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To evaluate risk from dermal exposure, the amount of material on the skin must first be measured. The potential for
dermal uptake must then be assessed for the potential health effects from systemic exposure. No standard methods
exist for studying these processes, and published data are not comparable because of the different techniques used.
Future validated methodology should provide a sound scientific basis for risk assessment. Methods for measuring
skin and surface contamination will require development of reference contaminated surfaces and skin as part of
quality control procedures. Biological monitoring is a valuable tool in the assessment of dermal absorption, in
contributing to the validation of in vitro techniques, and in risk assessment and management. It will be necessary to
conduct detailed investigations to support risk assessment for dermal exposure. Ultimately, predictive models will
be established for exposure and for dermal absorption to support a generic approach and allow risk assessment

strategies appropriate to actual workplace situations.

Key terms biological monitoring, percutaneous penetration, risk assessment, skin contamination, Standards,
Measurement and Testing Framework Programme Four, surface contamination.

Exposure to hazardous substances in the workplace oc-
curs by inhalation, ingestion, dermal contact, or some
combination of these routes. Occupational hygienists and
regulatory bodies have traditionally focused on inhala-
tion exposure and many methods have been developed
to measure inhalation exposure levels. There is a clear
understanding of how such levels should be interpreted
as part of a risk reduction strategy, but the situation is
less clear for dermal exposure. As occupational exposure
limits and improved control measures lead to decreasing
atmospheric exposures, so the likelihood increases that
dermal exposure will make a significant contribution to
the overall systemic exposure to chemical substances at
work. For some substances that readily penetrate the skin,
it is likely that this may be the major route of exposure,
but we do not yet have the methodology to allow us to
understand the consequences of, and control the risks
from, the different sources. Any assumption that dermal
uptake can be simply prevented by use of gloves is prob-
ably inappropriate for many reasons, including the reluc-
tance to wear protective equipment in some cultures and
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climates, the limited effectiveness of many types of
gloves, possible deposition on unprotected areas such as
the face, particularly for aerosols, and contamination of
gloves (with the probability of enhanced absorption).

In response to the increasing recognition of the po-
tential significance of dermal exposure (1), the Europe-
an Commission funded a thematic network, under the
Standards, Measurement and Testing Programme of
Framework Programme Four, for a period of 3 years from
November 1996 to October 1999. The Dermal Exposure
Network (DEN) is aiming to create synergy between dif-
ferent aspects of dermal exposure so that a legislative,
advisory and operational framework can be established,
based on a sound scientific foundation, for dealing with
the problems created by dermal exposure. While appre-
ciating the importance of skin irritation and sensitization,
DEN has focused on the potential for systemic exposure
via the dermal route as the terms of reference. In order
to help focus attention on the key issues, a Delphic sur-
vey was conducted among the DEN members to identify
the most important problems associated with dermal
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Dermal route in systemic exposure

exposure, both currently and in the future (23 respond-
ents out of the total of 30 participating organizations in
16 countries). An indication of the issues thought most
likely to be of concern in the early years of the next mil-
lennium is shown in table 1.

This paper presents a summary of the positions and
research needs identified by the DEN in the areas relat-
ed to skin and surface contamination, percutaneous pen-
etration, biological monitoring, and risk assessment.

Skin and surface confamination

Practical measurement methods have been developed to
assess dermal exposure, but existing measurement meth-
ods can be criticized because they determine the mass of
contaminant either depositing on the skin or retained on
the skin at the end of the exposure period. Hazardous
substances on the dermal surface will be taken up con-
tinuously into the body through the stratum corneum,
driven by the concentration gradient between the dermal
surface and the perfused tissue. The risk arising from
dermal exposure is thus first related to the time-depend-
ent concentration of a substance on the dermal surface
rather than on the mass of material on that surface at any
given time.

Table 1. Important issues in dermal exposure over the next 10
years, as viewed by members of the Dermal Exposure Network.

