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INTRODUCTION

Over our lifetimes we are exposed, daily, to agents that have the
potential to affect our health — through the personal care products
we use, our water intake, the food we eat, the soil and surfaces we
touch, and the air we breathe. With this holistic view, described as
the human ‘exposome’, exposure science addresses the intensity
and duration of contact of humans or other organisms with those
agents (defined as chemical, physical or biologic stressors) and
their fate in living systems.1 Recently, a number of reports have
been published by the US National Academy of Sciences, which
elaborate on exposure science and its role in risk assessment.?®
Exposure science is described by the National Research Council
(NRC) as “the collection and analysis of quantitative and qualita-
tive information needed to understand the nature of the contact
between physical, chemical or biological stressors, and receptors”,
e.g. residents, consumers, workers, etc.? Importantly, at the level
of the receptor, this contact, defined as an ‘exposure event' 4®
results in intake, uptake, dose and, possibly, an (adverse) health
effect (Figure 1).

In order to harmonise exposure-related terms, the International
Society for Exposure Analysis (now the International Society for
Exposure Science) adopted an official glossary in 2005° (which
was amended by Mattingly et al., 2012) to their Exposure Science
Ontology framework.* In the amendment, the terms ‘agent’ and
‘target’ were replaced with ‘exposure stressor’ and ‘exposure
receptor’, respectively (Table 1).

The concept of the exposome requires consideration of an
individual’s exposure over the lifecourse rather than focusing on
a specific exposure stressor in a specific domain, e.g. residential,
consumer or occupational exposure, over a defined period."7
The concept of an aggregate exposure pathway,'° representing

STRESSOR RECEPTOR

Source----Transport----Exposure Intake----Uptake----Dose----Effect

Figure 1. Pathways of the stressor from source to
receptor, and the fate in the receptor, resulting in an
(adverse) effect (figure inspired by US-EPA, 2016°)
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multiple sources and transfer through single pathways to the target
site exposure (TSE), single sources and transfer through multiple
pathways to the TSE, or any combination thereof,'" should raise
awareness about the contribution of the exposure from various
domains. Focusing on the contribution to the lifetime exposure
of the working lifestage, a number of attributes of occupational
exposure are relevant. First, exposure associated with, and ema-
nating from, occupational sources will (most likely) occur during
adulthood — the lifestage during which an individual is considered
to be less susceptible than childhood, adolescence and late adult-
hood. Second, occupational exposure is temporally intermittent,
i.e. periods of exposure are followed by periods of absence of
exposure, e.g. before and after work, weekends, and vacation
periods, which is pivotal to physiological recovery, i.e. clearance,
metabolism, excretion, etc. Third, levels of occupational exposure
can substantially exceed exposure levels in other domains.

Not surprisingly, there are some similarities between the
descriptions of exposure science and occupational hygiene. The
International Occupational Hygiene Association (IOHA) provides
the following description: “Occupational hygiene is the discipline of
anticipating, recognising, evaluating and controlling health hazards
in the working environment with the objective of protecting worker
health and well-being and safeguarding the community at large”.'?
Occupational hygiene has also been defined as the practice of
identifying hazardous agents in the workplace (chemical, physical
and biological) that could cause disease or discomfort, evaluating
the extent of the risk due to exposure to these agents, and the
control of the risks to prevent ill-health in the long or short term.?

Apart from including biomechanical and psychological stress-
ors in occupational hygiene, another important difference with
regard to the definition of exposure science by the NRC? is that,
in the definition of occupational hygiene, the terms ‘control’ (of
exposure and risk) and ‘prevention’ (from an adverse outcome)
are explicitly used. This makes sense since, in contrast to other
exposures, e.g. through ambient air, water or food, exposure in
the work environment can be relatively easily controlled as the
exposure source is, in most cases, in the worker’s (micro) environ-
ment, or even emanates from the activity of the worker himself or
herself. It should be noted, however, that a number of scientists
had already addressed the prevention issue in 2006, when they
described exposure science as “the study of human contact with
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Table 1. Definition of some terms used in exposure science

