesticides) or before ‘REACH restricted’ or ‘REACH authorised’ 
(i.e. banned except for very specific authorised uses). 
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(Ganzleben et al. 2017; Gilles et al. 2021), the use of HBM has not yet 
reached its full potential to facilitate the transition towards a more in
tegrated approach in chemical risk assessment. 

Over the past four years, the ‘Europe Regional Chapter of the Inter
national Society of Exposure Science’ (ISES Europe) has formed an 
expert working group on “Exposure data production: Human data” 
(hereafter referred to as the ‘HBM expert working group’). This HBM 
expert working group consists of specialists from different disciplines 
and policy domains representing over fifteen European countries. The 
HBM expert working group is committed to working on HBM as one of 
the priority areas of the European Strategy for Exposure Science 
2020–2030 (Fantke et al. 2020). 

The aim of the present activities is to: 

(1) Provide a state-of-the-art overview for HBM, including the ad
vantages and options for its more tailored or wider use in expo
sure science;  

(2) Translate these findings in strategic HBM objectives, actions, and 
needs for the 21st century HBM toolbox, which are necessary to 
strengthen regulatory risk and health impact assessments, and for 

decision-making contexts. “The 21st century HBM toolbox” in
corporates novel areas (i.e. effect biomarkers, exposure-disease 
continuum, non-target suspect screening, etc.) where HBM can 
fill the knowledge gap by associating chemical exposures with 
diseases. 

2. Methods 

Three approaches have been used since May 2018 to achieve the 
above goals:  

a. Expert knowledge elicitation using communication-based methods 
such as online interviews, roundtable discussions and brainstorming.  

b. A systematic analysis of strengths, weaknesses, opportunities, and 
threats (SWOT) to identify the opportunities, practical challenges, 
needs and future requirements for the use of HBM in research, policy 
and regulatory sectors in Europe. T The SWOT analysis was mainly 
performed using a script and group discussions during the second 
ISES Europe meeting held in Bilthoven (RIVM) in 2019 (Fantke et al., 
2020). 

Fig. 1. Risk governance of chemicals relies on monitored, modelled and reported data, from premarket design and evaluation (before a chemical is put on the 
market), to post-market implementation and evaluation of the effectiveness of policies (credit: EEA, 2020). 
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c. A simplified qualitative Delphi method following a structured group 
communication process in which a group of individuals jointly dis
cussed and agreed upon complex topics and strategic goals (Drumm 
et al. 2022). Although it is not necessary for participants to meet 
face-to-face with the Delphi technique, an expert meeting was 
organised at the Joint Research Centre (JRC) in Ispra (Italy) in 2020. 

The HBM expert working group had dynamic communication and 
several rounds of online meetings to work further on drafting this 
strategy paper. 

To facilitate the understanding of the discussions that take place in 
HBM studies, the various phases of an HBM study are presented in 
Supplementary Material Figure S2. 

3. Results 

This results section brings together the knowledge and contributions 
elicited through the aforementioned approaches. The SWOT analysis is 
presented in Table 1. The advantages of and options for HBM, which 
includes a discussion on exposure, awareness, time trends, sub- 
populations and the use of HBM in risk assessment, as well as 

monitoring the effectiveness of risk management measures (RMMs), are 
discussed in Section 3.1. In Section 3.2, the technical/scientific, finan
cial and regulatory requirements for a wider use of HBM to its full po
tential are presented. 

3.1. Advantages and options for HBM 

Below, we present the advantages and current options for further 
developing HBM with respect to nine aspects: 

3.1.1. Aggregate exposures 
HBM measurements are key in addressing aggregate exposure to one 

chemical, because HBM integrates all routes (inhalation, skin, ingestion, 
etc.) and sources of exposure (air, water, soil, food, consumer products, 
occupational exposure, etc.) and gives information on the internal body 
burden. 

Aggregate exposure is currently considered only in specific chemical 
regulations (e.g. for carcinogens in the EU Cosmetics Regulation). 
However, aggregate exposure also occurs for many other substances 
with the same or different health end points. Consequently, aggregate 
exposure is increasingly considered in EU risk assessment documents in 

Table 1 
Results of the SWOT (strengths, weaknesses, opportunities, and threats) analysis addressing applications of human biomonitoring (HBM).  

S - Strengths W - Weaknesses O - Opportunities T - Threats  

• HBM is much closer to health effects than 
external exposure.HBM measures internal 
exposure (aggregate and combined exposure) 

. 
HBM can be used to monitor internal 

exposure trends over time. 
HBM considers all exposure routes, 

including e.g., dermal and hands-to-mouth, 
which cannot be easily measured/modelled. 

Possibility to compare HBM data with HBM 
health-based guidance values to assess possible 
health effects. 

Effective tool to inform citizens on their level 
of exposures to chemicals. 

Previous HBM national campaigns have 
shown positive results.Exposure assessment 
during different (vulnerable) 

life-stages. 
Less expensive than the costs of health 

impacting exposures as shown by Burden of 
Disease approachesDetecting exposure to 
emerging new chemicals for e.g. from recycled 
products 

(implementing circularity in material work 
flows)  

• Detection of the sources, pathways 
of exposure is not possible without 
additional questionnaire data or 
ambient exposure date. 

For chemicals with a short half- 
life, exposure assessment by HBM 
tends to be incomplete. 

Number of validated exposure 
and effect biomarkers would 
benefit from extension. 

. 
Heterogeneity of HBM data 

across studies. 
Number of HBM methods need 

improving and quantification 
especially in combined exposure 
assessment.  

• Monitoring of need for new 
measures, compliance and 
effectiveness of risk management 
decisions (post-marketing 
surveillance). 

HBM may allow for an early 
warning system combining 
environmental sources and human 
exposure. 

Timely evaluation of effectiveness 
of regulatory policies.Inclusion of 
Adverse Outcome Pathways 

(AOPs) based effect biomarkers 
possible.Post 

-incident chemical exposure 
assessment. 

Linking external and internal 
exposure. 

Findings from HBM could lead to 
improved health care if considered 
by physicians in medical treatments. 

Further development of health- 
based guidance values allows inter
pretation of biomarker data in terms 
of health risk. 

Timely identification and priori
tization of chemicals/stressors of 
highest concern. 

Timely detection and evaluation 
of emerging chemicals and sub
stitutes via untargeted analysis. 

HBM can elucidate the relation
ship between exposure and effect 
biomarkers. 

Linkage of HBM to external expo
sure modelling. 

HBM results may be compared 
directly to internal exposure in crit
ical animal toxicity studies and in 
vitro toxicity studies with human 
cells. 

HBM is likely to augment signifi
cantly epidemiological studies. 

With appropriate study design 
and sufficient participants, can help 
identify causal relations between 
exposure and health effects.  

• Lack of regulatory use of HBM data. 
Lack of specific legal requirement for 

provision of HBM data.Insufficient 
consideration of ethical aspects might 
hamper data use and sharing (HBM data 
may be considered as sensitive personal 
information) 

. 
Variable costs of HBM analysis, 

depending on number and composition of 
analytes. 

Assessment is retrospective (chemicals 
already on the market and in use). 

Development of new HBM methods and 
conducting large-scale HBM studies 
required considerable investments.  
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the last decade (Choi et al. 2015; Rousselle et al. 2022). Chemical- 
related policies and regulations would benefit from systematically 
including HBM to better address aggregate exposure. 

3.1.2. Chemical mixtures 
In addition to giving information on the multiple sources of exposure 

from one chemical, HBM data give insight into co-exposure patterns of 
multiple chemicals. Consequently, HBM help in assessing combined 
exposures to chemical mixtures (Socianu et al. 2022). Chemicals and 
chemical mixtures can be assumed to contribute to the global human 
burden of diseases (Prüss-Ustün et al. 2011; Scholz et al. 2022). Data on 
co-exposures can inform source-to-dose models to identify sources of 
exposure that subsequently can be regulated to lower the burden of 
disease (Karrer et al. 2020). HBM data can inform the current and future 
understanding of exposure to real-life mixtures. For this purpose, 
chemicals measured in individual study participants should be strate
gically prioritised and the number of measured chemicals should on this 
basis be expanded in future studies (Bopp et al. 2018). 

3.1.3. Emerging chemicals 
There is a significant increase in the pace at which new chemicals are 

introduced, and consequently an increasing need for HBM approaches, 
particularly in order to achieve a good overview of chemical exposures 
in different populations. At the moment, only the tip of the exposure 
iceberg is visible when it comes to the estimated tens to hundreds of 
thousands of chemicals humans are exposed to throughout their lifetime 
(EEA, 2019; López et al. 2021; Schindler et al. 2014; Vorkamp et al. 
2021). One reason for this is that targeted quantitative analytical 
methods only exist for a limited number of chemicals. This is partly due 
to the lack of toxicokinetic information on specific markers, sensitive 
methods, and commercially available pure analytical standards. For 
industrial chemicals, it is necessary to identify and quantify chemicals 
according to the quality standards required for input to risk assessment 
(EC 657/2002 and ISO 17025). Overall, strategically applied HBM is an 
excellent approach in the preassessment of risks by screening for expo
sures to chemicals of emerging concern, using methods such as suspect 
and non-target screening (Csiszar et al. 2017; Jolliet et al. 2021). This 
would have societal benefits, as routine HBM would help to prioritise the 
chemicals of emerging concern with high/relevant exposures and to 
develop mitigation strategies that can prevent/reduce exposure and 
associated adverse health effects, as a result of which the impact on 
health systems and the associated costs would be reduced. For society, 
this timely intervention is likely to have considerable advantages, also in 
terms of cost-effectiveness. 

Furthermore, as Europe transitions towards a circular economy, 
HBM can inform the current and future understanding of potential new 
human exposures resulting from the implementation of circularity in 
material flows (i.e. recycling of new material flows). Implementing 
circularity potentially creates new pathways of exposure through which 
both the general population and workers can be exposed to hazardous 
chemicals (HBM4EU, 2022). This includes, for instance, consumer 
exposure to products containing recycled materials (recycled paper, 
consumer goods made from recycled plastics), dietary exposure to a 
range of chemicals resulting from the reuse of sewage sludge and waste 
water on agricultural lands, and workers’ exposure to chemicals in 
recycling installations and production processes using recycled 
feedstock. 

