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Preface

Biological monitoring of chemical exposure in the workplace has become increasingly
important in the assessment of health risk as an integral part of the overall occupational
health and safety strategy. This activity requires accurate sampling and analysis with
correct interpretation of results. Therefore, in 1992, the WHO Office of Occupational
Health, in collaboration with the International Programme on Chemical Safety (IPCS),
set up a global project entitled "Methods and Quality Assurance of Biological Monitor-
ing of Chemical Exposure". The objective of this project was to provide occupational
health professionals in member states with reference principles and methods for deter-
mination of biomarkers of exposure with emphasis on promoting appropriate use of
biological monitoring and assisting in quality assurance. This monograph represents the
first outcome of the above-mentioned project. It is a guideline for biological monitoring
of exposure to selected metals, solvents, pesticides and other chemicals. All available
information for selected chemicals has been assessed and validated.

A selection of individual chemicals has been made, using criteria related to the fre-
quency of use, toxicity, routes of absorption, availability of information on human me-
tabolism, relationship between exposure and biomarker and existence of Occupational
Biological Reference Values (OBRV), which were developed by the Planning Meeting
held in Kyoto, Japan, in October 1992.

Contributions made by Dr P. Hoet (Chapter 1), Dr A. Aitio (Chapter 2), Dr K.H. Schal-
ler (Chapter 3), Dr A. Bernard (Chapter 3), Professor M. lkeda (Chapter 4), Dr L.K.
Lowry (Chapters 4 and 6), Dr D. Gompertz (Chapter 5) and Dr R.D. Verschoyle
{Chapter 5) are highly acknowledged and appreciated, as well as the efforts of Professor
Fengsheng He in the role of Project Manager. All chapters have been reviewed at the
WHO Meeting on Guidelines on Biological Monitoring of Chemical Exposure in the
Workplace, Geneva, 16—18 November 1993, with participation from leading experts in
this field as well as other organizations concerned (see list of participants). Technical
editing was completed by Mrs A. Wright who is kindly acknowledged.

During project development and its implementation, WHO received technical coopera-
tion from the International Labour Office (IL.O), United Nations Environment Pro-
gramme (UNEP), Organization for Economic Cooperation and Development (OECD),
International Commission on Occupational Health (ICOH), International Union of Pure
and Applied Chemistry (IUPAC), European Centre for Ecotoxicology and Toxicology
of Chemicals (ECETOC), International Council of Metals and the Environment
(ICME), Nickel Producers Environmental Research Association (NIPERA), Cadmium
Association, Eurometaux (European Metal Association), who are thankfully acknowl-
edged.
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Biological monitoring is an important tool in the prevention of occupational diseases
related to those exposed to chemicals on a regular basis, particularly when multi-route
exposure (inhalation, skin absorption, ingestion) or abnormal exposure takes place.
However, it should be stressed that, in order to evaluate workplace conditions on a con-
tinuous basis, emphasis should be placed on environmental monitoring, complemented
by biological monitoring.

In recommending the use of biological monitoring for practice and research purposes,
reference should be made to the obligations of occupational health professionals, de-
fined by the International Code of Ethics, in relation to the protection of confidentiality
of health data. ‘

Implementation of this first project component, Volume 1, (which will subsequently be
followed by Volumes 2, 3 and 4) became possible due to the technical and financial
contribution of the National Institute for Occupational Safety and Health (NIOSH),
USA (Programme of Action on Workers' Health Project U60/CCU008636-01 and
U60/CCU008636-02), and the European Commission (DG V — Public Health and
Safety at Work Directorate). Both are kindly acknowledged. For publishing this book,
financial support was also provided by the International Council of Metals and the Envi-
ronment, the Japan Chemical Industry Association, Nickel Producers Environmental
Research Association, which is appreciated and acknowledged.

Dr M.I. Mikheev

Chief Medical Officer

Office of Occupational Health
World Health Organization
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Chapter 1. General principles

1.1 Introduction

Occupational health maintenance requires a multidisciplinary approach to prevent health
impairment that might result from excessive, acute or chronic exposure to chemical
agents. Early detection of hazardous exposures may significantly decrease the occur-
rence of adverse health effects by reducing the level of exposure thanks to appropriate
preventive measures. Monitoring of exposure is a procedure which consists of the rou-
tine assessment and the interpretation of biological and/or ambient parameters in order
to detect possible health risks. This approach requires (a) the definition of permissible
levels of exposure, that is, levels that according to the present status of knowledge are
estimated to cause no adverse effects during the lifetime of the workers; and (b) the
regular assessment of the possible health risks associated with exposure by comparing
the current or integrated exposure with these permissible exposure limits.

1.2 Definitions

In 1980, the Commission of the European Communities (CEC), the US National Insti-
tute for Occupational Safety and Health (NIOSH) and the Occupational Safety and
Health Administration (OSHA) organized a seminar on Assessment of Toxic Agents at
the Workplace. The participants agreed upon the following definitions (1):

meonitoring: systematic continuous or repetitive health-related activity designed to lead,
if necessary, to corrective actions;

ambient monitoring is the measurement and assessment of agents at the workplace and
it evaluates ambient exposure and health risk compared to an appropriate reference;

biological monitoring is the measurement and assessment of workplace agents or their
metabolites either in tissues, secreta, excreta, expired air or any combination of these to
evaluate exposure and health risk compared to an appropriate reference;

health surveillance is the periodic medico-physiological examinations of exposed
workers with the objective of protecting health and preventing occupationally related
disease. The detection of established disease is outside the scope of this definition.