Term

Definition

Reference

Absorption barrier

Any exposure surface that may retard the rate
of penetration of an exposure stressor into an
exposure receptor

Zarterian et al., 2005°
Mattingly et al., 20124

Contact takes place at an exposure surface
over an exposure period. A person’s contact
with the concentration of a material before
and after it crosses a boundary (nose, skin
or mouth) between the human and the
environment, over an interval of time leading
to a potential biological effective dose

Dose The amount of an exposure stressor that Zarterian et al., 2005°
enters an exposure receptor after crossing an Mattingly et al., 2012*
exposure surface. If the exposure surface is an
absorption barrier, the dose is the absorbed/
uptake dose; otherwise, it is an intake dose

Exposure Contact between a stressor and a receptor. Zarterian et al., 2005°

Mattingly et al., 2012*

NRC, 20122

Exposure event

An interaction between an exposure stressor
and exposure receptor

Mattingly et al., 2012*

Exposure receptor

An entity that interacts with an exposure
stressor during an exposure event

Mattingly et al., 2012*

Exposure stressor

An agent, stimulus, activity or event that causes
stress or tension on an organ and interacts with
an exposure receptor during an exposure event

Mattingly et al., 2012*

Exposure surface

A surface on an exposure receptor where an
exposure stressor is present. Examples of outer
exposure surfaces are the conceptual surface
over the nose and open mouth, and the skin
surface. Examples of inner exposure surfaces
are the respiratory and gastro-intestinal tracts

Zarterian et al., 2005°
Mattingly et al., 2012*

Intake

The process by which an exposure stressor
crosses an outer exposure surface of an
exposure receptor without passing an
absorption barrier, e.g. through inhalation or

Zarterian et al., 2005°
Mattingly et al., 2012%

ingestion. Inhalation intake = concentration
(mg/m?®) x inhalation rate (I/min) x exposure

duration (min)

Uptake The process by which an exposure stressor
crosses an absorption barrier

Zarterian et al., 2005°
Mattingly et al., 20124

chemical, physical or biological agents in their environments, and
advanced knowledge of the mechanisms and dynamics of events
either causing or preventing adverse health outcomes”."3

The application of exposure science in risk evaluations is
expected to develop risk assessments of individuals rather
than groups further, by improved exposure assessment of
individuals through better characterisation of the various micro-
environments, and detailed activity (residence) time patterns
of individuals and the use of (relatively) low-cost sensors in
combination with tracking systems.'* In addition, computational
exposure assessments (use of exposure models) and statistical
techniques, e.g. Monte Carlo simulations and Bayesian statistics,
in combination with appropriate high-throughput toxicological
screening techniques, will enhance probabilistic risk assess-
ments which take into account variances in the populations and
stressor levels.®'® This will replace the often-used (in occupa-
tional hygiene) simplification of the risk assessment, i.e. the ratio
between a time-weighted average (TWA8h) and an occupational
exposure limit (OEL).

In this paper, we advocate transforming the discipline of
occupational hygiene into a sub-specialism of exposure science.
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THE PRINCIPLES OF EXPOSURE SCIENCE

Exposure can be considered to be the result of a cascade of
underlying processes which, in general terms, can be described
by a source-receptor model with the key elements of release,
emission, transmission and immission (Table 2). At the source,
a chemical/biological agent or physical stressor is released by
natural or anthropometric processes, e.g. volatilisation, evapora-
tion, leaching, combustion, mechanical stress, etc. After release,
the stressor is emitted to a compartment such as ambient or
indoor/workplace air, surface water, soil, or the skin. The trans-
mission process within the compartment is affected by numerous
processes (ventilation, air currents, etc.) which, in the air compart-
ment, govern agglomeration, deposition (of aerosols) and dilution;
in some cases, resuspension of the deposited particles may occur.
In other compartments, e.g. the skin, surface transmission is driven
by diffusion at the molecular level (permeation). Immission is a
generic term and alternative terms are used specifically for inhala-
tion exposure: 1) the concentration and particle size distribution in
the near field (referred to as a virtual cube 1 m around the nose
and mouth of the receptor which may be the worker)'® and, 2) the
breathing zone concentration (usually within a 0.3 m (or 10 inch))
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Table 2. Key processes of a source-receptor model