3.1.4. Exposure trends in populations 
HBM approaches are excellent ways of following up exposure time 

trends as well as elucidating the distribution of exposure among sub- 
populations. This information is important to locate exposure hot 
spots and exposures among vulnerable groups such as children, the 
elderly and people with low socio-economic status. Retrospective anal
ysis of (stored) biological samples (biobanks) can detect changes in 
production, use, and the effectiveness of exposure mitigation measures 

(Göen et al. 2018), provided that storage conditions ensure that modi
fications of the samples are negligible (Lermen et al. 2020). Some EU 
countries have well-established national HBM programmes. These have 
demonstrated how HBM can identify trends in chemical exposures, as 
well as people/groups of high risk, and evaluate any national policy or 
controls that have been implemented. For example, a HBM study iden
tifying an increasing trend toward ubiquitous exposures to DINCH 
(diisononylcyclohexane-1,2-dicarboxylate), a phthalate substitute, since 
it was introduced on the market (Schütze et al. 2014). 

Longitudinal prospective HBM studies can be used in identifying sub- 
populations at risk of higher exposures, as well as in tracking exposures 
to new chemicals and new biomarkers (Lermen et al. 2020). Thus, a 
consistent implementation of HBM programmes can identify time- 
related and/or geographical trends. It is essential to understand 
regional differences or regional-specific exposures that might exist, as 
well as potential differences between age groups (i.e. especially 
vulnerable groups), as consumer and dietary habits differ across age 
groups. The data from population-representative HBM can also provide 
a basis for the identification of the exposure of vulnerable groups and to 
assess if a separate, ad hoc strategy is needed. EU-OSHA is currently 
implementing a pilot study in six EU Member States collecting data on 
occupational exposure to cancer risk factors2 (EU-OSHA 2018). The 
survey is aimed at identifying vulnerable groups, such as workers 
exposed to multiple cancer risk factors. For some substances, in partic
ular those that can be absorbed through the skin or bioaccumulated, 
including HBM in health surveillance could provide additional insights 
into the internal exposure and for setting workplace prevention 
measures.3 

HBM is also applied to study spatial distribution in the environment, 
e.g. to compare exposures by distance to an identified source and to 
determine to what extent such exposure estimates can be associated with 
observed health effects that may be clustered around a (suspected) hot 
spot of environmental pollution (Abecasis et al. 2022; Odabasi et al. 
2015; Wilhelm et al. 2005). Contaminated sites may be related to in
dustrial activity, sanitary landfill or certain applications of high-risk 
chemicals, such as pesticides in agricultural settings (Figueiredo et al. 
2021; Silva et al. 2021; Trushna et al. 2022). Exposure studies may help 
to respond to questions and concerns within society about direct and 
indirect routes of exposures, particularly if they involve vulnerable 
groups living at a close distance to (suspected) sources of environmental 
pollution. In such settings, HBM can be used as an approach to com
plement other types of data collection and environmental monitoring. 
This type of use requires the application of contextual data and exposure 
modelling approaches to understand how environmental pollution may 
contribute to elevated levels of internal exposures and to identify groups 
with increased susceptibility (Oerlemans et al. 2018; Schmied-Tobies 
et al. 2021). 

Overall, conducting well-designed HBM programmes on a routine 
basis means that changes in exposures (exposure biomarkers) or in 
populations at increased risk of developing a disease (exposure and ef
fect biomarkers), including vulnerable groups, can be readily identified, 
enabling timely responses to reduce exposures and remove the exposure 
source(s). 

Therefore, HBM approaches could be utilised, in context, as an early 
warning system for increasing human exposures to specific chemicals. 

3.1.5. Chemical incidents 
HBM can be used for retrospective analyses and post-incident 

chemical exposure assessment (Lemke et al. 2021; Scheepers et al. 
2011). Whereas air concentrations decrease below detectable levels 
soon after the exposure incident, biomarker levels of persistent 

2 https://osha.europa. 
eu/en/facts-and-figures/workers-exposure-survey-cancer-risk-factors-europe.  

3 https://oshwiki.eu/wiki/Biological_monitoring_(biomonitoring). 
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substances can still be determined quantitatively for up to weeks or even 
several months after the exposure event for some chemicals (Aylward 
et al. 2014). The detection periods after an incident depend on the half- 
life of the biomarker (Scheepers et al. 2011). Additionally, biobanked 
samples also allow for a retrospective exposure analysis for non- 
persistent chemicals (Conrad et al. 2017; Kolossa-Gehring et al. 2012). 
These HBM data can support retrospective exposure assessment. They 
enable, inter alia, making a distinction between exposed and non- 
exposed groups. Biomarkers can also provide an estimate of the extent 
of the exposure, and enable comparison with baseline or background 
levels in the general population (De Smedt et al. 2014; Scheepers and 
Smolders 2014). The same principle can be applied in occupational 
settings as part of an exposure surveillance programme (Bader et al. 
2021). HBM data can be used to support risk communication and 
expectation management in the aftermath of a chemical incident where 
‘worried well’ individuals may not be identifiable, which may enable 
providing reassurance and may support resilience. Aftercare and sup
port to recover both mentally and physically can be offered to in
dividuals who initially did not have health complaints (Simons et al. 
2016), including first responders that need appropriate follow-up (Van 
Nieuwenhuyse et al. 2014). The use of HBM during and after chemical 
incidents is supported by a guidance document on a national level 
(Eggens et al. 2012; Scheepers et al. 2014). HBM has also been adopted 
as a viable approach in disaster management (Casajus Valles et al. 
2020). 

3.1.6. Potential onset of adverse health effects 
HBM is not limited to exposure data, as HBM can be complemented 

with data on effect biomarkers (Zare Jeddi et al. 2021a), i.e. evidence of 
biochemical or physiological changes or responses that can predict the 
onset of adverse health effects in an organism resulting from a given, 
multiple exposure (Travis 2013). Effect biomarkers reflect combined 
biological effects and can serve as an approach for assessing exposures 
and early effects of both known and unknown chemical mixtures 
(Rodríguez-Carrillo et al. 2021; Vinggaard et al. 2021; Zare Jeddi et al. 
2021a). Therefore, the assessment of effect biomarkers (e.g. DNA dam
age, oxidative stress, endocrine disruption, altered structure/function) 
can represent an approach towards solving some of the regulatory 
challenges regarding exposure to chemical mixtures (Gundacker et al. 
2021; Rodriguez-Carrillo et al. 2022; Zare Jeddi et al. 2021a). 

The use of toxicological and mechanistic knowledge, such as the 
adverse outcome pathways (AOP) concept, is important to select rele
vant and predictive effect biomarkers. The AOP concept can evaluate the 
biological plausibility of the exposure-outcome associations observed 
between HBM data and health effects in epidemiological studies (Mus
tieles et al. 2022; van den Brand et al. 2022). 

HBM measures internal doses and, when used with available epide
miologic, toxicological, and toxicokinetic (modelling) data, help in the 
estimation of the amount of chemicals absorbed into the body, which 
could indicate potential health risks and increase the likelihood of 
detecting an exposure–response relationship (Apel et al. 2020; Schütze 
et al. 2015). These actual doses found in human populations can also be 
used to better interpret in vivo (i.e. animal data) and animal-to-human 
extrapolation. Combining HBM data with physiologically-based kinetic 
(PBK) modelling, which integrates absorption, distribution, metabolism 
and excretion (ADME) of a chemical, can further help hazard charac
terisation in combination with toxicological data (Connolly et al. 2020). 

3.1.7. Monitoring the effectiveness of risk management measures (RMMs) 
As illustrated in Fig. 1, HBM can be used for post-marketing sur

veillance, monitoring compliance and measuring the effectiveness of 
RMMs for regulated chemical substances (Kolossa-Gehring et al. 2012). 
In occupational settings, for example, HBM has been used for many 
decades and is still regularly used. This may be due to the employers’ 
regulatory obligations, such as compliance with occupational exposure 
limits aimed at health promotion and disease prevention (Galea et al. 

2021; Louro et al. 2019; Viegas et al., 2020). HBM implementation de
pends on the country’s legislation. In some cases, HBM is used as a 
method for occupational hygiene assessments and in other cases for 
health surveillance (Viegas et al., 2020). In the latter application, the 
data are considered medical data, and therefore restrictions may apply 
to further/other uses, such as in the context of exposure and risk 
assessment. 

HBM can be used to evaluate the success of regulations to lower 
exposure to chemicals, e.g. by introducing existing regulatory limits in 
vertical sector policies (e.g. for water, food or consumer products), or 
banning uses horizontally, e.g. through authorisations and restrictions 
under REACH. HBM levels may be compared with typically non- 
regulatory HBM guidance values (HBM-GVs) to calculate the fre
quency or the exceedance of the HBM-GVs. Plotting the values as a 
function of time or space can be used to build indicators showing time 
trends or variances across countries for single or groups of substances 
(Buekers et al. 2018). The pure presence, e.g. frequency of detection and 
quantity of a substance, of both currently used and legacy chemicals can 
provide information on the chemical pressure from legacy, currently 
used and emerging contaminants. When linked to other descriptors, this 
may also give insights into possible routes of exposures that would 
require regulatory attention, and into whether or not the substances are 
significantly absorbed (Conrad et al. 2017; Koch et al. 2017; Moos et al. 
2015; Schütze et al. 2014). In legal disputes, it could also detect expo
sure in case of unexpected complaints (Buekers et al. 2018). Overall, 
HBM indicators can be a very useful tool for policymakers and scientists 
to communicate how well chemical policies have delivered, and to point 
towards areas where additional policy actions may be needed. 

3.1.8. Application in risk assessment 
HBM can be used to strengthen exposure assessment in the regula

tory risk assessment process for both workers (Santonen et al. 2022) and 
the general population. When assessing the risk posed by a certain 
chemical – as equivalent to exposure* hazard – it should be kept in mind 
that the exposure levels usually drive the differences in risk observed 
across scenarios and populations. Recently, an occupational study 
dedicated to occupational Cr(VI) exposure aimed to provide EU relevant 
exposure data to support the regulatory risk assessment and decision- 
making. In addition, the capability and validity of different bio
markers for the assessment of Cr(VI) exposure were evaluated (Santonen 
et al., 2022). This study has enabled us to recognise HBM as an impor
tant exposure assessment tool, to identify which exposure scenario im
plies higher exposure (plating, welding or other surface treatments), and 
which risk management measures are more effective in controlling 
workers’ exposure (Viegas et al., 2022). 