The definitions of biological monitoring and health surveillance are separate compo-
nents of a continuum which can range from the measurement of agents in the body
through the measurements of metabolites, to sign of early disease. A problem left unre-
solved in these definitions concerns the precise place of certain biochemical tests, such



as zinc protoporphyrin (ZPP), 5-aminolaevulinic acid in urine, etc.

The following definition of biological monitoring of early effects has been proposed to
fill this gap:

biological effect monitoring is the measurement of a reversible biochemical change
caused by the absorption of the substance; the degree of change being below that asso-
ciated with toxic injury and not associated with a known irreversible pathological effect

Q).

The basis of these monitoring programmes is best explained by following up the fate of
a chemical exerting systemic biological effects (i.e. a chemical which is not simply act-
ing locally) from the environment to the target molecules in the body. Most of these
chemicals do not cause a similar degree of toxicity in all organs but usually elicit the
major toxicity in only one or two organs. These sites are referred to as the critical or-
gans. The critical organ is not necessarily the site of the highest concentration of the
chemical. Once absorbed and present in the circulation, the chemical is distributed to
different compartments of the body. It may be eliminated unchanged (usually in urine or
in expired air). Organic chemicals and also some inorganic chemicals (e.g. arsenic) may
undergo various biotransformations which usually make them more easily excretable
via urine or bile than the parent compound. The chemical or its metabolites may bind re-
versibly or irreversibly to target molecules. While binding to certain sites induces non-
adverse effects, binding to some other specific sites may give rise to adverse health ef-
fects when the amount bound has reached a certain level and the repair mechanisms
have been overwhelmed. This leads to the development of preclinical lesions at an early
stage and to clinical lesions at a more advanced stage of intoxication. It should be noted,
however, that storage of a chemical in non-critical sites is not always without potential
risk since in some circumstances, it may be released in the circulation and transported to
critical organs. For example, it has been suggested that lead stored in bones may be
mobilized during pregnancy and transferred to the foetus.

For the same external dose, this progression from exposure to disease may vary between
individuals. There are so many intermediate steps which may be different from one in-
dividual to the other (e.g. metabolic activation and/or inactivation, repair mechanisms,
etc.) that the consequences of a similar exposure may differ between subjects (3—6).

Exposure can be assessed either by measuring the concentration of the agent in the
workplace air by stationary or personal sampler (ambient monitoring), or by measur-
ing some biological parameters (biological monitoring). Strictly speaking, biological
monitoring of exposure to chemical agents means measurement of a substance or its
metabolite in various biological media. Sometimes, the concept of biological monitor-
ing is extended to include also the detection of early reversible non-adverse effect
(biological effect monitoring) (e.g. d-aminolaevulinic acid in urine or zinc protopor-
phyrin in blood for assessment of exposure to lead). The detection of an adverse effect
(e.g. increased proteinuria) indicates that exposure is or has been excessive and there-
fore such a measurement is more logically included in a programme of early detection
of health impairment due to industrial chemicals rather than in a biological monitoring



programme for evaluating exposure. The distinction between adverse and non-adverse
biological effects is not always clear-cut and is sometimes arbitrary since it may be dif-
ficult to evaluate the health significance of an effect (7). As stated by Zielhuis and
Henderson (8), it is rarely known whether the biological effects as such have to be re-
garded as adverse, either at the time of measurement or as predictor of an increased
health risk or of an impaired state of health. In a symposium on biological monitoring
sponsored by the US Environmental Protection Agency (EPA), the World Health Or-
ganization (WHO), and the Commission of the European Communities (CEC), it was
proposed that a biological effect should be considered adverse if there is an impairment
of functional capacity, a decreased ability to compensate for additional stress, a de-
creased ability to maintain homeostasis, and an enhanced susceptibility to other envi-
ronmental influences or if such impairments are likely to become manifest in the near
future (9).

In view of the inter-individual differences in susceptibility to xenobiotics, one might
also consider the detection of increased susceptibility to a chemical hazard. Bio-
logical markers may be used to detect inherited or acquired limitations of an organism
to respond to the challenge of exposure to specific or a group of xenobiotic substances.
For example, slow acetylators (persons whose metabolic systems acetylate amines
slowly) are at increased risk of developing bladder cancer when exposed to carcinogenic
aromatic amines (3).

The main goal of biological monitoring of exposure is to ensure that the exposure of the
workers does not entail an unacceptable health risk. It is essentially a preventive activ-
ity. The presence of a risk is recognized by reference to permissible levels in biological
media, i.e. occupational biological action levels. Examples of such values are the Bio-
logical Exposure Indices (BEI) of the American Conference of Governmental Industrial
Hygienists (ACGIH) (10) and the Biological Tolerance Values (BAT) of the Deutsche
Forschungsgemeinschaft (DFG) (11).

1.3 The concept of internal dose

Biological monitoring of exposure attempts to estimate the internal dose on the basis of
our knowledge of the fate of the chemical in the body. But depending on the chemical
and the analysed biological parameter, the term internal dose may cover different con-
cepts (3—6). Firstly, internal dose may mean the amount of chemical recently absorbed.
Hence, a biological parameter may reflect the amount of chemical absorbed either
shortly before sampling (for example, the concentration of a solvent in the alveolar air
or in blood during the workshift) or during the preceding day (for example, the concen-
tration of a solvent in alveolar air or in blood collected 16 hours after the end of expo-
sure) or during past months when the chemical has a long biological half-time (for ex-
ample, the concentration of some metals in blood). Internal dose may also mean the
amount of chemical stored in one or in several body compartments or in the whole body
(integrated exposure or specific organ dose). This usually applies to cumulative toxic
chemicals. For example, the concentration of polychlorinated biphenyls in blood is a
reflection of the amount accumulated in the main sites of deposition (i.e. fatty tissues).