Term

Description

Release

The liberation of a stressor during a natural or technical process, which
may be expressed without a specific metric, as a dispersion-specific
fraction or percentage of the total release, or as a mass per unit of area
or unit quantity of the matrix

Emission

The transfer process of a liberated stressor to a compartment, e.g. the
workplace air; usually expressed as flow, e.g. quantity per unit time or
unit of area

Transmission

The transfer of a liberated stressor to the receptor through the
compartment, e.g. the workplace air. Efficacy is determined by
interception or distraction (e.g. absorbent materials or baffles, in the case
of noise), dilution by ventilation (in the case of chemical and biological
stressors), and deposition and resuspension (in the case of particles)

Immission

The introduction of the stressor into the near field zone of the receptor;
usually expressed as a concentration or an energy/ pressure level

Exposure (event)

The contact of the stressor at an exposure surface over an exposure
period; usually expressed as concentration, or an energy/pressure level
x exposure duration, or as a time weighted average (TWA) over the
exposure period

radius of the nose and mouth)."” The assumptions are that a con-
taminant in the near field zone is homogeneously distributed, and
that its concentration is equivalent to the concentration inhaled
by the receptor. It should be noted that in life cycle assessment
(LCA) and residential and consumer exposure assessment, the
term ‘near field’ is used for the indoor environment to distinguish
from ‘far field’ pathways, such as ambient air, soil, drinking water
and diet."®

If no personal protective equipment (PPE) is used, e.g. respira-
tory, skin or ear protection, the near field concentration will be equal
to the concentration at the exposure surface, i.e. the conceptual
surface over the nose and mouth, skin, and ear, respectively
(Table 1). If PPE is used, the exposure concentration will be the
attenuated ‘near field’ concentration. Note that the transmission
process can also be direct contact, e.g. direct contact of the skin
with water while swimming, or with indoor surfaces.

SCRUTINISING THE UNDERLYING PROCESSES

The underlying processes that result in exposure might be com-
plex as each process is governed by determinants and modifying
factors. To illustrate the complexity, on one hand, and, on the other
hand, to show how this complexity can be reduced by breaking it
into sections, the following scenario is presented as an example:

extracting coal in an underground room and pillar type of mine,
using a continuous miner (CM). In this scenario, the release of coal
dust will be determined by 1) the CM-type and, 2) the conditions
under which the CM is operating. In combination, these factors
will determine the energy level of the fragmentation (the stress
level) that will be employed. This stress level, in combination with
the properties of the coal, e.g. type (rank — degree of metamor-
phism, and grade — range of impurities) will determine the ease
of fragmenting. The level of comminution will determine which
fraction of the released particles will emanate in debris (the actual
product) and which fraction has the potential to become airborne
(dust). The probability of becoming airborne, i.e. emitted into the
stope air, will be modified by the wettability of the coal seam. The
latter is the result of the use and the efficacy of surface wetting,
e.g. the type of wetting system, the use of surfactants, and the
surface physical properties of the coal. The resulting emission
can be described by aerosolised mass-rate and size-distribution.