Concrete uses of HBM in regulatory risk assessment processes for 
REACH restriction and authorisation purposes are limited. They mainly 
relate to high production volume chemicals (REACH), some well-known 
environmental contaminants (European Food Safety Authority (EFSA)) 
(Verhagen et al. 2018), and workers’ exposures to pesticides (Louro 
et al. 2019). The lead, mercury, phthalates and bisphenol A (BPA) re
strictions and 2,2′-dichloro-4,4′-methylenedianiline (MOCA) author
isation process provide good examples on how HBM data can be used to 
strengthen exposure assessment in the regulatory risk assessment un
derlying and evaluating the effectiveness of RMM (Louro et al. 2019). 

In particular, HBM can support model evaluation and/or validation 
where individual data are strongly preferred. For example, in the case of 
the BPA restriction in thermal paper (ECHA, 2015), HBM data provided 
a strong basis for the risk assessment and RMMs (Louro et al. 2019). 

Overall, HBM is underused (Viegas et al., 2020) and long-term HBM 
programmes with comparable and consistent data quality to evaluate 
the effectiveness of chemical control efforts should be further developed. 
Very few national and international chemical control strategies have 
been implemented in legislation to check the effectiveness of regulatory 
measures. For example, since 2007 a global monitoring plan for POPs 
has been established to provide comparable biomonitoring information 

M. Zare Jeddi et al.                                                                                                                                                                                                                            



Environment International 168 (2022) 107476

7

on the presence of POPs listed in Annexes A, B and C of the Stockholm 
Convention and to follow temporal changes (UNEP, 2019). In addition, 
the collection of HBM data to track changes in mercury exposure has 
been proposed to evaluating the effectiveness of the Minamata 
convention to ensure that the initiative successfully protects human 
health and the environment from mercury (Evers et al. 2016; UNEP, 
2013). 

3.1.9. Priority setting for policy actions based on health endpoints 
Integrating HBM data into risk assessment for human health and 

chemicals regulations in general would further protect the human 
population (Lange et al. 2021; Ougier et al. 2021; Wilhelm 2021). To 
this end, it is necessary to develop scientifically sound and up-to-date 
health-based HBM guidance values (HBM-GVs), which can be used for 
direct interpretation of HBM data and to protect the general population 
by integrate them into public health systems. 

HBM-GVs are derived from epidemiological and/or toxicological 
data. They indicate the concentration of a compound or its metabolite(s) 
in a biological matrix (e.g. blood, urine) at or under which a health risk 
is not anticipated, according to current knowledge (Apel et al. 2020). In 
occupational health, these values are set by several expert bodies 
including the American Conference of Governmental Industrial Hy
gienists (ACGIH) in the US, the MAK Commission in Germany, the 
French Agency for Food, Environmental and Occupational Health & 
Safety (ANSES), and the former Scientific Committee on Occupational 
Exposure Limits [(SCOEL) now in RAC] (ACGIH 2021; ANSES 2020; 
Forschungsgemeinschaft, 2017; SCOEL 2017). For the general popula
tion, different health-related assessment values are established such as 
HBM-I and HBM-II values from the German HBM Commission, bio
monitoring equivalents (BE) by Summit Toxicology and Health Canada, 
health-related guidance values (HBM-GVs) referring to the internal body 
burden set by HBM4EU (Lange et al. 2021). 

Health-based HBM-GVs can be used directly for the interpretation of 
HBM data as a solid scientific basis for chemicals policy and risk 
communication. These values can help to refine the public health risk 
assessment by identifying exposures of potential concern, but also 
indicate potential regulatory priorities and the need for (additional) 
measures to reduce exposures (Apel et al. 2020). 

In addition, HBM data can support derivation of a possible mixture 
assessment factor (MAF), suggested for single substance risk 

assessments, to account for unknown co-exposures (Socianu et al. 2022). 
It would be of benefit to analyse a wider range of chemicals in the same 
individuals to better understand true co-exposure patterns. 

Overall, the HBM expert working group classified the advantages of 
HBM in five major key areas (Fig. 2): 

Assessing internal and aggregate exposure in different target 
populations. 
Assessing exposure across all life stages – developmental life- 
stages constitute critical windows of vulnerability. Increased expo
sure due to a higher food consumption per kg bodyweight (children), 
underdeveloped or impaired detoxification mechanisms (such as in 
children, pregnant women, and the elderly), and developmental 
periods (preconception, prenatal, and early postnatal) account for a 
higher susceptibility. 
Assessing combined exposure to multiple chemicals (mixtures) 
– An improved exposure assessment using HBM to identify relevant 
co-exposure patterns (real-life mixtures) will lead to an improved 
mixture assessment. 
Bridging regulatory silos – reflect the aggregate exposure to one 
chemical used for different purposes and regulated under different 
legislative frameworks, e.g. a substance used as pesticide, biocide 
and veterinary medicine. Linked closely with this are the objectives 
of ‘1S1A’. 
Enhancing monitoring compliance and effectiveness of RMMs – 
for those substances for which regulatory measures for exposure 
mitigation are already in place. 

3.2. Enabling the use of HBM to its full potential 

Making the most of HBM requires ongoing technical, scientific, 
financial, and regulatory improvement and support. In this paper we 
discuss nine areas that are important in this context. 

3.2.1. Establishing more national surveys in a range of countries 
Several countries (inter alia, the United States (US), Canada, Ger

many, France, Czech Republic, Belgium, South Korea, Japan) have 
ongoing nationwide HBM programmes to evaluate exposures to existing 
and emerging pollutants. HBM is a key component in the US National 
Health and Nutrition Examination Survey (NHANES), which also 

Fig. 2. The role of HBM in addressing the main challenges of risk management of chemicals. Risk Management Measures; 1S1A = one substance once assessment; 
QA = Quality Assurance; QC = Quality Control. 
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includes health parameters. NHANES data have provided exposure in
formation to establish reference ranges as well as highlighting specific 
chemical exposures and inherent factors of variability (e.g. sex, age) 
(Calafat 2012). The Canadian Health Measures Survey (CHMS) is a HBM 
survey of the general population. CHMS has established population 
baseline concentrations levels and informed regulatory risk manage
ment decisions for safeguarding public health (Haines et al. 2017). In 
Germany, two major HBM programmes, the population representative 
German Environmental Survey and the German Environmental Spec
imen Bank, provide population HBM data used to identify exposures of 
concern, identify sources and higher exposed sub-population, control 
the effectiveness of measures and derive risk reduction measures 
(Kolossa-Gehring et al. 2012). 

These national programmes have demonstrated that HBM can play 
an important role in evaluating environmental chemical exposures and, 
in general, health protection policies. In addition, HBM programmes 
provide population representative datasets, which may be used both to 
trigger and to provide benchmarks for the assessment of groups 
deserving special attention. Some examples are for children (Hendryx 
and Luo 2018) and occupationally exposed groups (Varshavsky et al. 
2020). 

Many countries, however, lack HBM population studies in general, 
stand-alone national programmes, to collect HBM data for a wide variety 
of chemicals over time that are representative of specific characteristics 
of the populations such as age, sex, community size, and socio- 
demographic factors. The lack of availability of long term regular 
consistent monitoring programmes, as well as technological, methodo
logical and biobank resources to monitor human exposure and time 
trends to various chemical substances in a timely manner pose chal
lenges and limitations to cross-country chemical regulatory assessments 
(Lermen et al. 2020). Europe would benefit from more nationwide 
programmes, as well as an EU-wide HBM programme implemented in 
legislation continuing the work of HBM4EU (https://www.hbm4eu.eu). 

3.2.2. Developing more chemical standards for biomarkers 
Analytical reference standards for the biomarkers of choice are often 

not (commercially) available. In several cases this is due to the lack of 
toxicokinetic information which is prerequisite for the identification of 
specific and sensitive biomarkers. Custom synthesis of the compounds or 
metabolites used as biomarkers is required for unambiguous identifi
cation, development and validation of quantitative methods. An 
increased use of HBM would create a demand for more toxicokinetic 
studies and the subsequent production of standards, which might make 
it lucrative for companies to develop standards for more chemicals at a 
faster rate. 

3.2.3. Promoting routine laboratory analysis 
A more regular performance of HBM (i.e. on the basis of regular 

population studies) with substantial numbers of samples would stimu
late the process of establishing HBM analyses as routine procedures in 
labs. This would increase efficiency and reduce cost. Therefore, a more 
extended analytical coverage of biomarkers and greater involvement of 
different laboratories providing tests on a routine basis will be important 
for further broadening the use of HBM. 

3.2.4. Further improving quality assurance (QA) / quality control (QC) for 
HBM methods 

It is not always clear whether HBM results generated by different 
laboratories are comparable or this comparability may be insufficient, 
even though quality assurance systems such as G-EQUAS (https://www. 
g-equas.de) and comparable systems in the US and worldwide offer 
internationally recognised quality assurance systems and regular round 
robins in which a large number of international HBM laboratories sys
tematically participate. As demonstrated and promoted within the 
COPHES/DEMOCOPHES projects and more extensively in the European 
Joint Programme HBM4EU (López et al. 2021), dedicated QA/QC 

programmes safeguard comparability of data for a number of bio
markers/biological matrices pairs, and result in a network of competent 
and highly qualified expert laboratories. Substantial QA/QC efforts have 
been made within EU-funded research projects and these will continue 
within the Partnership for Chemicals Risk Assessment (PARC) (Cabal
lero-Casero et al. 2021a; López et al. 2021; Nübler et al. 2022a; Nübler 
et al., 2022b; Schindler et al. 2014; Vorkamp et al. 2021). Establishing 
these activities on a permanent basis is important to utilise the full po
tential of HBM. 

3.2.5. Better understanding of toxicokinetics 
Better knowledge of biomarker kinetics, including the identity of 

biotransformation products (e.g. primary and secondary metabolites) 
and biomarker concentrations in easily obtained biological fluids and/or 
matrices (e.g. quantification of urinary excretion rates of parent com
pounds to ensure extrapolation to internal concentrations), is a key 
factor for the identification of specific and sensitive markers which are a 
prerequisite for further improving the use of HBM. A more systematic 
generation and use of toxicokinetic knowledge in view of a better 
interpretation of HBM data (Carusi et al., 2022), e.g. by enabling the 
calculation of uptake rates (Koch et al. 2014; Kolossa-Gehring et al. 
2017) is another building block of making better use of HBM. 