Finally, with ideal biological monitoring tests, the internal dose means the amount of
chemical bound to the critical sites of action (target dose or biological effective dose).
Such tests can be developed, when the critical sites are easily accessible (e.g. haemo-
globin in case of exposure to carbon monoxide or to methaemoglobin forming agents)
or when the chemical interacts with a blood constituent in.a similar way as with the
critical target molecule (e.g. haemoglobin alkylation reflecting binding to DNA in the
target tissue). In the latter situation, the amount bound to the blood constituent is used as
a surrogate of the biologically effective dose.

1.4 Classification of biological monitoring approaches

The biological tests currently used for monitoring of exposure to industrial chemicals
can be classified in three categories (3—6).

1.4.1 Determination of the chemical or its metabolites in biological
media or exhaled air

The great majority of the tests currently available for biological monitoring of exposure
to chemicals rely on the determination of the chemical or its metabolites in biclogical
media. The biological media most commonly used are urine, blood and less frequently
exhaled air. It is also possible to analyse blologlcal materials, such as faeces, adipose
tissue, hair, nail or saliva.

According to their specificity, these tests can be classified into two subgroups. The se-
lective tests are based on the direct measurement of the unchanged chemicals or their
metabolites in biological media. The unchanged substance is measured when it is not or
is poorly biotransformed, when there is no knowledge about the metabolites (no toxi-
cokinetics data), when the level of exposure is too low for a significant amount of me-
tabolite to be produced, when a high degree of specificity is required (a metabolite may
be common to several substances), or when sensitive methods for detecting the me-
tabolites are not available.

Techniques are also being developed (neutron activation analysis/X-ray fluorescence)
for directly monitoring in vivo the concentration of some metals in' tissues, such as
cadmium in liver and kidney and lead in bones (12). So far, these techniques are not
applicable routinely.

Non-selective tests are used as non-specific indicators of exposure to a group of chemi-
cals. As an example of non-selective exposure tests, one can cite the determination of
diazo-positive metabolites in urine for monitoring exposure to aromatic amines, the
analysis of thioethers in urine to assess exposure to mutagenic and carcinogenic sub-
stances and the determination of the mutagenic activity of urine. Because of their lack of
specificity (for instance, thioether excretion may be increased by non-mutagenic or car-
cinogenic exogenous or endogenous substances and is influenced by smoking) and the
existence of a large individual variability, these tests usually cannot be used to monitor
exposure on an individual basis. It is, however, possible that when an adequate control



group is used as reference, they may be useful as qualitative tests to identify exposed
groups.

1.4.2 Quantification of (reversible, non-adverse) biological effects related
to the internal dose

This second category of tests includes those based on the quantification of non-adverse
effects which are related to the internal dose. Most of these tests are non-specific. The
development of these tests usually requires some knowledge of the mechanism of action
of the chemical. An example of these tests is the use of the inhibition of pseudo-
cholinesterase activity in serum to assess exposure to organophosphorus compounds.
Others include the inhibition of the erythrocyte enzyme -aminolaevulinic dehydratase
and the increase of zinc protoporphyrin which are generally considered as indicators of
lead exposure, although they are not agent specific as such. Also the urinary excretion
of beta-hydroxycortisol or D-glucaric acid may be used as an indicator of exposure to
chemical inducing mono-oxygenase enzymes.

1.4.3 Measurement of the amount of active chemical interacting with the
target and non-target (surrogate) molecules

Contrary to the preceding exposure tests, those belonging to this third category directly
or indirectly estimate the amount of chemical interacting with the sites of action. When
they are feasible, i.e. when the target site is easily accessible, these tests have the poten-
tial to assess the health risk more accurately than any other monitoring procedure. The
determination of carboxyhaemoglobin is an example that has been used in occupational
medicine for a long time. Progress in this monitoring approach is to be expected namely
with the development of a new generation of tests based on immunological or GC-MS
techniques. The latter have the potential of detecting with a great specificity (agent
specific parameter) and sensitivity subtle alterations induced in the target and non-target
molecules (e.g. DNA, haemoglobin, albumin) by reactive chemicals (e.g. mutagens and
carcinogens). The DNA adducts can be measured either in hydrolysates of DNA mole-
cules (e.g. in white blood cells) or in degradation products of DNA released in body
fluids (e.g. urine). Much research is still needed before these tests can be introduced in
the routine biological monitoring of industrial workers.

1.5 Comparison of ambient and biological monitoring of
exposure

Biological monitoring of exposure may offer several advantages over environmental
monitoring to evaluate the internal dose and hence to estimate the health risk. Biological
monitoring takes into consideration absorption by routes other than the lungs. Many in-
dustrial chemicals can enter the body by absorption through the skin or the gastrointes-
tinal tract. Personal hygiene habits vary from one person to another. The lack of care in
personal hygiene can lead to significant ingestion of the substance (hand contamination,
smoking, eating or drinking in the work area). The incorrect use of protective clothing



(e.g. gloves) can result in increased skin contamination and absorption. Because of its
capability to evaluate the overall exposure (whatever the route of entry), biological
monitoring has the advantage that it can be used to test the effectiveness of various pro-
tective measures, such as gloves, masks, and barrier creams.