Issue Risk or measure

Chemical sub- Organophosphate pesticides
stances likely to  Carcinogens

present the Metal-cutting fluids
greatest risks for  Glycol ethers

dermal exposure  Pesticides other than organophosphate pesticides

Processes likely  Pesticide application
to present the Rubber compounding
greatest risks for Machine maintenance
dermal exposure  Hair coloration

Boat construction

Industries likely ~ Waste industry

to present the Pest control

greatest risks for  Pesticide application

dermal exposure  Rubber industry
Hairdressing

Legislative: identify substances which penetrate skin
Protective: procedures for ensuring the use of
protective equipment

Exposure limits: investigation of relationship
between skin contamination and biological
monitoring indices

Training systems to inform workers of dermal risks

Most important
measures
required

Most important

measures Identification of processes and workers at greatest
required to risk of exposure
reduce risk Development of easy-to-use, validated methods for

assessing dermal exposure

More data on the dermal exposure of workers
Standardization of in vitro models to predict skin pen-
etration

Contamination of the skin can arise in many differ-
ent ways as a result of the transport of mass between
compartments. The compartments can be summarized as
source, air, surface contaminant layer, outer and inner
clothing contaminant layer separated by the fabric hav-
ing a buffer capacity to represent the mass residing in-
side the clothing that does not come into contact with
surfaces or skin, and skin contaminant layer consisting
of contaminants, sweat, skin oil, and barrier cream (if
applied). The skin contaminant layer is separated from
perfused tissue by the stratum corneum, which acts as a
rate-limiting barrier having a certain buffer capacity. The
transport processes, according to a terminology proposed
by Schneider et al (2), are (i) the emission of substances
into the air and onto surfaces, outer clothing, and the skin
contaminant layer (immersion being an event whereby a
part of the body is submerged into a substance); (ii) dep-
osition of substances from the air to surfaces, outer cloth-
ing, and the skin contaminant layer; (iii) resuspension or
evaporation of substances from surfaces, outer clothing,
and the skin contaminant layer to the air, as particulate,
vapors, or both; (iv) transfer of substances by direct con-
tact between surface, skin and outer and inner clothing
contaminant layers in a direction towards the worker (re-
moval being the corresponding transport in a direction
away from a worker); (v) redistribution of substances
between compartments of the same type (eg, redistribu-
tion of contaminants from one part of the skin contami-
nant layer to another as a result of touching the face with
contaminated fingers); (vi) decontamination, which is the
deliberate transport of contamination away from the en-
tire system, for example, ventilation of room air, clean-
ing of room surfaces and outer clothing or washing off
the skin contaminant layer, (in contrast, brushing dust off
clothing being resuspension); and (vii) penetration and
permeation, both of which involve transport of substanc-
es through the rate-limiting barriers, clothing, and stra-
tum corneum.

Several transport processes are driven by the compart-
ment concentration, in particular permeation from the
skin contaminant layer through the stratum corneum. This
layer has conventionally been represented as a 2-dimen-
sional layer giving concentration as mass per surface area
without the concentration of the hazardous agent in the
layer itself being specified. This representation has con-
tributed to the confusion regarding choice of measure-
ment principles for, and interpretation of, dermal contam-
ination in terms of dermal uptake. The concept of con-
centration is complicated for particles since they are dis-
crete entities. Uptake of particles may be limited by the
rate of dissolution rather than diffusion through the stra-
tum corneum. If skin loading continues until a multi-layer
forms, the additional mass will have less and less influ-
ence on uptake and may be likely to dislodge and fall
off. For this reason the mass of particles in the skin
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contaminant layer may only have limited relevance for
uptake.

Methods of measuring skin and surface contamination

Depending on the perspective from which the exposure
scenario is investigated, a range of measurement ap-
proaches has been developed from the 1950s on. Several
of these methods are used to assess both compartment
mass (eg, total mass in surface layer) and mass transport
processes (eg, dislodgeable mass). A clear distinction is
not always made, and this lack of distinction has created
confusion regarding the determination and interpretation
of sampling efficiencies. As an example, measurement
methods targeting 100% sampling efficiency should be
intended for describing compartment mass. On the other
hand, a 100% sampling efficiency for, for example, a
wipe test to quantify transfer, is not necessarily desira-
ble. The amount that can be transferred from surfaces
depends on the actual type of surface, the contaminant
and the forces acting on the contaminant layer, rather
than on how much mass is present in the compartment.
Measurement of transport thus must be based on conven-
tions such as the use of standardized instrumental meth-
ods. Deposition from air is more predictable, and it ena-
bles a definition of ocular and various dermal deposition
rates.