3.2.6. Increasing findability of HBM data suitable for regulatory purpose 
The relevance of HBM in a worldwide context is often under

estimated, in part due to the unharmonised (heterogenous) presentation 
of the HBM data (not well structured or aligned), unclear quality (e.g. 
lacking QA/QC for chemical analysis), and missing contextual infor
mation (metadata). In practice, finding data from studies that are suit
able for a specific regulatory purpose is challenging. Some studies are 
fragmented and heterogeneous in terms of design, terminology, 
biomarker nomenclature, and data formats (Zare Jeddi et al., 2021b). In 
addition, policymakers are often required to produce quick responses 
when problems arise and therefore need timely access to reliable HBM 
data to come up with sound policy actions (Joas et al. 2017). These 
shortcomings limit our capacity to compare and integrate data sets 
retrospectively (i.e. reuse). 

As an important step in this direction, HBM4EU has made a big 
contribution to improving the availability, accessibility and findability 
of European HBM data (Gilles et al. 2021). More than 61 harmonised 
datasets from European studies and the HBM4EU Aligned Studies can be 
found through HBM4EU Dashboard (https://www.hbm4eu. 
eu/what-we-do/european-hbm-platform/eu-hbm-dashboard/). In 
order to feed HBM4EU data into the Information Platform for Chemical 
Monitoring (IPCHEM), HBM4EU has harmonised vocabularies and for
mats for reporting (meta)data (Bopp et al. 2020). HBM4EU has managed 
to post-harmonise existing data from former studies and produced 
harmonised data in the HBM4EU Aligned Studies (Eva et al. 2022). 
HBM4EU data are also available via IPCHEM. 

3.2.7. Promoting holistic exposome approach in HBM studies 
A critical feature of the exposome paradigm is that it entails a 

comprehensive characterisation of exposures an individual experiences 
over a lifetime (Wild 2012). It relies on interdisciplinary approaches in 
the characterisation of external exposome as well as internal exposome 
(biomonitoring and omics) (Vrijheid 2014). Major issues related to 
human biomonitoring in the exposome context have been extensively 
discussed (Dennis et al. 2017). The holistic understanding of the internal 
exposome can be achieved through a combination of approaches, 
including targeted biomonitoring and agnostic analyses (untargeted/ 
semi-targeted). While both targeted and non-targeted human bio
monitoring on their own have limitations in providing a holistic view of 
the exposome, they can ensure quality assurance / quality control, 
which has seen significant advancement through large-scale collabora
tive efforts such as COPHES, DEMOCOPHES and HBM4EU. In the 
evolving and rather young exposome landscape, such quality assurance 
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is limited, except through HBM4EU achievements available for agnostic 
analyses (Caballero-Casero et al. 2021b; Oberacher et al. 2020; Pourchet 
et al. 2020). The tasks ahead are to overcome pre-analytical and 
analytical challenges by minimising variability during sample prepara
tion (analyte extraction method) and analysis, as well to develop 
harmonised semi-quantitative methods. 

As gaining a better understanding of the exposome will require ev
idence amalgamation, the process could be enriched by reusing existing 
HBM data, analysis (prospective and retrospective) of biobank HBM 
samples, and federated analysis in line with FAIR (findability, accessi
bility, interoperability, and reusability) principles, combined with 
computational and mathematical modelling. The lack of data for expo
sure and HBM approaches presents a challenge as the exposome 
assessment involves analysis of life course data. Additional emphasis 
should be placed on addressing the lack of data through multiple 
imputation and machine learning approaches. Therefore, exchange and 
complementarity of the European human biomonitoring projects, pro
grammes and partnerships (ESBIO, COPHES, DEMOCOPHES, HBM4EU, 
PARC) and the European human exposome initiatives (HELIX, HEALS, 
EXPOsOMICS and European Human Exposome Network) will be critical 
to broaden our understanding of environmental exposures and health 
outcomes. Another approach for combined exposure is to map the 
spatial coincidence of multiple stressors by overlaying environmental 
monitoring data from different media, as well as social and demographic 
data. Both approaches cover not only environmental stressors but also 
social vulnerability (EEA, 2020). This has also been recognised as a 
challenge, as combination of data is not easy however artificial intelli
gence could be a tool to help address this issue. This would also require 
upfront harmonisation of data frames (Zare Jeddi et al., 2021b). 

3.2.8. Inclusion of HBM in chemical regulations against the background of 
legal requirements 

The potential of HBM has not been appropriately recognised in EU 
chemicals regulations to date and, except for the occupational setting, 
there is neither a requirement to perform HBM nor are there any specific 
legal requirements providing for this. One challenge in systematically 
recognising HBM in the regulatory context is the EU General Data Pro
tection Regulation (GDPR) that came into force in the European Union 
in 2018. In HBM4EU, (which took place 2017–2022), for instance, it has 
become clear that compliance with the GDPR required additional ef
forts. This resulted, for example, in intense discussions about the 
strengths and limitations of anonymisation and pseudonymisation of 
individual data, which is particularly relevant when data are to be 
shared. Further policy input will be necessary to further facilitate HBM 
in chemical regulations against the background of ethical and legal 
issues. 

3.2.9. Deriving more HBM health-based guidance values 
The most informative studies for deriving HBM-GVs are properly 

conducted human studies adequately reporting measured internal con
centration levels of a chemical, metadata (i.e. sampling times, adequate 
description of the study population, analytical methods used etc.), as 
well as the relationships between concentrations of a chemical or its 
metabolites in human biological media and the occurrence of adverse 
effects. The promotion of scoring systems, such as LaKind or STROBE 
(Strengthening the Reporting of Observational studies in Epidemiology), 
could encourage better quality studies and better reporting of quality 
aspects (LaKind et al. 2014). 

As studies in humans are limited, additional means to derive HBM- 
GVs has been developed, which have been approved at EU level after 
broad discussion in all 30 HBM4EU partner countries (Apel et al. 2020). 

4. Six strategic objectives and an associated action plan 

Taking into account advantages of HBM and requirements for a 
broader use of the HBM approach, we define a twofold goal for the HBM 

Strategy to catalyse change in regulatory exposure assessment and 
policy (Fig. 2):  

I. High-quality HBM (meta)data sustained over time covering a 
broader range of chemical substances and regulatory silos, coverage 
of sub-populations (more age groups, more regions, more socio- 
economic groups, etc.), improved significance of HBM data for risk 
assessment (e.g. through the integrated use of exposure and effect 
biomarkers, and the derivation of additional toxicologically derived 
health-based guidance values, such as the HBM-GV (Apel et al. 
2020), HBM I, and HBM II-Values (Apel et al. 2017) or the Bio
monitoring Equivalents (BEs) (Hays and Aylward 2012).  

II. Better regulatory use of HBM approach 

The achievement of the following six strategic objectives (Fig. 2) will 
likely improve the use of HBM, and thus contribute to achieving the goal 
of better regulatory embedding and the use of HBM, as well as the goal of 
better coverage: 

(1) further development of sampling strategies and sample prepara
tion towards cost-effectiveness;  

(2) further development of chemical-analytical HBM methods;  
(3) improve harmonisation throughout the HBM research life cycle;  
(4) further development of quality control (QA) / quality assurance 

(QC) throughout the HBM research life cycle;  
(5) obtain sustained funding and reinforcement by legislation;  
(6) extend target-specific communication. 

All six strategic objectives identified in Fig. 2 are translated into 
clearly identifiable actions to consolidate and expand existing knowl
edge to support and advance regulatory use and implementation of HBM 
across current and future EU legislation. In this paper, actions are dis
cussed at a relatively high level, as the scope of this paper is to set a 
strategy and propose a roadmap (Table 2). Some actions have been or 
will be the subject of separate papers linked to this HBM strategy paper 
(Heinemeyer et al. 2021; Zare Jeddi et al. 2021a; Zare Jeddi et al., 
2021b). 

4.1. Strategic objective 1 – Further development of sampling strategies and 
sample preparations towards cost-effectiveness 

Biological sample collection should be easier, faster and more 
affordable, while still being reliable. Biosensors, lab-on-a-chip and self- 
sampling devices are measurement devices that allow for greater ease of 
collection, as well as smaller volume collection as needed. The avail
ability of these devices should be increased and more widely commu
nicated to the HBM community. A wider implementation of these 
approaches is likely to lead to increased sample numbers (Arakawa et al. 
2020; Hauser et al. 2019; Lenk et al. 2015; Liu et al. 2021; Liu et al. 
2019). Blood sampling devices are an interesting new technology being 
developed to make sampling easier, more affordable and faster in 
medical settings. This technology might facilitate ‘at home’ sampling 
that allows participants to self-sample if contamination-free conditions 
are safeguarded, with the samples then either being collected or sent by 
the participants to the laboratory for analysis (Seger and Salzmann 
2020; Vorkamp et al. 2021). 

Although the chemical-analytical sensitivity has significantly 
improved in the past decades, a further lowering of the limit of detection 
(LOD) and limit of quantification (LOQ) might be necessary in some 
cases, certainly when it comes to promoting low-volume sampling 
(typically less than 100 µL). Such improvements in detection capability 
create additional responsibilities in terms of the interpretation of ‘pos
itive’ results. 

Ensuring the absence of external background contamination during 
sampling for ubiquitous chemicals, as well as pre-analytical sample 
treatment and control of other possible pre-analytical errors, are crucial 
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Table 2 
Strategic objectives, their most relevant associated objectives and more concrete actions as part of the European Exposure Science Strategy for human biomonitoring 
(HBM) with a roadmap for the mid-term (2022–2025) to long-term (2026–2030), including most relevant stakeholders1.  