Moreover, it is well known that great inter-individual variation exists in the absorption
rate of a chemical through the lungs, the skin or the gastrointestinal tract as well as in
the capacity for metabolizing and excreting the substance. In some cases, even if strict
personal hygiene measures can be implemented so that the pollutant can enter the organ-
ism only by inhalation (in addition to the amount transported by mucociliary clearance
from the lungs to the gastrointestinal tract), there is no reason to always postulate the
existence of a relationship between the airborne concentration and the amount absorbed.
Many physico-chemical and biological factors preclude the existence of such a correla-
tion (e.g. type of compound [for example, exposure to a same ambient level of soluble
or insoluble metal compound does not result in the same biological level], particle size
distribution [inhalable or respirable fraction], variation in work load influencing ventila-
tory parameters and cardiac output and hence the alveolar air or blood concentrations of
volatile organic solvents, etc.). A biological parameter may take all these various toxi-
cokinetic factors into consideration.

Biological monitoring also reflects non-occupational background exposure (leisure ac-
tivity, residency, dietary habits, smoking, etc.) which may also be expressed in the bio-
logical level. The organism integrates the total external (environmental and occupa-
tional) exposure into one internal load.

For all of the above reasons, it is clear that for many industrial pollutants, the measure-
ment of the concentration in air may not necessarily prevent an excessive intake by the
exposed workers. '

Ambient monitoring is usually done to identify and quantify specific contaminants pre-
sent in the environment, to determine compliance status with respect to various occupa-
tional health standards or to evaluate the effectiveness of engineering controls installed
to minimize workers' exposure. Depending on the type of air sampling system selected —
stationary (area) or personal — the estimate of the risk may be carried out on a group or
on an individual basis. -

Ambient monitoring is more suited than biological monitoring for the detection of acute
exposure to dangerous chemicals. It can often be quickly applied to potentially hazard-
ous conditions. If hazardous conditions are found, preventive measures can be instituted
before severe adverse health effects occur. Ambient monitoring is usually more practical
than a biological method to identify emission sources and evaluate the efficiency of en-
gineering control measures. A single ambient monitoring operation may prevent over-
exposure of many individuals. Individual measurements, such as biological monitoring
may entail higher costs than air monitoring. Moreover, in case of exposure to chemical
substances that exhibit their toxic action at the site of contact (e.g. eye mucosa or lung
irritants, respiratory tract carcinogens) and are poorly absorbed, a biological parameter



reflecting the internal dose is not necessarily related to the health risk. Only few bio-
logical tests have been proposed for the identification or the monitoring of chemicals
present at the interface between the environment and the body (skin, gastrointestinal
mucosa, respiratory tract mucosa). The analysis of nickel in the nasal mucosa which is
at present only an experimental technique, and the counting of asbestos bodies in spu-
tum could be considered as examples of such tests. Except for these very few tests, di-
rect toxic effects at this interface between the environment and the body, can only be
prevented by keeping the airborne and surface concentrations of the substance below a
certain level.

There is sometimes greater difficulty in obtaining biological samples (e.g. blood collec-
tion may be considered as invasive by workers) than air samples.

Finally, for many industrial chemicals, the toxicokinetics (metabolism of the substance)
and toxicodynamics (quantitative relationships among external exposure, internal expo-
sure, adverse effects) data are still too limited to propose a valid and practical biological
method for assessing the risk of overexposure. From the above considerations, it is clear
that both ambient monitoring and biological monitoring of exposure represent two
complementary approaches for health risk assessment in industry.

1.6 Information required for the development of biological
monitoring approaches and the establishment of
occupational biological action levels

The understanding of the cascade of events between external exposure to toxic sub-
stances and the biological changes leading to adverse effects is fundamental for the de-
velopment of relevant biological monitoring methods.

1.6.1 Toxicokinetics

The amount of a substance measured in body fluids is the result of a continuous inter-
play between absorption, biotransformation, storage and excretion, and these processes
may be influenced by several endogenous (e.g. genetic constitution, anthropometric
factors, health status) and exogenous (e.g. work load, simultaneous exposure to several
substances, drugs, alcohol intake, smoking habits) factors (13). Knowledge of these
factors is essential for selecting the appropriate biological markers (e.g. parent com-
pound or metabolite), the biological medium to be analysed and the sampling time (see
below) and for the interpretation of the result.

The biological half-time of a substance in an organ, a tissue or the body as a whole, is
the time needed to excrete half the amount of the substance. Some substances may have
several half-times corresponding to the elimination from different organs or tissues but
generally one main half-time predominates. For chemicals that have a long biological
half-time in various body compartments, the time of sampling may not be critical. Some



chemicals show an accumulation during the work-week. For other chemicals, that are
rapidly eliminated from the organism the sampling time may be of major importance.
The shorter the half-time, the more critical the sampling time. The relationship between
the half-time of a substance in blood or urine and sampling strategy is shown in figure
1.1 and the optimum times for sampling are proposed in table 1.1 (2).
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Figure 1.1. The relationship between the half-life of a substance in blood or urine and
sampling strategy. (from: Biological monitoring for chemical exposures in the work-
place. Guidance Note EH56, Health and Safety Executive. Crown copyright is repro-
duced with the permission of the Controller of HMSO.)