The relationship between the discrete influencing variables and
their outcome can be captured in a graphical presentation, e.g. a
Bayesian belief network (BBN) which shows Bayesian variables
or nodes, subdividing ‘parent’ variables with their direct links
(arrows) to their ‘child’ variable(s).'®?° In Figure 2 (left panel) the
example of dust formation during coal excavation, as described
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Figure 2. Graphical structure of the Bayesian belief network (BBN) model for emission of dust in an
underground coal mine (left panel); the right panel shows the associated conditional probability tables
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above, is illustrated in a BBN. However, the quantitative relation-
ship between the variables is often unknown. The advantage of a
BBN is that limited knowledge can be used to build so-called con-
ditional probability tables (CPTs). Each network variable contains
a limited number of sets to which their realised value can belong.
This can also be considered as a probability distribution. Looking
more closely at the CPTs of the example in Figure 2 (right panel),
the distributions of the probability of the two parent variables are
shown: first, the probability that a specific type of CM (type 1,2 or
3) is used and, second, the probability of the operational condi-
tions (high, medium or low load). The probability of the value of the
resulting ‘child’ variable, i.e. the energy level of the fractioning, is
a function of the probability distribution of both ‘parent’ variables.
Numerous software tools are currently available to support the
development of BBNs.?°

The model can be further extended by adding similar BBNs for
the determinants affecting the transmission, e.g. dust suppression,
dilution, air velocity, etc., to develop, in combination with an activity-
time profile, a rudimentary scenario-specific exposure model.

If quantitative data are not available, the development of a BBN
and, more specifically, the CPTs, relies heavily on the experience,
expertise and intuition of experts. Structured inputs by experts
can be achieved by expert elicitation protocols as demonstrated
by Shandilya et al. (2018) in their development of a nanomaterial
release model for waste shredding.?’

RELATIONSHIP BETWEEN OCCUPATONAL
HYGIENE AND EXPOSURE SCIENCE

Anticipation and recognition

Both anticipation and recognition of potential risk due to exposure
to harmful stressors require knowledge of the processes leading
to release/emission, i.e. thorough knowledge of the materials and
products to be used or produced, the associated processes, opera-
tions and tasks, and the operational conditions. Cross-reading of
(similar) technical processes and exposure models are tools that
can be used to understand whether a process or operation may
pose a risk. Computational exposure assessment, or the use of
exposure models, plays a pivotal role in anticipating potential for
exposure, especially in the case of a future or envisioned scenario,
e.g. the introduction of a new chemical agent or a different physical
form of an existing agent in an existing process, change of opera-
tional conditions of an existing process, a totally new process, etc.
Currently, a number of mechanistic, deterministic and empirical
models (and combinations of these) exist and are accessible as
web-based- or down-loadable standalone tools. With respect to
inhalation exposure to chemical stressors, various mechanistic
or deterministic models are captured in IH-Mod 2.0, e.g. well-
mixed box room and various two-box models.?? [H-Mod 2.0 is a
mathematical modelling MS Excel spreadsheet used for estimat-
ing occupational exposures. Most of the models are described
in a series of articles published in the Journal of Environmental
and Occupational Hygiene.?>?® Examples of exposure predic-
tive tools that are a mixture of mechanistic and empirical models
are Stoffenmanager® ?’and the Advanced Reach Tool (ART).2
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The mechanistic part of Stoffenmanager® is a source-receptor
model that is captured in an algorithm, whereas the empirical part
calibrates the outcome scores of the algorithm, using exposure
data.?%3" ART is based on Stoffenmanager® and incorporates a
mechanistic model of inhalation exposure and a statistical facility
to update the estimates, with measurements selected from an
in-built exposure database or from the user’'s own data.®?3* In
addition, a number of scenario-specific predictive models have
been developed, e.g. for spray painting, pesticide application, etc.
Generic models that predict dermal exposure are limited;>> how-
ever, some empirical models have been published.*®%” Recently,
research has been conducted to develop a model for inadvertent
ingestion exposure by hand-mouth contact.®

For biological stressors, the models for airborne transmission of
pathogens are more complicated as they also consider the (condi-
tions of) viability of the pathogens during transmission. Therefore,
the transmission model component is often incorporated into a
risk model.3%-41

For physical stressors, the transmission from source to receptor
is generally governed by the inverse-square law, which states that
a specified physical quantity or intensity is inversely proportional to
the square of the distance from the source of that physical quantity.
The propagation of the energy can be affected, however, in case
the free field is disturbed by (un)intentional obstacles, such as
shields or baffles.