Objectives and specific actions Most relevant 
stakeholders2 

Timeline* 

Strategic Objective 1: Further develop sampling strategies and sample preparation 
Advancing generation of HBM data Guidance on harmonisation/optimisation of study designs, research 

protocols, collection of samples (e.g. standardised terminology) 
PARC 
Agencies3 

OECDIndustry  
(associations) 
Academia and RI’s 
NGOs 

Mid-term 

Inventory and assessment of available HBM sampling techniques Academia and RI’s Mid-term 
Further develop protocol and guidance to combine HBM studies with 
health surveys (HBM coupled with nutrition and health studies) 

PARC 
Academia and RI’s 

Mid-term 

Speeding up pre-analytical phase Less expensive, faster and non-invasive sampling (micro sampling, 
postal shipping) 

Academia and RI’s Mid-term 

Semi-automated sample preparation Academia and RI’s Mid-term 
Exploring ‘point-of-sampling’ sensors for effect biomarker 
determination 

Academia and RI’s Long-term 

Include toxicokinetics (TK) in humans to improve HBM 
study design and interpretation and use of HBM data 

Parallel use of occupational HBM aligned with high quality personal 
monitoring (inhalation and dermal exposure) as controlled exposure for 
establishing basic toxicokinetic (TK) parameters, so-called combined 
monitoring 

Academia and RI’s Long-term 

Human TK knowledge-steered optimisation of HBM sampling protocols Academia and RI’s Mid-term 
Introducing regulatory requirements for absorption, distribution, 
metabolism, and excretion (ADME) and TK data (‘human-sentinel’ 
ADME and TK) 

Agencies 
European Commission 
OECD 
National Authorities 

Mid-term 

Better use of animal experiments and introducing requirements to 
derive TK data from these experiments 

OECD 
Academia and RI’s 

Mid-term 

Exploitation of human in vitro system ADME data to feed human PBK 
modelling to inform HBM study design and interpretation of HBM data 

Academia and RI’s Mid-term 

Accommodate and harmonise the templates for detailed ADME and TK 
data entry in (e.g. IUCLID in REACH dossiers and OECD harmonised 
templates), either human in vitro system ADME data, ‘human sentinel’ 
ADME and TK data and human volunteer study TK data and combined 
monitoring TK data) 

Agencies 
OECD 
Academia and RI’s 

Mid-term 

Guidance on harmonisation of human TK (animal, human volunteer and 
combined monitoring) data reporting 

OECD 
Academia and RI’s 

Mid-term 

Creating a registry system for human volunteer TK studies Academia and RI’s Long-term 
Accommodate registration templates for HBM data Accommodate the templates to include also HBM data, i.e. sec 

measurement data but also ancillary data such as IUCLID at ECHA 
Academia and RI’s 
Agencies 

Long-term 

Strategic Objective 2: Further develop chemical-analytical HBM methods 
Framework for the analytical performance assessment Promoting the use of suspect screening (SS) and non-targeted screening 

(NTS) 
Agencies 
Academia and RI’s 

Mid-term 

Propose harmonised guidance documents for method performance 
assessment, and analytical quality control (QA/QC provisions and 
criteria) for SS/NTS specifically dedicated for HBM analysis and in 
consideration of the guidelines for food contaminants and 
environmental contaminants. 

OECD 
National 
AuthoritiesIndustry  
(associations) 
Academia and RI’s 

Mid-term 

Establish need-based databases and mass spectrometric reference 
libraries for high throughput and qualitatively consolidated annotation 
of human biomarkers, linking/collaborating with already existing 
initiatives (e.g., NORMAN, IPCHEM, HBM4EU and incoming PARC 
resources and tools) 

European Commission, 
OECDIndustry  
(associations) 
Academia and RI’s 

Long-term 

Build proof-of-concepts to illustrate the applicability/potential of SS/ 
NTS for early warning detection of new and emerging contaminants. 

European Commission, 
OECD 
Academia and RI’s 

Mid-term 

Anchor the whole workflow and framework for SS/NTS in a transversal 
harmonization dynamic across the environment-food safety-HBM 
communities as well as in a sustainable and scaled-up implementation 
through a dedicated EU research infrastructure 

Academia and RI’s 
European Commission 
National Authorities 

Long-term 

Interface/interaction analytical databases/non-target data files with 
data repositories 

Academia and RI’s 
National Authorities 

Long-term 

Stimulate ISO 17025 accreditation (makes participation in EQUAS4/ 
proficiency testing mandatory), including guidelines for accurate mass 
spectrometry instrument settings, qualifiers, control tests etc 
(incentives for certification/accreditation). 

OECD 
Agencies 

Long-term 

Routine application of combined quantitative/qualitative analysis of 
biomarkers using full scan technologies 

Academia and RI’s  Long-term 

Integrated cross-platform for high-dimension chemical and analytical 
characterization of chemical exposure signatures 

Academia and RI’s  Long-term 

Improve analytic chemistry to measure human TK and/at low human 
exposure (limit of detection), e.g. with tracer techniques for human 
volunteer studies 

Academia and RI’s  Long-term 

Mid-term 

(continued on next page) 
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Table 2 (continued ) 

Objectives and specific actions Most relevant 
stakeholders2 

Timeline* 

Explore biomarkers of effect, and their regulatory use for 
mixture exposure assessments 

Examine suitability of biomarkers of combined effect/activity for 
exposure monitoring to relevant (well-known and unknown chemical) 
human mixtures 

National Authorities 
Academia and RI’s 

Set-up selection criteria for best/suitable use of effects biomarkers, 
which can be also used including as indirect exposure biomarkers (e.g. 
in occupational studies) 

Academia and RI’s Mid-term 

Validation (technical, biological/physiological and toxicological) of 
effect biomarkers, to be used as indirect exposure biomarkers for 
mixtures exposure 

Academia and RI’s Mid-term 

Encourage the systematic implementation of effect biomarkers to 
improve the understanding of exposure-health associations 

Academia and RI’s Mid-term 

Building Adverse Outcome Pathways (AOPs) based on human biology to 
validate the use of effect biomarkers 

Academia and RI’s Mid-term 

Develop guiding principles to set effect biomarker guidance levels to 
manage potential mixtures exposure for substances affecting that effect 
biomarker 

Academia and RI’s Mid-term 

Strategic Objective 3Further develop quality control (QC)/ quality assurance (QA) throughout the HBM research life-cycle 
Quality assurance analytical chemistry part Require registrants (producers or importers of the chemical substance) 

to provide analytical standards/parameters and analytical procedures 
in the relevant compartments, including degradation products 

Agencies 
National 
AuthoritiesIndustry  
(associations) 

Mid-term 

Develop SOPs for sample preparation and chemical analysis and 
promote their availability and use 

Academia and 
RI’sIndustry  
(associations) 

Mid-term 

Guidance for compliance testing Academia and RI’s 
OECD 
Agencies 

Long-term 

Guidance how to set QC/QA requirements Academia and RI’s 
OECD 
Agencies 

Long-term 

Reaching out to laboratories that offer analyses of environmental toxins 
to align with the HBM standards with the purpose to enable the use of 
statistical data. 

Academia and RI’s  Mid-term 

Quality assurance ethics and data protection Improvement of study design with respects to transparency, ethics and 
GDPR 

Academia and RI’s Mid-term 

Development of guidelines for study design and protocols which is fit- 
for-purpose including compliance with ethical guidelines and GDPR 

Academia and RI’s Long-term 

Strategic Objective 4: Improve harmonisation throughout the HBM Research Life-cycle  
Ensuring/improvement of reliability, comparability and 

reusability of HBM data 
Web-based registry with mandatory fields based on web-based 
templates for the registration process to optimise HBM study designs 
and standardisation of research protocols (under HBM Global Registry 
Framework) 

Academia and RI’s 
National Authorities 
WHO 
Agencies 
Publishers 

Mid-term 

Guidance how to implement FAIR (Findability, Accessibility, 
Interoperability, and Reusability) principles in HBM value chain (a 
FAIRification workflow) 

Academia and RI’s 
European Open science 
could 

Mid-term 

Create a FAIR catalog specifically for HBM to promote ‘FAIR by design’ 
studies 

Academia and RI’s 
European Open science 
could 

Mid-term 

Include research communities to encourage reporting in standard 
formats useful also for regulatory process 

Academia and RI’s 
European Commission 

Mid-term 

Active communication between all stakeholders regarding databases 
and data repositories 

Academia and RI’s 
European Commission 

Long-term 

Unique coding of analytes (substances and their metabolites) e.g., 
detailed in codebooks and unique linking to unique identifiers 
(presumably InChI or InChIKey) 

Academia and RI’s 
Scientific societies 
Agencies 

Mid-term 

Systematic development and coding of relations between chemical 
substances and their metabolic breakdown products used as biomarker 
of exposure and harmonised use in registry templates 

Academia and RI’s 
Scientific societies 
OECD 

Long-term 

Scientific workshops to harmonise human volunteer studies Academia and RI’s 
Scientific societies 

Mid-term 

Guidance how to use HBM in an early warning system (exposure 
awareness) 

Academia and RI’s 
OECD 
National Authorities 

Mid-term 

Federated systems to be able to use data without possessing them at EU 
level 

Academia and RI’s 
National Authorities 

Long-term 

(continued on next page) 
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Table 2 (continued ) 

Objectives and specific actions Most relevant 
stakeholders2 

Timeline* 

Strategic Objective 5: Obtain sustainable funding and reinforcement by legislation  
Promote uptake of HBM data into chemicals management 

including risk assessment  
Developing EU level guidance on the generation, interpretation and use 
of HBM in regulatory risk assessment 

Academia and RI’s 
OECD 
National Authorities 

Mid-term 

Criteria for consideration in the application of HBM data in human 
health risk assessment for single chemical and priority mixtures of 
chemicals 

Academia and RI’s 
National Authorities 

Mid-term 

Approaches for interpreting the HBM data for policy implementation (in 
relation to various perspectives, e.g. regions, age groups, sex, socio- 
economic differences, exposure mitigation, risk assessment etc.) 