Table 1.1. The relationship between the half-time of a substance in blood or urine and
sampling strategy (2) :

Half-time Optimum sampling time

<2 hours half-time too short for suitable monitoring
*2~10 hours end of shift or beginning of next shift
10-100 hours end of shift, end of work-week
> 100 hours ‘ time of sampling not critical

Similarly, the knowledge of the kinetics and the half-time is of importance when inter-
preting the representativeness of the sampling. Occupational biological reference values
most often refer to exposure according to the ambient exposure limit values, i.e. mean



biological concentrations that are likely to be found after an 8-hour time-weighted aver-
age exposure. However, external exposure at the workplace is rarely constant in the time
course of the workshift. It is important to understand if a parameter reflects the very re-
cent exposure (the exposure just before the sample collection), the time-weighted expo-
sure during the preceding day(s), long-term exposure or integrated exposure. For ex-
ample, n-hexane concentration in exhaled air reflects the exposure just before sampling,
cobalt level in urine is influenced by the exposure to soluble cobalt compounds during
the previous shifts and PCB level in adipose tissue is an indicator of the body burden.

Pharmacokinetics models may provide valuable tools when establishing relationships
between external exposure and internal dose. Physiologically based pharmacokinetic
models have been developed taking account of the variability of numerous exposure and
physiological factors, such as the intensity and duration of exposure, the physical work
load, the body build, the liver and renal function (14).

1.6.2 Toxicodynamics

Knowledge of the early adverse effects caused by a chemical is fundamental for a
screening procedure in the assessment of health risks and is usually a prerequisite for an
accurate assessment of the tolerable level of the biological exposure parameter. Knowl-
edge of non-adverse biological changes induced by a toxicant or its active metabolites
may also be useful for the development of biological monitoring methods. For example,
the determination of serum pseudocholinesterase or §-aminolaevulinic acid dehydratase
inhibition can be used for assessing the risk of overexposure to some organophosphorus
pesticides and lead, respectively. The determination of the dose-effect relationship (i.e.
the concentration of the substance at which the effect is expected to occur) as well as the
dose-response relationship (the percentage of individuals showing these effects at each
dose level) is fundamental in risk estimation when proposing occupational biological
action levels.

1.6.3 Levels in occupationally unexposed population

One has to distinguish the "reference values" observed in non-exposed people and the
"reference values" (i.e. biological action levels) established for the exposed people, i.e.
values allowing the uptake of a certain amount of a chemical agent but regarded as ac-
ceptable for the preservation of the subject health.

The knowledge of appropriate reference values (i.e. the level of the parameter in a com-
parative population not exposed to the substance in question) is useful when establish-
ing biological action levels in occupationally exposed subjects and interpreting the re-
sult.

The parameter under investigation may be present to some extent in the general popula-
tion without any occupational exposure. This level may be influenced by endogenous or
exogenous factors; i.e. homeostasis mechanisms for essential elements, genetic factors,
diseases, drug consumption, smoking habits, household product exposure, dietary and
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environmental factors. Failure to know the major sources of variation of a parameter
limits its validity.

It is important to note that background levels can be below the level of detection; for
example, methylenedianiline or methylene bis(chloroaniline) are not detected in bio-
logical media of unexposed people.

As a result of environmental (soil, air, water, food) pollution coming from industrial
emissions, traffic or natural abundance in the earth's crust, the reference values meas-
ured in groups without occupational exposure may greatly vary in the different parts of
the world. For instance, the levels of arsenic, cadmium, selenium, lead, fluoride in body
fluids or tissues can be very. different (15). Hence, when this background level is high,
there is not much room for additional occupational exposure in order to prevent health
impairment. ‘

As recently highlighted by King (16), in the past when occupational exposures were
greater than they are today, occupational exposures were sufficiently high to be distin-
guished from the levels of unexposed. Today, the difference has been reduced in some
cases to a level where statistical analysis of grouped data is necessary to determine the
difference between exposed and non-occupationally exposed populations. Moreover,
this problem of low level of exposure is further confounded by the uncertainties of
much of the historical data on both "normal" and occupational levels. For instance, only
over the past few years have instruments been available for the accurate measurement of
chromium and nickel in blood, and all the previous data have to be discarded. In prac-
tice, each laboratory should be required to give, on each report, the "normal" level and
range obtained by itself using the identical procedures as used for the samples (16).

1.7 Implementation of sampling

1.7.1 Biological media

The majority of the available biological tests rely on the analysis of breath, blood or
urine (17-19). The choice of the medium depends on several factors, such as the kinet-
ics (appearance and half-time of the biological parameter), the convenience of sample
collection, or the possibility of sample contamination.

1.7.1.1 Blood

Blood constitutes the main vehicle for the transport and distribution of chemicals in the
body. Therefore, most systemically active substances or their metabolites can be found
in blood. It can be used for measuring most inorganic chemicals and for organic sub-
stances which are poorly biotransformed and have a sufficient half-time. Moreover the
determination of an unchanged substance in blood may have a greater specificity than
the determination of its metabolites in urine. Blood is also useful for the measurement
of substances that bind to macromolecules, for example, surrogate molecules such as
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haemoglobin. Some practical considerations have to be taken into account since depend-
ing on the substance, the analysis should be performed on whole blood, plasma, serum
or erythrocytes. The appropriate anticoagulant (if necessary) must be selected. The bio-
logical parameter to be assessed can be either equally distributed between the different
blood constituents or can accumulate in a particular blood compartment (e.g. red cells).
Haemolysis of red blood cells, a frequent phenomenon occurring during blood sam-
pling, transport, storage or mishandling may lead to erroneous results of analyses per-
formed on plasma or serum. Some chemicals or their metabolites can be transported in
blood free or bound to proteins. The analytical method must take this property into ac-
count.