Anticipation can also be considered as an approach that
encompasses the selection of safer materials, processes or tech-
nologies. The most stringent method of anticipation is ‘designing
the risk out’. This so-called prevention through design (PtD) has
been promoted over the last decade, especially in the context of
emerging technologies.42 However, comparative risk assessment,
addressing both hazard and exposure of potential alternatives,
and ‘life cycle thinking’ should be taken into consideration to avoid
similar risks, risk shifts, or risk trade-offs.*®

Evaluation and control
Biological monitoring is a key component in the exposome and
exposure to exogenous and endogenous chemicals at the level
of the receptor and the individual’'s characteristics, with regard
to his or her specific toxicokinetics (absorption, distribution,
metabolism and excretion). Such a top-down approach will provide
very relevant information for risk assessment, and employs the
collection and analysis of biological samples, which is feasible with
rapidly-developing analytical techniques.® A drawback, however,
is that the exposure cannot be directly linked to the sources and
their pathways; thus, interventions to reduce exposure cannot
be targeted. Therefore, a bottom-up approach, i.e. sampling of
sources of exposure, will remain important from the perspectives
of risk assessment, exposure analysis and control.
Unfortunately, the current practice of occupational hygiene
measurements in South Africa focuses on demonstrating compli-
ance with OELs set by regulatory bodies, such as the Departments
of Mineral Resources and Labour. Measurements are important
since workplaces need to comply with the relevant Acts and
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Figure 3. lllustration of a probabilistic risk assessment of exposure to a hazardous chemical agent in air

(source: US-EPA*)

Regulations and, since the results may have legal implications,
quality assurance and control of the measurements are essen-
tial. However, compliance measurements are not a substitute
for a risk assessment, nor do they automatically support the risk
assessment itself. First, the regulatory OELs are not necessarily
health-based values. For example, the descriptions of the OELs
in both the current and proposed revisions of the Hazardous
Chemical Substance/Agents™ Regulations explicitly address
OEL-recommended/restricted limits feasibility issues related to
implementation and enforcement, in practice, and additional socio-
economic impact issues related to OEL-control/maximum limits.
Second, the format of the measurements is a time-weighted aver-
age (TWA) over a defined period (15 min (STEL) or 8 hr), which is
not necessarily an accurate reflection of the duration of exposure.
Third, OELs are generally defined as an (airborne) concentration
of a hazardous (chemical) substance/agent and not necessarily as
personal exposure. Fourth, if the OEL did represent a health-based
value, the ratio of the OEL-value/ TWA8h-value could only be an
indicator of the risk potential. This is because a full risk assess-
ment takes into account the intake (see Table 1) as a proxy for the
dose, rather than the external exposure (concentration, energy).
In the widely-accepted method for risk assessment of residential
and environmental exposure to a chemical agent,** the risk of
non-carcinogenic effects is expressed by the hazard quotient (HQ)
which is the (aggregated) daily intake divided by the reference
concentration (or dose) of the agent (RfC and RfD, respectively).
The RfC or RfD is the estimate of the chemical concentration or
dose, respectively, that will not cause non-carcinogenic effects
during a specified exposure period.*® For carcinogenic effects, the
cancer risk is expressed as the (aggregated) daily intake multiplied
by the cancer slope factor (CSF), where the CSF is the slope of
the curve representing the relationship between dose and cancer
risk.*® Note that, with substantial increases in computational power
and advances in analytical and integrative methods, the current trend is
to move from deterministic analyses towards probabilistic risk assess-
ment (Figure 3). The probabilistic approach incorporates information
regarding uncertainty and/or variability into analyses to provide insight
regarding the degree of certainty of a risk estimate, and how the risk
estimate varies among different members of an exposed population,
including sensitive populations and lifestages.*” This contrasts with
the outcome of the deterministic analyses which report risks as point

THCA2018: Draft Revision of Regulations for Hazardous Chemical
Substances
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estimates, e.g. ‘central tendency’ (mean, median), or 90™ percentile.