Academia and RI’s 
Agencies 
National Authorities 

Mid-term 

Guidance on HBM data governance (planning, monitoring, and 
enforcement) 

Academia and RI’s 
National Authorities 

Long-term 

Advancing integration of HBM into epidemiological studies for 
chemical risk assessment: Developing an EU level guidance document 
for defining criteria for best use of epidemiological data and on 
interpretation of epidemiological studies in risk assessment 

Academia and RI’s 
Agencies 
National Authorities 

Mid-term 

Promoting nation-wide HBM programmes European Commission 
National Authorities 

Long-term 

Promoting sustainable funding for HBM studies European Commission 
National Authorities 

Long-term 

Use of HBM in the area of chemical incidents and disasters Agencies 
National Authorities 

Long-term 

Application of HBM as an exposure assessment tool in 
occupational safety and health (OSH)-related regulations 
for single chemical and priority mixtures of chemicals 

Developing guidance under OSH-regulations for HBM as an exposure 
assessment tool for risk assessment and risk management purposes 

Agencies 
National 
AuthoritiesIndustry  
(associations) 
Academia and RI’s 

Mid-term 

Collaborating with OECD on developing HBM guidance values for 
occupational settings 

OECD 
Academia and RI’s 

Long-term 

Further exploration of feasibility and existing guidance Academia and RI’s 
Agencies 

Mid-term 

Combining external exposure assessment tools (air and dermal 
sampling) with HBM (when, how, is it necessary) and interact with 
occupational hygienists’ associations. Evaluation of aggregate exposure 
(HBM might be more relevant) and use kinetic modelling for 
interpretation 

Academia and RI’s 
AgenciesIndustry  
(associations) 

Long-term 

Development of health-based HBM-guidance values and 
statistically derived HBM reference values 

Develop regulatory guidance for development of HBM guidance value 
for individual chemical substances and well-defined groups of them 
(like a few PFAS or a few phthalates) 

OECD 
Academia and RI’s 
AgenciesIndustry  
(associations) 

Mid-term 

Legal support for establishing general population HBM reference values 
to be used to interpret occupational HBM results 

OECD 
Academia and RI’s 
Agencies 

Long-term 

Strategic Objective 6: Extend target specific communication 
Improve the communication of HBM research outputs Develop communication protocols on how new findings can be applied 

to different fields of exposure science and how they can support new 
regulatory actions 

Academia and RI’s Mid-term 

Develop communication protocols on how physicians can communicate 
HBM results (including untargeted substances and the effects of 
exposure to multiple chemicals) to general public 

Academia and RI’s 
Agencies 

Mid-term 

Establish a survey of the current number and standards of screenings of 
patients who test for environmental toxins. 

Academia and RI’s Mid-term 

Prepare specific guidance for (interested) regulatory silos on how the 
new HBM research outputs can be applied and the advantages they 
bring 

Academia and RI’s 
Agencies 
European Commission 

Mid-term 

Develop risk communication schemes Academia and RI’s 
National Authorities 

Mid-term 

Provide medical training at universities regarding the exposure to 
chemicals and the ongoing professional training 

Academia and RI’s Mid-term 

Abbreviations: ADME = absorption, distribution, metabolism, and excretion; FAIR = Findability, Accessibility, Interoperability, and Reusability; NGOs = Non- 
governmental organisations; NTS = non-targeted screening; OECD = Organisation for Economic Co-operation and Development; OSH = Occupational safety and 
health; PBK = physiologically based kinetic; PFAS = Perfluoroalkyl and Polyfluoroalkyl Substances; RI’s = Research Institutions; SOP = standard operating pro
cedures; SS = suspect screening; TK: toxicokinetic; QA = quality assurance; QC = quality control; GDPR - EU General Data Protection Regulation. 
Timeline: mid-term (2022–2025); long term (2025–2030). 

1 Scientific societies in the area of exposure, occupational hygiene, occupational medicine, environment and health etcetera are not explicitly stated but are relevant 
for almost all tasks. 

2 Some of the actions are already in the work plan of ISES Europe HBM working group or European projects such as the European Partnership for the Assessment of 
Risks from Chemicals (PARC). 

3 Agencies such as ECHA, EFSA, US OSHA, EU OSHA, FDA etc. 
4 EQUAS - external quality assurance scheme. 
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considering the very large diversity of physicochemical properties and 
concentration levels encountered in HBM (Fiddicke et al. 2021; Zare 
Jeddi et al., 2021b). This aspect has not been sufficiently addressed to 
date, particularly with respect to the new large-scale suspect and non- 
targeted screening approaches (David et al. 2021; Pourchet et al. 2020). 

Reduction of analytical costs will be an important factor for 
embedding HBM analysis in ongoing and future monitoring programmes 
at a national or preferably international level. Repeated HBM sampling 
several times during the day is needed to establish relationships between 
internal exposure and the intake of food contaminants that leave the 
body quickly after intake (short half-life). For some studies, depending 
on their objectives, this requires a different study design and increased 
resources on many levels. One solution would be a combination of large- 
scale continuous HBM studies with a reasonable number of HBM sam
ples and small-scale HBM studies with more extensive and diverse bio
logical materials, which cover chemicals with both long and short half- 
lives in the body. In addition, combining health surveys and HBM 
studies can have added value for health and exposure monitoring and is 
cost-effective, as only one infrastructure is needed to collect information 
and recruit participants (Tolonen et al. 2022). However, this combina
tion of studies might also have its limits, in view of the available amount 
of biological material and the maximum time for asking participants 
questions for each arm of the study. 

Miniaturisation and automation of sample preparation might help to 
lower costs and increase sample throughput. However, the usually lower 
concentrations of metabolites representing the parent compound 
observed in human specimens (internal exposure) compared to the 
parent compound in environmental and/or food matrices (external 
exposure), coupled with small sample amounts (which limits the pos
sibility of concentrating the useful signals of interest), represent a 
challenge in reaching this goal. 

Another course of action would be to plan a rationalised sample 
preparation specifically dedicated to suspect and non-targeted screening 
approaches to maximise the number of accessible markers of exposure. 
This novel and important approach might help to identify unknown or 
overlooked chemicals, preferably at a time when it becomes feasible to 
generate reproducible semi-quantitative exposure data. 

Another important objective is the optimisation of the sampling 
strategy (time after potential exposure, blood or urine matrix, parent 
substance or metabolites), and to consider the dynamic aspects of the 
exposure and those of the toxicokinetics. When effect biomarkers are 
integrated into HBM, the same general considerations may apply. 
However, criteria should be adapted to the nature of effect biomarkers 
that are usually represented by biochemical (e.g. enzymes), cellular (e.g. 
DNA adducts) and/or omics (e.g. metabolomic) parameters (Hernández- 
Mesa et al. 2021). 

4.2. Strategic objective 2 – Further development of chemical-analytical 
HBM methods 

Ensuring an extended coverage of chemicals by means of a larger 
panel of accessible biomarkers, low detection limits and good quanti
tative performances, while also reducing analytical costs, continues to 
be a significant objective. One option to reduce analytical costs would be 
to create large national or international analytical core facilities with a 
wide range of chemical analytical instruments that provide open access 
options. This implies the need to develop well-defined guidelines for 
users and provide the required expertise to ensure the production of 
robust and reliable data (Andreasen et al. 2021). Obviously, availability 
of analytical reference standards and the possible need for various HBM 
protocols are complicating factors. Another option would be to combine 
multiple biomarker methods to generate more HBM data in a single 
analysis. For example, many metals have been quantified in one single 
HBM sample. Approaches used in pesticide and veterinary drug analysis 
of food and biological matrices (mainly limited to the parent com
pounds) can now determine hundreds of substances simultaneously and 

quantitatively (Heitland and Köster 2006; Morton et al. 2014; Park et al. 
2021). Targeted chemical analysis for a range of known chemicals 
combined with harmonised and reproducible semi-quantitative suspect 
and non-targeted screening (NTS) might permit documentation on a 
wider range of substances in an early warning and further prioritisation 
context. This could significantly boost the generation of HBM analytical 
data. Generally, sample preparation and data acquisition are similar for 
suspect screening and NTS whereas data analysis/mining are different. 
This challenging approach represents a promising strategy to advance 
the comprehensive characterisation of the human chemical exposome, 
but several analytical challenges related to sensitivity issues or the 
annotation process will first have to be overcome (David et al. 2021). 
The use of NTS requires advanced capabilities and good integration of 
new cutting-edge data management aspects (advanced data acquisition 
and processing facilities, bioinformatics, and modelling tools). The 
elaboration of an extended and qualitatively consolidated reference li
brary for annotation of the detected biomarkers with a sufficiently high 
level of confidence appears to be a crucial need. There is a need for 
establishing strong international collaboration and high-level 
networking to overcome these challenges (David et al. 2021). 

In the context of tracing mixtures of concern as well as new single 
chemicals of concern, Effect-Directed Analysis may be used in a bottom- 
up approach: First, test fractions of a HBM sample for a single toxico
logically relevant activity or a panel of such activities (e.g. interactions 
with a panel of nuclear receptors) would be tested in a responsive in 
vitro system. Second, if positive, an attempt would be made to identify 
possible marker(s) of exposure (chemical substances or metabolites) that 
are responsible for the observed activity (Rodríguez-Carrillo et al. 2021; 
Vinggaard et al. 2021). While the Effect-Directed Analysis approach is 
now mature, it is at present clearly less generally applied in HBM 
(Bjerregaard-Olesen et al. 2019). The application of Effect-Directed 
Analysis to human samples, such as blood, placenta, amniotic fluid, 
milk, or meconium, has great potential, as it may provide new insight 
into chemicals accumulating in the human body (Vinggaard et al. 2021). 

4.3. Strategic objective 3 – Further development of QA/QC throughout 
HBM research life-cycle 

Conducting the necessary QA/QC, method performance assessment, 
and harmonisation ensures a high level of data quality and compara
bility. It is essential to have insight into the intra- and inter-laboratory 
precision of HBM data generated by laboratories. We therefore 
encourage the adoption of common definitions and terminology by the 
whole community working in this field (Heinemeyer et al. 2021). This 
would help in harmonising workflows used to treat complex chemical 
analytical datasets and improving reporting of results. The involvement 
of multiple laboratories in data generation over time and across different 
countries is inevitable. One way to gain insight into the comparability of 
data and inter-laboratory precision is through EQUAS, also known as 
proficiency tests (PTs). There are very few providers of continuous QA/ 
QC (e.g. G-EQUAS,4 OSEQAS5) and the scope covered is relatively 
limited, but perhaps this number of providers could be expanded, if 
supported by the various, large-scale research initiatives that are 
ongoing. Therefore, development of a wide network of experts is 
required that can continue within the PARC framework and other rele
vant projects, such as EIRENE RI.6 This would reduce the investment 
cost for projects and ensure the long-term viability of commercial 
schemes. 

Existing guidelines and good practices for lists of priority substances 
from various HBM projects including HBM4EU7 (Ougier et al. 2021), as 

4 https://app.g-equas.de/web/.  
5 https://www.inspq.qc.ca/en/ctq/eqas/oqesas/description.  
6 https://www.eirene-ri.eu/.  
7 https://www.hbm4eu.eu/online-library/. 
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well as guidance documents and legislation from the food domain, form 
an excellent basis for the establishment of HBM analysis of various types 
of biomarkers (EFSA et al. 2017; EFSA et al. 2021; Verhagen and van 
Loveren 2016). The development of an extended and qualitatively 
consolidated mass spectrometry detection reference library for anno
tating markers of exposure will be a key strategical element for opera
tional and harmonised implementation of these approaches at the 
European level. 