The blood concentration of many volatile solvents has frequently the same significance
as that in alveolar air. It reflects either the most recent exposure when blood is collected
during exposure or the exposure during the preceding day if blood is collected 16 hours
after the end of exposure. The blood concentration of some cumulative organic chemi-
cals (e.g. polychlorinated biphenyls) mainly reflects the body burden, the blood level of
these chemicals being related to their concentration in the main storage compartment.

1.7.1.2 Urine

Urine is easy to collect, the procedure is non-invasive and large volumes can be col-
lected. It is usually suitable for monitoring water soluble metabolites of organic chemi-
cals and several inorganic chemicals (metals). These tests are more readily accepted by
the workers as they are less invasive than blood collection. In the case of exposure to
substances with short biological half-times or with fluctnating airborne concentrations,
the level of a metabolite in urine collected at the end of the shift is usually a better indi-
cator of the average exposure during the shift than the concentration of the substance it-
self in exhaled air or blood samples. The latter (concentration of the substance in ex-
haled air or blood) is effectively more influenced by the very recent exposure.

The concentration of a substance in urine generally reflects its mean plasma level during
the period of urine accumulation in the bladder but for some substances the amount
stored in the kidneys may also influence the urinary level. Except in case of exposure to
substances with long half-times, measurements performed on a 24-hour specimen might
be more representative than those performed in spot samples. However, 24-hour sam-
ples are not frequently carried out in routine biological monitoring programmes. In the
case of exposure to rapidly excreted substances, such as solvents, end of shift samples
are more appropriate. It should, however, be realized that the urinary concentration of a
metabolite greatly depends on the rate of urine production and its measurement in either
too dilute (large beverage intake) or too concentrated (low beverage intake, perspiration
due to hard work or high environmental temperature) urine specimens can lead to misin-
terpretation. The determination of urinary creatinine and/or density is usually advisable
to exclude overdiluted and over-concentrated samples. Correction of the results for the
dilution of the urine may be necessary for some substances but needs to be considered
on its merits for each individual substance (20, 21). Since creatinine excretion depends
to a certain extent on urinary flow, it has been suggested to correct creatinine concen-
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tration in "spot" urine for the effect of varying hydration (22). Although the measure-
ment of the elimination rate of a chemical may better reflect the internal dose than its
concentration, quantitative urine collection during a defined time interval is rarely done
in industry and is difficult to achieve. Mainly for metals, urine contamination during
collection may also represent an important source of errors.

The renal excretion is governed by three mechanisms: glomerular filtration, tubular se-
cretion and tubular reabsorption. The alteration of one of these mechanisms may greatly
influence the elimination of a substance. ‘

1.7.1.3 Breath

Alveolar air analysis is mainly limited to the estimation of exposure to volatile organic
compounds (solvents). A distinction has to be made between "mixed-exhaled air" which
is obtained during normal breathing and represents a gas mixture coming from the dead
space and the alveolar structures and "end-exhaled air" which is collected at the end of
the expiration and mainly reflects alveolar air concentration. Generally, the concentra-
tion in "mixed-exhaled air" is larger than the concentration in "end-exhaled air" during
exposure and smaller than that in the "end-exhaled air" during the post-exposure period.
This method is non-invasive but presents a risk of external contamination during collec-
tion. Moreover, the concentration of the solvent in alveolar air may fluctuate very rap-
idly with the changes of exposure intensity. The time of sampling is very critical and
determines whether the measurement reflects either the very recent exposure level
(sample collected during or immediately at the end of the shift) or the exposure during
the previous day (sample collected 16 hours after the shift).

Several factors influence the alveolar air concentration of an inhaled substance. A rela-
tively higher alveolar concentration is expected for substances of low solubility in blood
and of low metabolism. An increase in cardiac output will cause a decrease in relative
alveolar concentration which is appreciable in case of highly soluble and highly me-
tabolized substances but practically unnoticeable in case of poorly soluble and poorly
metabolized substances. The effect of an increase in alveolar ventilation on relative al-
veolar concentration is also quite slight and practically insignificant for a poorly soluble
solvent, whereas it is appreciable (increase of alveolar concentration) for highly soluble
solvents. Similarly, a progressive increase in relative alveolar concentration with dura-
tion of exposure may be measured during the shift in the case of poorly soluble and/or
metabolized substances (23).

1.7.1.4 Other biological media

Analysis of milk or adipose tissue has sometimes been performed for assessing the body
burden of lipophilic compounds (such as organochlorine pesticides) or to assess the risk
of transfer of toxic substances to the newborn. The excretion of a substance in faeces
mainly reflects the level of oral intake and has no practical interest in occupational set-
tings. The influence of external contamination constitutes a serious source of error when
one attempts to assess the internal dose of a substance by measuring its level in hair or
nail. Appropriate washing procedures have not yet been elaborated. Some contaminants



13

may be excreted through sweat, sputum or saliva. However, various methodological
problems (e.g. low rate of secretion, external contamination) limit the use of these me-
dia for the routine surveillance of workers. Techniques are being developed for measur-
ing in vivo the concentration of lead in bone and that of cadmium in liver and kidney.
At present, these techniques are used for research only and are not generally applied to
routine monitoring.