There is a close analogy between the task to assess
all these transports and the task to assess the transport of
airborne patticles to the various parts of the airways. His-
torically, one approach was to propose biologically rele-
vant particle-size fractions, based on experimental data,
that reflected average deposition efficiencies in the air-
ways. The other approach was to define the fraction as
that obtained by a given sampling instrument. Initially
these size fractions were different. However, better ex-
perimental data on deposition efficiencies has resulted in
the adoption of an international standard for the defini-
tion of the respirable, thoracic, and inhalable fractions,
and recent development has resulted in samplers, with
sampling efficiencies that match the definition of the
fractions.

Surface contaminant layer. For surfaces, several in situ
methods are available, but they can only quantify a lim-
ited range of substances, and never total mass. Methods
based on removal, such as adhesive tape sampling, can
have a high sampling efficiency, but there is no simple
way of determining the sampling efficiency in field use.

Clothing contaminant layers. In clothing, contaminants
are partitioned between an outer and inner contaminant
layer, and a buffer to represent the mass residing inside
the clothing which does not come into contact with sur-
faces or skin, respectively. Measurement of the entire
mass in the clothing would, in principle, be no problem

Benford et al

and, if this were done for nonpermeable fabrics, theoret-
ically the outer contaminant layer would be measured.
A method which measures the inner contaminant layer
for permeable layers needs to be developed.

Skin contaminant layer. Skin rinsing methods are used
for assessing the mass in the skin contaminant layer. The
method typically recovers 40—90% of contaminants
spiked onto the skin. However, spiking experiments have
inherent problems, as it is unclear whether this result
should be interpreted as a 40—90% sampling efficiency
for the skin contaminant layer or if it reflects partition-
ing between this compartment and the stratum corneum
or perfused tissue. The uvltraviolet (UV) method quanti-
fies the amount of a fluorescent tracer previously added
to the contaminant by illuminating the skin homogene-
ously with UV light. However, fluorescent tracers have
the ability to bind with the cell proteins in the stratum
corneum, and the method is not able to differentiate be-
tween the skin contaminant layer and the stratum cor-
neum.

Deposition. Adhesive tape can measure particle deposi-
tion, unaffected by loss. This method has been used for
particle deposition onto, for example, the face, but the
method does not work for parts of the body that come in
contact with other surfaces. Charcoal cloth has been used
to measure skin exposure to volatile compounds. A prob-
lem is that the method does not differentiate between
vapors from air and liquid splashes.

Resuspension or evaporation. Some methods for assess-
ing resuspension have been developed, such as simula-
tion of the mechanical impact caused by a person walk-
ing on a carpet or the impact caused by air movements.
Evaporation of water vapor from the skin (transepider-
mal water loss) can be measured with simple-to-use in-
struments. A similar instrument could be developed for
other vapors.

Transfer. Methods based on determining the increase in
mass over time in the skin contaminant layer compart-
ment only measure the net balance between transport to
and from the compartment and thus are affected by dep-
osition, re-suspension or evaporation, removal, and up-
take. Surrogate skin methods such as pads, gloves, and
coveralls rely on the assumption that they approximate
the transport of mass to the skin contaminant layer from
surfaces. However, the materials used do not have the
roughness, stickiness, and other properties of human skin
and so may not meet this assumption. Transfer from the
inner clothing contaminant layer to the skin contaminant
layer is usually estimated by using a patch or underwear
sampling approach. No method appears to have been de-
veloped specifically for measuring this transfer. Details
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of the measurement methods and references can be found
in the report by Schneider et al (2).

Future research

Future research should address the following topics:
Comparability between studies of dermal exposure or
surface contamination is limited and all appropriate
variables have usually not been measured. This prob-
lem is in part explained by the lack of a structured ap-
proach and a consistent and generally agreed upon ter-
minology.

Development is needed of methods for measuring con-
centration in the skin contaminant layer and of surro-
gate skin samplers that better mimic the properties of
skin. Particles will be a special challenge.

The direct measurement of mass transport must be
based on conventions. Most existing methods differ in
both the choice of factors to standardize and in their
specification. Therefore the standardization of meth-
ods should be initiated.

Protocols for generating surfaces and artificial skin
with known and evenly distributed amounts of contam-
inants should be established as a prerequisite for de-
veloping and validating measurement methods.

Use of percutaneous penetration data in the risk
assessment process

The procedure for risk assessment consists of comparing
exposure levels with no observed adverse-effect levels
(NOAEL). It is commonly considered to consist of 4
steps (3): hazard identification, dose-response assessment
(which allows NOAEL evaluation), exposure assessment,
and risk characterization, based on the previous steps.
Intensity, frequency, duration, and probability of expo-
sure should be estimated. On the basis of the NOAEL
and the predicted exposure, it is possible to calculate the
margin of safety (MoS) according to the following equa-
tion:

MoS = NOAEL / expected systemic exposure.