Where analytical reference standards are not yet commercially 
available, there is a need for centralised custom synthesis and distri
bution amongst HBM laboratories. It is also important to harmonise 
collection and the use of repeated samples (analysed separately or 
pooled) to assess exposure to non-persistent chemicals. Collaborations 
must be encouraged to use complementary analytical techniques be
tween laboratories to cover the very large diversity of physicochemical 
properties of the chemicals of emerging concern. 

The HBM4EU lab network (https://www.hbm4eu.eu), which is 
continued in PARC, represents an important step towards a “map” of the 
existing laboratories (both nationally and internationally) and their 
domain of activities. In addition, there is a need for networking and 
collaboration between laboratories and large-scale pooling of compa
rable HBM data to identify relevant emerging research questions in 
addition to providing data for chemicals-related policies and 
regulations. 

4.4. Strategic objective 4 – Improve harmonisation throughout the HBM 
research life-cycle 

For HBM to become useable as evidence for regulatory decisions and 
policy, optimisation, harmonisation, and guidance are three domains 
where improvements will be necessary. Recently, HBM4EU has been 
working on systematisation and optimisation of the choices that need to 
be made before starting an HBM campaign (Fiddicke et al. 2021). These 
choices are framed as questions and include: which biomarkers best 
reflect certain external exposures; what is the best matrix to sample in; 
and what is the most appropriate sampling time, dependent on the ab
sorption, half-life and metabolism of the parent substance? Mostly, these 
optimisations have been completed for one programme or project and 
perhaps for the validation of the analytical methods for only a few 
chemicals. Germany has an ongoing programme for occupational 
human biomonitoring to optimise HBM campaigns (Göen et al. 2012). 
An ongoing OECD project aims to summarise the current state of 
knowledge in occupational HBM and support a harmonisation of 
deriving health based human biomarker guidance values and using 
biomonitoring in exposure assessment and risk management in occu
pational health.8 There may be different solutions for optimisation, 
which depend on the goal, the chemical of interest, and the various 
exposure scenarios. Therefore, optimisation and development of guid
ance on how to implement optimisation is needed. However, beyond 
this need for optimisation to support consolidation and improvement of 
data comparability, flexibility and innovation must be preserved, as 
HBM (including non-target screening and other front-of-science fields) 
continues to require capabilities in discovery and exploratory research 
(Pourchet et al. 2020). 

Harmonisation of HBM (meta)data is key in supporting and 
advancing regulatory risk assessments and management of chemicals in 
environmental and occupational health domains, as well as supporting 
1S1A and One Health policy needs. One Health is an umbrella concept 
that involves the evaluation and monitoring of the impact of chemical 
exposures on human health and the environment. To promote the gen
eration of comparable HBM data, the ISES Europe HBM expert group 
recently proposed the development of an HBM Global Registry 

Framework (HBM GRF) implementing FAIR principles and Open Science 
practices as the solution to several of the current challenges hampering 
the (re)use of HBM (meta)data. The HBM GRF aims to develop a global, 
host-independent platform (FAIRHBM) for the preregistration of HBM 
studies. This platform provides HBM specific metadata catalogues, 
harmonised terminologies, ontologies, and harmonised open-access 
protocol templates for better designing HBM studies, (Zare Jeddi 
et al., 2021b). Regulatory enforcement of HBM harmonisation is also 
conceivable. 

Along with the rapidly evolving HBM programmes and advanced 
omics technologies, large amounts of data are generated. Statistical (or 
other advanced) models help in establishing associations between 
exposure and health-related outcomes. Such relationships will only be 
elucidated when HBM data are (re)usable and comparable. 

Overall, for each step of conducting an HBM study, there is a need for 
developing relevant guidance. Further research and guidance are also 
needed on how to store HBM data in a database adhering to FAIR 
principles (Zare Jeddi et al., 2021b). (Meta)data should be easy to find 
for both humans and computers. Machine-readable metadata are 
essential for automatic discovery of datasets and services, so this is an 
essential component of the FAIRification process. In all the activities of 
data sharing, data protection plays an important role. If HBM data are 
aggregated, they can be considered anonymous and are not considered 
personal data under the European GDPR (EC, 2018; Eva et al., 2022). 
Single measurement HBM data must be handled in a stringent way to 
prevent the risk of re-identification of data subjects. GDPR requirements 
need to be strictly followed when processing such pseudonymised data. 
One solution would be to establish federated FAIR database systems 
(Collins et al., 2018) in which data contained in constituent databases 
can be used for further analyses by researchers or policy makers without 
holding or storing the data themselves on an in-house server. In addi
tion, data transfer agreements need to be established for processing 
personal health data. This means that in many cases the study partici
pants must have agreed at the beginning of the study in the consent form 
that data are shared with a pre-defined list of institutions. Data users 
need to demonstrate compliance with the original consent form and the 
research questions described therein. Therefore, the design of the study 
forms (data catalogues) at the beginning of the study is crucial to make 
the best possible use of the data later (Fiddicke et al. 2021). Further
more, the availability and accessibility of HBM data repositories should 
be considered. 

Harmonisation of HBM data will facilitate this process of developing 
HBM-GVs. The HBM-GVs need to be derived for a specific population 
and/or country and regularly updated to be meaningful on a national or 
regional level. HBM-GVs will also stimulate the harmonised use of effect 
biomarkers. Furthermore, it would be beneficial if spatial and temporal 
trends in chemical body burden could be correlated with time trend 
assessments of chemicals in occupational and environmental exposure 
(Buekers et al. 2018). Most of the available guidance values are derived 
from data showing external dose/health effect relationships. However, 
for persistence chemicals, information on body burdens may provide a 
more accurate understanding of their toxicity (Pohl et al. 2007). 

There are new and evolving tools and advances to equip the HBM 
toolbox for a better use of HBM. Two approaches are mentioned in Box 1 
as an example. 

4.5. Strategic objective 5 – Obtain sustained funding and reinforcement by 
legislation 

Without more regulatory backing, the growth of HBM as an imper
ative exposure assessment tool will be slow. Lack of regulatory 
requirement and enforcement is one of the key obstacles in using bio
monitoring in an occupational context (Louro et al. 2019). Legislation 
needs to mandate HBM where appropriate (such as for blood lead under 
EU law for the protection of workers). In addition, it should provide 
guidance as to how HBM data can be added to substance dossiers 

8 https://www.oecd. 
org/env/ehs/risk-assessment/occupational-biomonitoring.htm. 
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submitted by industry under chemicals regulations. Although REACH 
recognises the possibility of adding HBM data to the exposure assess
ment, detailed guidance, including on how to deal with ethical issues, is 
lacking (Louro et al. 2019). In addition, a statement on harmonisation of 
legislative requirements (as in 1S1A) would be helpful. The recognition 
of the importance of the toxicokinetic data and its inclusion in the data 
requirements for high production volume chemicals are also essential 
for growing the use of HBM. Fortunately, the value of HBM has been 
clearly emphasised recently by the EC in the CSS and the Zero Pollution 
Action Plan as an important approach to produce a long-term data 
collection as a HBM-baseline against which to measure progress (Bon
zini et al. 2022; EC 2020b). This provides an insight into overall pollu
tion levels and their impacts, as well as post-monitoring of policy 
implementation at national and EU levels (EC 2020b; 2021). 

More emphasis on specifying exposures (both external and internal) 
in various legislative frameworks is expected to facilitate the increased 
use of HBM-based data. Internal exposures in humans (HBM data) can be 
directly compared to internal exposure in critical animal toxicity studies 
and in vitro toxicity studies with human cells. HBM is therefore key in 
implementing expected policy requirements to move away from animal 
testing and to invest in the HBM potential (and thus the proposed HBM 
21st century toolbox), which is expected to reduce future problems. 

HBM can be linked up to a ‘multiple silo exposure-based risk 
assessment’ for a more comprehensive picture of the overall exposure. 
While scientists need to continue producing more high-quality HBM 
data that will enable cross-regulatory work on aggregate and mixture 
exposure, the various regulatory processes need to integrate internal 
exposure based assessments (i.e. rather than only external exposures) 
and develop regulatory guidance for the use of exposure and effect HBM. 
Although the HBM approach is already well developed in some areas, 
other aspects are still lacking (e.g. EU-level guidance) and others require 
further development. Maturation to a full and sophisticated toolbox will 
be a process that needs substantial investments. Significant funding, 
such as in PARC, will be needed in this decade for both general methods 
(e.g. guidance for the generation and use of HBM in a risk assessment 
context) and specific requirements (e.g. effect biomarkers predicting 
increased risks for specific, high-concern health effects such as specific 
cancer types or neurodevelopmental effects). 

In addition, development must respect ethical considerations, with 
due consideration of differences between countries. In some countries, 
HBM data can be used and reused for research purposes to investigate 

health effects, while in other countries, reuse is not possible for purposes 
where no specific written consent has been provided. European har
monisation in this area will likely help to generate Europe-wide expo
sure data. 

4.6. Strategic objective 6 – Extend target specific communication 

The field of the communication between policy-makers, scientific 
activities and communities and societal stakeholders is complex and 
evolving; in this paper only some essential points relevant to HBM 
development are mentioned. Communication plans (between scientists / 
risk assessors and risk managers / policymakers and between science 
and society) should be developed during the study design and updated 
(and revised as necessary) within the life course of the study. The ma
terials required and adapted for each audience – where public commu
nication media can also have a place – and a timeframe for releasing 
each material should be part of such a communication plan (Exley et al. 
2015). 

There are several communication principles that professionals are 
advised to follow. Covello et al. 1992 and Exley et al. 2015 suggested 
including the following: accept and involve the concerned populations 
as a legitimate partner; plan carefully and evaluate outcomes; listen to 
the citizens’ specific concerns; be honest, frank, and open; coordinate 
and collaborate with other credible sources; meet the needs of the 
media; and speak clearly and with compassion. Communicating early 
with the workers involved in occupational studies can address their 
concerns, prevent rumours and misinformation, encourage participation 
and improve participation rates and compliance with the protocol and 
improve the overall quality of the investigation (Decker et al. 2013). 

Conversely, early communication with key stakeholders is essential 
to achieve maximum efficacy of any policy developments. This last 
aspect is relevant when there is a particular interest in supporting new 
policy actions or to evaluate policies that are already in place (Sepai 
et al. 2008). 