1.7.2 Sampling time and representative sampling

A sampling strategy must be based on the time of appearance and disappearance of the
parameter in the body fluids, therefore knowledge on the kinetics of the selected bio-

logical marker permits selection of the most appropriate time of sampling (see section
1.6).

1.8 Analytical methods
1.8.1 Analytical reliability criteria

The selection of an analytical method must be based on several criteria:

- Accuracy is the closeness of agreement between the analytical result and the true
value. Trueness is the closeness of agreement between the average value of a large
number of test results and the true value. Precision is the closeness of agreement
between independent analytical results. Repeatability and reproducibility are the
two extremes of precision, the first describing the minimum and the second the
maximum variability in results (24). Analytical reliability criteria are discussed
further in Chapter 2 of this volume.

- Specificity: the capacity of the method to measure the parameter under investiga-
tion exclusively.

- Sensitivity: the change in the response of the analvtical method as a function of the
change in the parameter level.

- Detection limit: the lowest concentration of the determinant which will be detected
by the procedure.

1.8.2 Practicability

When planning the use of analytical methods, one must consider not only its reliability
but also its practicability. i.e. the speed of the method (the time needed for the analysis
of one specimen alone and the number of specimens which can be analysed per unit of
time under routine conditions: this includes the time used for maintenance, reagent pre-
paring, calibration, total operating time), the equipment and the technical skill required,
the precautions and procedures required for safety, the work load, the specimen han-
dling, the cost, and the space needed.

Regardless of whether a method is in routine use or is just developed, its performance in
the analysis of field specimens should be monitored through rigorous quality assurance,
as discussed in the next chapter.
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1.9 Summary

- The biological determinant either gives an estimate of exposure or/and predicts
health risk.

- The biological determinant should specifically assess the exposure to the chemical
agent under investigation. Non-specific tests, however, may be used in association
with specific but less quantitative tests (confirmatory tests).

- The biological determinant should be sufficiently sensitive to be able to identify
individuals occupationally exposed to low level of chemicals and it should vary
quantitatively with the intensity of exposure and the risk of occurrence of any ad-
verse health effect.

- The biological determinant should be stable enough to allow storage of the biologi-
cal sample for a certain period of time.

- The biological determinant should yield information on potential risks additional to
the information obtained by ambient sampling.

- The collection of the biological sample should not provide too much discomfort or
involve any health risk for the subject (ethical aspect).

- The accuracy (trueness and precision) and the analytical range of the method have
to be sufficient. As some methods are quite time-consuming or sophisticated, the
cost of the analyses in time and money may need to be balanced against the value
of the biological monitoring data to be obtained.

1.10 Interpretation of the results

The biological monitoring test must be interpreted according to our current knowledge
of the relationships between external exposure, internal exposure, and the risk of ad-
verse health effects and on which basis the biological reference values have been estab-
lished. The finding of a biological level above the reference value may only be a quali-
tative indication of exposure to a substance. If the quantitative relationship between ex-
ternal exposure and the internal dose is known, the biological parameter can be used as
an index of exposure but provides little information on the health risk. In other terms,
biological monitoring performed under these conditions is much more an assessment of
the exposure intensity than of the potential health risk. In some situations, a quantitative
relationship has been identified between internal dose and adverse health effects. The
biological parameter can, in these cases, be considered as an indicator of health risk. It
is also possible to derive a biological permissible value from this dose-effect relation-
ship. When the internal dose is quantitatively related to both adverse effects and exter-
nal exposure, the biological parameter provides information on both exposure and
health risk. Sometimes, the relationship between internal dose and effect is unknown,
but the internal dose can be related to external exposure and indirectly to the adverse
effects. A biological permissible value can be estimated indirectly from the exposure
limit in air. It is clear, however, that this method of deriving the biological limit value is
much less reliable than a direct estimation based on the relationship between internal
dose and adverse effect. Finally, if all the parameters are quantitatively related, both the
biological and environmental exposure limits can be directly estimated (3-6).
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So far, the majority of published works have focused on the internal dose—external exp-
osure relationships established in volunteers or in industrial workers. The relationships
between internal dose and early adverse effects, which are essential for deriving mean-
ingful biological limit values, are comparatively less well documented.

In some cases where there is currently no known relation between the biological index
and exposure (e.g. when the main route of exposure is through the skin) or health effect,
it could be appropriate to set a biological monitoring guideline that is related to what
level is being currently achieved across industry. A possible approach would be to set a
guideline that was being achieved in 90% of employees. This approach may sometimes
be supplemented by animal pharmacokinetic and effects data which are more easily
generated. The relationship between internal concentration and adverse health effects
may be known in the future only if biological monitoring is conducted in the present. In
the future at least, epidemiological studies could be carried out to assess whether the
present levels of exposure were low enough.