Determining the percutaneous penetration of toxicants to
estimate systemic exposure is only required if the MoS,
calculated assuming systemic exposure equal to dermal
exposure (ie, 100% absorption) is low (4). For general
populations a MoS greater than 100 does not represent a
significant risk (5).

To assess dermal uptake, percutaneous absorption
data, contamination levels, and the toxicokinetics of oc-
cupational toxicants would be required. When no litera-
ture is available, a value of 100% (worst-case scenario)
has been assumed for the dermal absorption of chemi-
cals for the hazard assessment process. This is a very

conservative approach, which has been adopted to en-
courage studies on the percutaneous penetration of com-
pounds. A less conservative approach to risk assessment
could be used when penetration rates through human skin
are known. In fact it is clear that 100% absorption via
skin does not correspond to realistic exposure. Correc-
tion using percutaneous penetration data can have a ma-
jor impact on regulatory toxicology, because the adjust-
ed dose used in the risk calculation may be reduced sig-
nificantly. These estimates should be as close as possi-
ble to real exposure conditions. To achieve this, experi-
ments should be conducted under finite dose conditions,
using vehicles, concentrations of chemicals, and periods
of exposure which reflect in-use conditions.

In vivo methods

Results from human volunteer studies are the most rele-
vant but are rarely available. Measurement of the diffu-
sion gradient over the skin by quantifying serum concen-
trations in vivo is difficult because these concentrations
are very low, often below the detection limits. The eval-
uation of urinary and fecal excretion after dermal uptake
is hampered by several factors, depending on the metab-
olism, distribution and kinetics of the substance. For costs
and ethical reasons it is impossible to carry out experi-
ments on volunteers for many compounds (and in some
European Countries they are prohibited). On the other
hand, dermal absorption in rodents, commonly used in
laboratories, is very different from human absorption.
Animal models are very useful for toxicokinetic studies,
but they frequently overestimate dermal uptake in hu-
mans.

In vitro methods

In vitro methods seem to present considerable promise.
They are rapid and inexpensive to perform. Protocols are
well described in the literature, including the adoption
of human skin as the membrane. In vitro techniques are
commonly used to test drugs and cosmetics because it is
considered that they can predict the in vivo absorption
rate with a reasonable approximation. Thus, with some
limitations, penetration rates can be obtained by proper-
ly designed in vitro experiments. There is a general in-
terest in in vitro techniques, demonstrated by the fact that
guidelines of the Organization for Economic Coopera-
tion and Development (OECD) have been proposed re-
cently for in vitro methods (6). However some members
of the OECD have questioned whether there is adequate
documentation of the validation of the methods. They
claimed that experimental conditions regarding the treat-
ment of the skin membrane and the composition of the
receptor fluid vary from one laboratory to another, and
also within the same laboratory, making comparison be-
tween the results of different studies impossible. Moreo-
ver comparisons between the in vitro and in vivo results
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presented in the literature are not sufficient to validate
the in vitro methods.

Obviously, in vitro estimates cannot be exact because
of the number of factors that can influence dermal
penetration (although this is also true for gastrointesti-
nal and respiratory uptake), such as different sites of ap-
plication and concentrations of substances. Values ob-
tained for the permeability coefficient (Kp) seem to be
affected by increasing the applied dose, probably because
diffusion through the stratum corneum is a rate-limiting
process. Metabolism, formation of the stratum corneum
reservoir, and loss of sink conditions can also play a role.
The simulation of biological processes always has limi-
tations, and it is impossible to calculate dermal uptake
without accepting some simplifications. However in vit-
ro percutaneous penetration data have a good scientific
basis, in contrast to assumptions of default values such
as 10% or 100% absorption.

In vitro experimental conditions should be carefully
controlled to obtain relevant data for risk assessment. In
their protocols the donor phase should reproduce the real
conditions of human skin contamination, rather than us-
ing a convenient solvent such as acetone, the integrity of
the membrane should be tested, and the receiving fluid
should simulate the sink conditions of the peripheral
blood flow. To understand the dermal uptake of chemi-
cals bound to soil, dust, oil, water, solvents, and the like,
information on the pure substance is helpful, but other
factors must be taken into account (7). Exposure condi-
tions such as the vehicle, concentration of the compound,
area and site of exposure, and occlusion may be more
relevant for risk assessment than penetration rates per se.