In addition to supporting risk assessment, occupational
measurements can also support the analysis of the underlying
processes of exposure. As outlined in Table 2, the starting point of
any exposure is the release from a source followed by emission.
Specific measurements will provide an estimate of the release
or emission of materials and products during a process, task or
handling, e.g. release of asbestos fibres from asbestos cement
products by weathering,*® or release of nanoparticles by mechani-
cal treatments.?" The use of direct reading instruments, e.g. those
integrated in a task-based exposure assessment strategy, can
already provide a firstimpression of the source strength.*>%° Since
release indicates the potential for exposure, release libraries can
be helpful in mapping the exposure processes.>!%?

As stated, a well-founded knowledge of the underlying
processes resulting in exposure plays a pivotal role in developing
an effective exposure control strategy. It provides information
about which intervention option would achieve the highest efficacy.
Therefore, exposure control should be more than a reference to
the generic hierarchy of control, but should provide tailor-made
intervention options. However, a successful intervention depends
not only on the expected efficacy but also on the selection of the
optimum control option that takes into account the (cost-related)
efficiency, the acceptance of control options by the stakeholders,
e.g. the workers, and other implementation issues.

Since exposure emanates from release at a source and
consecutive emission in a compartment, followed by its trans-
mission and, consequently, results in immission at a receptor,
interventions can focus on the various stages of this exposure
process. The types of interventions are captured in the so-called

hierarchy of control,?®

which is strongly linked to the source
receptor-based exposure process and therefore also represents
the decline of effectiveness towards the lower levels of the
hierarchy (Figure 4).

As already mentioned, especially with regard to the elimination
by PtD, for the substitution option, it is key to select alternatives
that do not pose similar risks, risk shifting or risk trade-offs. Formal
frameworks, e.g. alternative assessment, have been developed to
assist industry and academics to select chemical alternatives.>*%°
However, their extensive use by industrial experts is hampered by

methodological challenges.*3
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Figure 4. The relationship between the cascade of
processes resulting in exposure (left section) and the
hierarchy of control, demonstrating the increase of
effectiveness of an intervention closer to the source
Critical but often under-valued aspects of exposure control
relate to the decision-making56 or selection where, in addition
to efficacy and costs, the above-mentioned aspects should be

considered.%”

Moreover, the implementation stage and, more
explicitly, the barriers and enablers perceived by the various stake-
holders, should receive sufficient attention to enhance a successful

implementation of a proposed exposure control.

DISCUSSION AND RECOMMENDATIONS
To date, the relationship between exposure science and occupa-
tional hygiene has not been extensively described and both fields
appear to exist in separate silos. Even within the International
Society for Exposure Science, there is a strong focus on target
groups such as consumers, residents, the general public, and
environmental and indoor exposures, rather than workplace
exposures, which does not correspond with the concept of the
exposome. Integration of these fields from this holistic perspec-
tive should be encouraged since the two fields have much
to offer each other. As illustrated, workplace exposures have
the unique feature (compared with many other exposures) of
frequently having the exposure source within the same domain or
manageability area, i.e. the workplace. However, a pre-condition
is that the exposure pathways from source to receptor should be
identified and well understood. Occupational hygiene can keep
pace with developments in other fields that are consolidated
in the field of exposure science. In our view, higher education
institutions that offer curricula in the field of environmental and
occupational health and hygiene should evolve their programmes
to train students to develop a broader view about environmental,
residential and occupational exposures. In addition to the cur-
rent occupational hygiene and environmental health curricula,
students should be challenged with the fundamentals of com-
parative risk assessment, computational exposure assessment,
implementation science, and decision-making and analysis, in
order to understand and apply these concepts.

We acknowledge that it is impossible to cover all aspects of
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exposure science extensively thus, inevitably, sub-specialisms will
be needed for every individual exposure domain, target group,
or exposure pathway, e.g. through food, drinking water, etc.
Occupational hygiene should be one of these sub-specialisms.

The process of transformation is imminent.
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