Overall, validated and trustful dissemination of results is key in 
empowering citizens to act and take informed decisions to reduce 
chemical exposure and promote the concepts of citizens in shaping 
collaborative knowledge between citizens’, experts, scientists, and pol
icy makers on equal terms (Uhl et al. 2021). 

In addition, information on exposure levels should, where possible, 
be accompanied by information on the health relevance of such 

Box 1 
New tools and advancement for HBM toolbox for 21st century. 

Analysis of published texts/papers. 

Moving toward advancements in the application of machine learning, a subset of artificial intelligence in risk assessment process such as AOP- 
helpFinder will support and facilitate the first time-consuming steps in literature search, classification and organising HBM data (Wittwehr et al. 
2020). Automatic and reliable classification of large amounts of textual data could potentially be useful in future decision-making. In particular, 
big data can be used for identifying and prioritising problems, gathering and analysis of information, facilitating expert evaluation/judgement 
and cognitive models (Ali et al. 2021; Brandon et al. 2020; Ciallella and Zhu 2019). 

Promoting a more data-based exposome approach. 

Promoting a more data-based exposome approach can help in assessing the effects of exposures to chemical mixtures and their role in specific 
biological pathways, but experimental data is still needed to establish causal relationships. The causal relationships will enable policymakers to 
identify the chemicals that need to be prioritised to design targeted preventive measures to reduce health care and socio-economic costs (Bijlsma 
and Cohen 2016). At the same time, the knowledge about associations between exposure and health effects will help in identifying mitigation 
measures for people that are already exposed. Exposure to harmful substances, that are subject to the toxicologically relevant dose–response 
principle or that have a primarily sensitising effect, can be tracked by the physician by means of evaluating the patient’s medical history, 
anamnesis, and specific laboratory tests (if relevant) (EC, 2018; Eva et al., 2022). Regular physical exams can provide additional information 
about the onset and diagnosis of the disease. If restrictions on the use of medical data are followed, such data may also be used for scientific 
purposes. This approach of data collection from the disease point of view would complement the HBM approach (starting from the stressor) with 
cohorts covering the entire lifetime. This knowledge can bridge the ambitions of the CSS and the EU Green deal and drive the development of 
upcoming policies.  
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exposures. As stated by Stokstad, “HBM makes pollution personal” 
(Stokstad 2004). Communication of HBM results to the public might 
enable individuals to take personal actions to reduce their exposure to 
potentially harmful chemicals (EC 2020b). 

5. Conclusion and recommendations 

A shared, comprehensive, and long-term vision for exposure science, 
including the role of HBM therein, is essential for the protection of 
human health (Bruinen de Bruin et al. 2021; Fantke et al. 2020). Six 
strategic objectives have been translated into a roadmap (Table 2) of the 
most prominent and concrete actions for which a tentative timeline and 
the most relevant and interested stakeholders have been defined. Low- 
cost approaches to achieve the outlined objectives include fostering 
scientific exchange, cross-cultural dialogue, interdisciplinary engage
ment, and international collaboration between regulators, industry, 
academia, and other societal stakeholders. This will help bridge the gap 
between regulators and researchers, as well as support the ‘science to 
policy’ interface and ensure that the most promising aspects of the use of 
HBM data are identified and applied, especially in informing individual 
and public health decisions. The European Joint Programme HBM4EU, 
which ended in June 2022, has contributed greatly to this cross- 
sectional dialogue and regulatory uptake of research data. Fortu
nately, this effort will be continued and further developed in the PARC 
initiative.9 This process includes applying the very recent results of 
HBM4EU and continuously developing them in new activities in PARC. 
The research data generated in PARC will be an integrator of different 
policy trends, particularly in relation to the Zero Pollution Action Plan 

for a non-toxic environment and the chemicals strategy. Although the 
HBM4EU initiative and PARC are laying foundations for collaborative 
and harmonised approaches to HBM in Europe, it is necessary to put in 
place legislative and policy requirements to ensure an adoption of HBM 
programmes throughout the EU, and to improve standards and have 
access to the required facilities and resources, all this to enhance the 
protection of human and environmental health. Unlocking the full po
tential of HBM is an ongoing process that requires a concerted effort by 
all stakeholders in society. HBM experts involved in the ISES Europe 
HBM working group will continue to work on different actions outlined 
in the roadmap for the six strategic objectives (Table 2). The multidis
ciplinary nature of the ISES Europe HBM working group allows for 
connection between relevant fields and linking up various projects to 
find synergies as a driver for integrated work streams enabling re
searchers to answer new, exciting, interdisciplinary research questions 
and to investigate existing questions in novel ways. The ISES Europe 
HBM working group plans to help set up training and workshops at the 
European level as well as globally, using the ISES network. In the ISES 
Annual meetings, integrative initiatives can be communicated in sym
posia especially organised to advance knowledge, enable experts to 
work together in tackling the identified challenges. The same applies for 
current OECD guidance activities for Occupational Biomonitoring,10 

which will help to facilitate the international regulatory uptake in using 
HBM for worker protection. 

Using the analysis provided in this strategy paper, it is recommended 
that policymakers and regulators within Europe (in both EU member 
states and non-member states) as well as the European Parliament, 
funding organisations and (inter)national scientists, review and consider 

Fig. 3. Relevant interlinked human biomonitoring (HBM) objectives and concrete scientific, technology and regulatory interactions to increase scale, usefulness, 
relevance and uptake of HBM for integrated real-life measurement of exposure. Main topics (dark blue), sub-topics (light blue) and the pivotal role of harmonisation, 
quality control (QA) / quality assurance (QC) and guidance. HBM4EU: European Human Biomonitoring Initiative; OECD: Organisation for Economic Co-operation 
and Development; PARC: European Partnership for the Assessment of Risks from Chemicals; EIRENE RI: Environmental Exposure Assessment Research Infrastructure; 
ADME: absorption, distribution, metabolism, and excretion; TK: Toxicokinetic. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

9 https://ec.europa.eu/info/sites/default/files/research_and_innovation 
/funding/documents/ec_rtd_he-partnerships-chemical-risk-assessment.pdf. 

10 https://www.oecd.org/env/ 
ehs/risk-assessment/occupational-biomonitoring.htm. 
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the identified strategic objectives and associated actions (Fig. 3). A 
vision for the 21st century HBM toolbox that may aid in developing 
these objectives is provided in Box 2. The presented strategic objectives 
are a starting point to drive future research in science and technology, as 
well as to encourage policymakers to develop and implement necessary 
revisions at regulatory level. This is supported by the obvious need for 
transitions to more safe and sustainable by design production and use of 
chemicals in this decade (Caldeira et al. 2022). A close dialogue between 
the researchers and policymakers will be required to ensure adequate 
and timely uptake of HBM data into policy. Such an implementation 
would give citizens better information regarding their actual exposures 
to chemicals. A structured network and sustained long-term funding are 
needed to develop the strategic objectives identified in this paper. 

We expect that HBM will be of considerable added value to chemicals 
risk assessments, management, and policy challenges with HBM stake
holders engaging constructively and fully considering and implementing 
the outlined strategy. These strategies address the European Commis
sion’s ambition of a toxic-free environment and the United Nations’ 
Sustainable Development Goals. Establishing HBM in all EU states as a 
legislative and/or mandatory requirement would enrich the HBM data, 
and consequently, create a lucrative market for developing HBM stan
dards and assist for creating necessary toxicokinetic data using stand
ardised protocols. HBM needs to be positioned as a solution integrating 
exposure knowledge into companies’ chemical innovation and man
agement systems. 
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ing. André Conrad: Conceptualization, Writing – review & editing. 
Marike Kolossa-Gehring: Conceptualization, Writing – review & edit
ing. Alicia Paini: Conceptualization, Writing – review & editing. Jon 
Arnot: Conceptualization, Writing – review & editing. Florian Schulze: 
Conceptualization, Writing – review & editing. Kate Jones: Conceptu
alization, Writing – review & editing. Ovnair Sepai: Conceptualization, 
Writing – review & editing. Imran Ali: Conceptualization, Writing – 
review & editing. Lorraine Brennan: . Emilio Benfenati: . Francesco 
Cubadda: Conceptualization, Writing – review & editing. Alberto 
Mantovani: Conceptualization, Writing – review & editing. Alena 
Bartonova: Conceptualization, Writing – review & editing. Alison 
Connolly: Conceptualization, Writing – review & editing. Jaroslav 
Slobodnik: Conceptualization, Writing – review & editing. Yuri Brui
nen de Bruin: Conceptualization, Writing – review & editing. Jacob 

Box 2 
Needs for the 21st century HBM Toolbox.  

• Recognition of human biomonitoring (HBM) as an approach to monitor progress in the protection of both the general and occupationally 
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• Development of:  
○ harmonised guidance for ‘FAIR by design’ HBM studies, and implementation of Open Science Practices.  
○ guidance on application, use and interpretation of HBM as a complementary regulatory chemical risk assessment approach.  
○ guidance on HBM data governance (planning, monitoring, and enforcement).  
○ health-based guidance values and population-based reference values.  
○ guidance on communication of measured biomonitoring data to individuals, companies, organisations and stakeholders including its ethical 

aspects.  
○ internationally harmonised terminologies on exposure science including HBM and updating of the terminology in a timely manner.  
○ HBM specific ontologies.  
○ structural networks of European institutions (possibly coordinated by the governance structure) to support HBM throughout EU, providing 

HBM training and guidance.  
• Harmonisation of:  
○ approaches on advanced effect biomarkers and/or statistical methods to deal with potential exposure to mixtures;  
○ HBM data sharing by including governance structure that takes into account national and European ethical, legal and societal implications as 

well as confidentiality of data.  
• Integration of:  
○ exposure biomarkers data with effect biomarkers data and appropriate health and environmental data;  
○ epidemiology in which HBM and external exposure assessment are included with non-animal testing results (in vitro, in silico) and 

computational modelling to generate more reliable information enhancing assessment of risks posed by exposure to single chemical and 
chemical mixtures. 

• Increase research and innovation capacity to ensure continuation of HBM initiatives in Europe and sustained country-specific funding ac
cording to needs. 

• Implementation of education in exposure science for the scientific community, as well as the public, emphasising the importance of bio
monitoring, its strengths and limitations.  

• Positioning HBM as a solution integrating exposure knowledge into companies’ chemical innovation and management systems.  
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