The standardization of in vitro tests and the compari-
son of results with in vivo data could produce interna-
tionally accepted penetration rates for the risk assessment
process. In vitro systems should be standardized with a
limited number of chemicals at different dose levels. In
vitro and in vivo correlation studies should be conduct-
ed using human skin in vitro and volunteers for specifi-
cally chosen chemicals in order to support the accepta-
bility of the approach adopted for generating in vitro data.
Extensive absorption data can be determined according
to this route for a series of chemicals.

Modeling techniques

With the use of data for a representative chemical or
group of chemicals, a quantitative structure-activity re-
lationship (QSAR) could be developed for prediction
from physicochemical properties.

Skin notation assignment can be based on the com-
parison of dermal uptake with respiratory uptake at in-
halation exposure levels equal to the time-weighted av-
erage threshold limit value instead of using acute dermal
toxicity (dermal LDs;). Following this approach, the
Dutch Expert Committee on Occupational Standards
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(DECOS) established that a skin notation should be as-
signed when the amount absorbed by the arms and fore-
arms in 1 hour is more than 10% of the amount absorbed
by inhalation in exposure to the occupational exposure
limit for 8 hours (8). This approach is hampered by the
fact that very little data are available in the literature con-
cerning skin absorption. Fiserova-Bergerova et al (9)
used absorption rates obtained with the Berner & Coop-
er model (10) and not experimental data to assign the skin
notation.

Guy & Potts (11) have demonstrated that a QSAR
model based on the physicochemical properties of com-
pounds and derived from experimental data gives better
results. Sartorelli et al (12) obtained even better results
using in vitro data obtained under the same experimen-
tal conditions. However, currently, the available percu-
taneous penetration data are derived from different ex-
perimental protocols and are too inconsistent to allow a
general QSAR approach.

In the literature the following restrictions are report-
ed for the application of these predictive models in risk
assessment (13): (i) compounds should be neutral, low-
molecular-weight (<750 daltons), and moderately hydro-
phobic and (ii) the exposure period should correspond to
pseudo steady-state conditions.

With the use of validated percutaneous penetration
data, QSAR values could be used to predict the absorp-
tion of closely related compounds under similar expo-
sure conditions. This approach could reduce time and
COsts.

Biolagical manitaring in risk assessment

Biological monitoring is the quantitative measurement of
hazardous substances or their metabolites in biological
media (usually blood, urine or breath) from potentially
exposed persons. It is related to, but distinct from, bio-
chemical effect monitoring, which determines the por-
tion of a hazardous substance or its metabolite that has
reached a toxicologic relevant target, and biological ef-
fect monitoring, which looks for reversible changes (usu-
ally, but not always, biochemical) resulting from expo-
sure.

Biological monitoring is an essential part of control-
ling exposure to lead, and there is a binding biological
limit value for the European Union (Council Directive
98/24/EC of 7 April 1998). For many other substances,
biological monitoring is a tool to help assess occupational
exposure of both persons and groups of workers with the
objective of keeping exposure low enough to prevent
damage to health. Unlike ambient air and skin monitor-
ing, which only assess potential exposure through inha-
lation and the amount on the skin, biological monitoring
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can assess actual uptake by all routes — through the skin
and by ingestion and inhalation. It can give an indica-
tion of the internal dose of a substance. It can help
to assess the efficacy of the control procedures and
equipment used to reduce exposure. For example, if the
control of exposure relies on respiratory protective equip-
ment (eg, masks) or dermal protection by gloves, then
biological monitoring may be the only way to check these
are working or being used correctly.

Regulators can use biological monitoring data in or-
der to assign occupational exposure limits based on data
from actual occupational exposures and internal doses in
comparison with dose-response data from animal stud-
ies. Biological monitoring data can be used, for exam-
ple, with physiologically based pharmacokinetic (PBPK)
modeling, to predict target tissue doses and refine inter-
species extrapolations in the toxicologic part of risk as-
sessments.

Biological monitoring can also help employers and
employees reduce exposure and risks from hazardous
substances in the workplace, either by comparing the re-
sults of biological monitoring with some form of health-
based biological monitoring guidance values or by com-
paring them with hygiene-based guidance values. Appro-
priate guidance values can be derived from biological
monitoring results obtained from workplaces employing
good standards of occupational hygiene and with con-
trols of exposure that are as good as is reasonably practi-
cal. Tt can help the employers or employees to see that
their exposure controls are working or if they need im-
proving.

The noninvasive forms of biological monitoring
(based on urine or breath) offer the potential to be sim-
ple tools for small firms to check their exposure controls
and target their (limited) resources to situations where
they have problems. However, clearly defined guidelines
would be required for such applications to be effective.

Problems associated with biological monitoring

Biological monitoring involves the collection of person-
al samples (blood, urine and breath) and their analysis to
provide data. There are ethical issues however related to
consent, use of data, and confidentiality, These are usu-
ally dealt with when the biological monitoring program
is set up (often with the help of a physician). They in-
volve giving the workers sufficient information about the
nature and purpose of the program to enable them to give
their informed consent and to say who should see the data
generated. An important aspect of this process is to make
it clear what the samples will be analyzed for and what
they will not be analyzed for (alcohol, drugs, etc). It is
also necessary to reassure the subjects that the data will
not be used for any other purpose (14).

The collection of blood samples is usually considered
invasive and, although tolerated by most workers, it is

not popular. In practice, wherever possible, there has
been a move away from blood sampling to less invasive
samples based on urine or breath.

Advice on the correct sample to collect, when to col-
lect it, the way to store it and transport it to a laboratory,
and how to analyze it are available in reference books or
from good laboratories (15—17).

One of the difficulties with biological monitoring is
a lack of data to help interpret the results. There are bio-
logical monitoring guidance values for about 50 sub-
stances (18—20), but this is a very small proportion of
the substances to which workers can be exposed. Part of
the reason for the low number of biological monitoring
guidance values is the large amount of data required to
define a dose-response relationship which will allow a
health-based biological value to be set. Part of the rea-
son is historical — until recently biological monitoring
was not considered as part of the occupational limit set-
ting process — and part is due to a lack of appreciation
of the utility of biological monitoring. It is to be noted
that many of the established guidance values are based
on inhalation exposure data and inhalation exposure lim-
its. Dermal exposure is generally not considered. Biolog-
ical monitoring data should preferably be based on phar-
macokinetic or pharmacodynamic data obtained in vol-
unteer studies. Such data take account of interindividual
human differences and thus allow for more than a gener-
ic interpretation of exposure or health effects (ie, risk
assessment). Many of these issues are now being ad-
dressed and, in particular, the development of biological
guidance values linked to good practice and the control
of exposure offers the potential for more guidance val-
ues in the future (20).

One of the strengths of biological monitoring is that
it assesses exposure by all routes, but this feature can also
be a problem when exposure occurs through several dif-
ferent routes. At the moment we cannot distinguish the
route of exposure — there are no dermal-specific or in-
halation-specific markers of exposure, and an elevated
biological monitoring value may need careful investiga-
tion before the source can be identified. This may be a
relatively simple matter for an occupational hygienist or
health professional. The advantage of biological moni-
toring is that the effort can be targeted towards the areas
or workers with elevated exposure rather than towards
all areas or workers.

Future prospects for biological monitoring

Traditionally, biological monitoring has been done by
occupational physicians and health professionals, and this
is still the case in many European countries. In part this
circumstance was due to the reliance on blood sampling
and in part due to the links between biological monitor-
ing and health surveillance. In addition, health profes-
sionals have been trained to deal with the ethical and
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consent issues. The move towards noninvasive sampling
(mainly urine, but breath sampling is also possible for
some substances) and guidance on the ethical issues cou-
pled with the growing awareness of the usefulness of bi-
ological monitoring as a tool for exposure assessment has
legitimately moved biological monitoring into the area
of occupational hygienists and health and safety profes-
sionals. The comparative ease of biological sample col-
lection makes it a simple procedure that small firms may
find useful — for example, a urine sample collected at
the end of the workday.

There is a growing use of biological monitoring in
risk assessment, both by regulatory bodies and employ-
ers. The move towards noninvasive sampling will con-
tinue in many countries as all involved appreciate the
benefits.

Although there is now more guidance for biological
monitoring — both when and how to do it and also with
respect to the interpretation of the results — there is still
a need for more. The 50 or so substances with biological
monitoring available are a small percentage of those
which workers may be exposed to and which can be ab-
sorbed through the skin. Increased guidance will, in turn,
lead to increasing use as patt of both risk assessment and
risk management. Biological monitoring guidance val-
ues linked to “good practice” should (i) help regulators
set guidance values with fewer data, (ii) help employers
demonstrate they are controlling exposure, and (iii) help
workers by reducing their exposure to hazardous sub-
stances and give them (and their physicians) confidence
that substances are being controlled and their health is
not being harmed.

The overall trend towards reducing airborne occupa-
tional exposure levels means that skin as a route of entry
will become relatively more significant, and, as a conse-
quence, there will be a greater need for biological moni-
toring to monitor exposure.

The developments in molecular biology will bring
greater potential for the phenotyping of genetic polymor-
phisms in metabolism and give rise to some of the inter-
individual variations in biological monitoring results or
their impact on risk assessments. There are many ethical
issues attached to this area, and it may take some time
before clear guidelines emerge.

Most risk assessments are for single substances, but
most workers are exposed to mixtures. Biological moni-
toring linked to PBPK modeling may offer ways of look-
ing at mixtures in a structured way in order to improve
risk assessments in the workplace.

Quality aspects

The quality of biological monitoring data depends on
many processes, from sample collection to analysis. The
literature includes well-established procedures and meth-
ods for ensuring the quality of results and a recent re-
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view of external quality control programs (21). In
addition, there are several well-established, internation-
al quality assurance schemes available for most of the
common biological monitoring analytes. The 2
largest schemes are operated by the University of
Erlangen-Nurnberg in Germany and the Finnish Institute
of Occupational Health. There is a need for these
schemes to grow to match the number of new substances
for which biological monitoring is helping to assess ex-
posure and risk.

Risk assessment of dermal exposure

Knowledge of skin contamination and the levels of in-
ternal exposure measured by biological monitoring is
scant, in part because the methodology for assessing der-
mal exposure (22, 23) has not yet been validated. Never-
theless, large data bases on whole-body dermal exposures
in occupational settings using pads or coveralls together
with monitoring gloves have been constructed, especial-
ly for agricultural pesticides, throughout the world. Some
additional data have been collected, using biological
monitoring. Occasionally these data have béen obtained
in conjunction with each other (24, 25). These data are
widely used for the registration of agricultural pesticides,
again throughout the world.

Recently, similar approaches for the assessment of
exposure have been used for biocides (26). For industri-
al chemicals, no substantial data on dermal exposures are
available. The focus on exposure has previously been di-
rected towards inhalation exposure, although health ef-
fects due to dermal exposure to, for example, coal tar and
several pesticides, such as organophosphorus compounds,
have been known for a long time.

For assessing dermal exposure to new and existing
chemicals in the European Union, use is made of a der-
mal version of EASE (estimation and assessment of sub-
stance exposure) (27), which is based on a very limited
set of experiments on the adherence of material to hands
immersed in a few different liquids and expert judgment.
It has been shown in the actual use of EASE for notifi-
cations and in European Union monographs on existing
substances that the level of exposure to the skin is fre-
quently unacceptably high, and therefore the importance
of further experimental verification of the levels of der-
mal exposure occurring during various occupational tasks
that may lead to appreciable deposition of chemicals on
the clothing or skin of workers or to the transfer of con-
tamination to clothing or skin by contact is indicated.

To fill this knowledge gap, research is needed to gath-
er sufficient dermal exposure data to develop predictive
exposure models that have theoretical and data-base
structured components. An outline research program is
proposed in the appendix.
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The DEN will produce position papers on the use of
biological monitoring data and strategies for risk assess-
ment both for single chemicals in notification and regis-
tration procedures and for the workplace, especially small
and middle-size enterprises.

The risk assessment process itself is rather complex
for dermal exposures, comparing exposure estimates and
a health-based occupational exposure limit value, since
it requires many components which are, in most cases,
not available (28). The major missing links are adequate
data on dermal absorption relevant for the exposure sce-
narios involved (29) and the process by which dermal no-
effect levels can be determined without dermal toxicity
data. The route-to-route extrapolation (30, 31) required
for this process is still insufficiently studied to ascertain
such values with reasonable certainty, thus requiring as-
sessment factors which may have to be relatively large.

The large group of people that make up the risk as-
sessment subgroup of DEN, working in over 20 institutes
or organizations from more than 10 different European
countries, indicate the great interest in, and the impor-
tance of, the risk assessment of dermal exposure.

Concluding remarks

Risk assessment in relation to potential systemic effects
of dermal exposure is much less sophisticated than for
ingestion or inhalation. This situation is largely due to
limitations in the methodology, but also because of pre-
vious poor recognition of the problems associated with
dermal penetration. In order to evaluate risk it is neces-
sary to (i) measure the amounts of material that may be
deposited on the skin from direct contact with a chemi-
cal, from contact with contaminated surfaces and cloth-
ing, and from chemicals in the air; (ii) to assess dermal
uptake into the systemic circulation; and (iii) to evaluate
the potential health effects of the resultant internal ex-
posure.

Progress in the measurement of skin and surface con-
tamination has been hindered by the lack of accepted ter-
minology and methodology. DEN has paved the way for
progress by agreeing on essential definitions, compiling
a data base of accepted methodology, and identifying
priorities for future research.

With respect to dermal penetration and absorption,
there is a need for the generation of good quality data,
using validated methodology to support the comparison
of different materials and using protocols of relevance
to occupational exposure. Initially such data are likely
to be generated using in vitro methodology. Ultimately,
it will be possible to compile sufficient data to support
the establishment of reliable QSAR approaches for the
prediction of penetration on the basis of physicochemi-
cal properties.

Biological monitoring involves the analysis of low
levels of substance(s) or metabolites in urine or breath.
It may be used in the validation of in vitro models of
percutaneous penetration. With the use of an understand-
ing of the metabolism, kinetics, and toxicology of the
substance, a significant improvement in risk assessment
can be made. Since well-developed biological monitor-
ing has the advantage of estimating either the relevant
uptake of a compound in the body or the relevant (early)
health effect level, it is a powerful tool in risk assess-
ment and risk management processes.

We believe there is a need to establish predictive ex-
posure models for use in generic risk assessment and for
risk assessment strategies appropriate to actual workplace
situations. To this end, we are developing a comprehen-
sive research program to incorporate data on percutane-
ous penefration validated by biological monitoring and
physiologically-based pharmacokinetic models.

Maximum value will be obtained from future research
if investigations focus on priority substances wherever
applicable, so that complete data sets can be incorporat-
ed into the developing models. The important emerging
issues identified by DEN form a suitable basis for iden-
tifying such priorities.

We envisage that our paper will stimulate discussions
to the benefit of the ongoing process of developing more
adequate methodologies for the assessment and control
of dermal exposure. While we have attempted to adopt a
comprehensive approach to the subject, we recognize that
the work instigated by DEN will inevitably raise further
questions. Of note are the need to distinguish between
different sources of exposure, how to deal with risk as-
sessment for mixtures of chemical substances (for which
some innocuous components may enhance dermal pene-
tration of the more hazardous components), and other is-
sues related to risk management.
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Appendix

Propasal for the development of predictive operator exposure models for industrial chemicals

Research is needed on predicting exposure models. It should have the following aims:

a) to develop a validated or benchmarked predictive model for estimating dermal exposure for use in the generic
risk assessment of chemicals (eg, under legislation on new and existing substances)

b) to develop a practical dermal exposure risk assessment tool for use by small and medium-sized enterprises and
others in actual workplace situations (under the directive on chemical agents)

To achieve these aims a research program comprising the following 4 interrelated work parts is proposed:

a) qualitative survey: a qualitative survey of processes, tasks, populations, and determinants of occupational der-
mal exposure throughout Europe

b) quantitative survey: a quantitative assessment of potential dermal exposure in selected situations, chosen in part
from the findings in part a

¢) exposure model(s): the development of a predictive dermal exposure model that takes account of existing mod-
els and the information obtained in parts a and b; the validity of the model for assessing the true risk from
dermal exposure should be determined through studies involving biological monitoring and physiologically
based pharmacokinetic models

d) risk assessment and management toolkit: the development of a practical risk assessment toolkit for workplaces,
the toolkit being based on existing knowledge of chemical hazards and the experimental and theoretical results
from parts a, b, and c; the toolkit should also draw on the relevant concepts for airborne exposure risk assess-
ment developed in a number of countries; it should provide employers with a means of ranking the dermal
exposure risk in their workplaces and provide guidance on control measures

The 4 parts of the research program are interrelated as follows:

- [exposure model(s)]
[qualitative survey] —  [quantitative survey]
—  risk assessment and management toolkit]
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