The results of a biological monitoring programme can be interpreted on an individual
basis. This is usually performed by the occupational health physician who must also
take into account several possible individual confounding factors. For instance, liver
function impairment may be associated with a decrease in xenobiotics biotransforma-
tion. Several drugs may either increase or decrease liver microsomal enzymes activity
and hence influence xenobiotics biotransformation. Likewise, alcohol consumption may
interfere with the metabolism of various substances (e.g. methanol, toluene, xylene,
styrene) in two opposite ways. Moderate chronic intake of ethanol usually stimulates
drug metabolizing enzymes and hence the biotransformation of other absorbed chemical
agents, whereas during or shortly after a large alcohol intake entailing a high concentra-
tion of alcohol in the body, there appears to be an inhibitory effect on the metabolism of
xenobiotics (25). Perturbation of renal clearance, large or restricted beverage intake,
may be responsible for misinterpretation of urinary results. Tobacco smoke containing
many substances (e.g. cadmium, carbon monoxide) can also be a serious confounding
factor. For example, smoking influences thioethers concentration in urine and the mut-
agenic activity of urine. Exposure from diet, environment and leisure activities may
sometimes be of importance.

In the occupational setting there is often exposure to a mixture of substances (26). This
may entail variations in terms of toxicokinetic and toxicodynamic processes; when in-
terpreting the results, one has to consider the possible physico-chemical interactions
between the substances, the effect that one agent may have on the absorption, metabo-
lism, excretion of the other, the possibility of interactions between the parent compound
and the metabolites. The effect may be (i) independent, where the substances exert their
own toxicity independent of each other, (i1) additive, where the combined effect of the
two chemicals is equal to the sum of the effects produced by the individual agents, (iii)
synergistic, where the combined effect of the two chemicals is much greater than the
sum of the effects of each agent given separately, (iv) antagonistic, where two chemicals
administered together interfere with each other, or (v) potentiating, where a substance of
low or no toxicity enhances the toxicity of another chemical.
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Results are generally interpreted by comparison to adequate reference values. However,
because of the difference in individual susceptibility, the threshold values above which
an adverse effect will occur will differ between the subjects. A biological reference
value for occupationally exposed people is not, therefore, an assurance that it will pro-
tect all the exposed persons from adverse health effects. In some susceptible individuals,
a biological response may occur even with exposure below these reference values.

When there is considerable inter-individual variability for a certain parameter, the post-
exposure level may be better interpreted by comparison to the individual pre-exposure
level (the baseline value); for example, the cholinesterase activity of red blood cells,
used as an index of exposure to organophosphates or carbamates should preferably be
expressed as a percentage of the individual baseline activity. Similarly, for cumulative
industrial chemicals it is recommended that the baseline internal dose be established
before the subjects are exposed to these substances.

The results can also be interpreted on a group basis by considering their distribution. If
all the observed values are below the biological permissible value, the working condi-
tions are satisfactory. If all or the majority of the results are above the biological per-
missible value, the overall exposure conditions must certainly be corrected. A third
situation may also occur: the majority of the workers may have values below the bio-
logical permissible level but a few of them have abnormally high values. Several inter-
pretations can be put forward. One interpretation is that the subjects exhibiting the high
values perform activities exposing them to higher levels of the pollutant, in which case
the biological monitoring programme has identified job categories for which work
conditions need to be improved. Another interpretation is that these workers do not
perform different activities and, in this case, their higher internal dose must result from
different hygiene habits or non-occupational exposure, or genetic polymorphism.

1.11 Published biological action levels

The ACGIH (10) and the DFG (11) publish annual lists of biological monitoring guide-
lines for those substances for which there is sufficient information available. Biological
Exposure Indices (BEI) are reference values intended as guidelines for the evaluation of
potential health hazards in the practice of occupational hygiene. BEIs represent the lev-
els of determinants which are most likely to be observed in specimens collected from
healthy workers exposed via inhalation exposure to TLV-level concentrations. BEIs do
not indicate a sharp distinction between hazardous and non-hazardous exposure. Due to
biological variation it is possible for an individual's measurements to exceed the BEI
without incurring a health risk. If, however, measurements in specimens obtained from a
worker on different occasions persistently exceed the BEI, or the majority of measure-
ments in specimens obtained from a group of workers at the same workplace exceed the
BEI, the cause of the excessive values must be investigated and proper action taken to
reduce exposure.

Biologische Arbeitstofftoleranzwerte (BAT), Biological Tolerance Value for a Working
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Material is defined as the maximum permissible quantity of a chemical compound, its
metabolites, or any deviation from the norm of biological parameters induced by these
substances in human beings. According to current knowledge these conditions generally
do not impair the health of the employee, even if exposure is repeated and of long dura-
tion. BAT values are conceived as ceiling values for healthy individuals. They are es-
tablished as a rule for blood and urine, with due regard to both the effects of the chemi-
cal compound and an appropriate margin of safety. Determining in these respects are
health protection criteria which are well-founded on industrial health and toxicological
experience.

BEIs and BATs reflect different philosophies in setting guidelines, and interpretation of
the results of monitoring in terms of these limits is different. The setting of a BEI
equivalent to the TLV for the same material implies that the exposure data on which the
TLV was set were collected under conditions in which there was predominantly air-
borne exposure; i.e. the relationship between effect and airborne concentrations could be
well established. If there is significant but varying potential for skin absorption there
will be poor correlations between ambient air measurements and biological indicator
and any such correlation obtained will vary with the occupational setting in which the
data were collected. A further difficulty is that although the definition allows that a pro-
portion of employees exposed at the TLV will exceed the BEI, there is no indication
how far they may exceed this value and not incur a health risk. If the TLV is well-
founded and will protect the majority of workers exposed at that level, then the biologi-
cal monitoring levels found in most of them should be acceptable. If the biological
monitoring levels occurring at the TLV are normally distributed, then 50% of the em-
ployees should exceed the BEL. The extent by which they can safely do so will be re-
flected in the spread of this distribution. The BEI figure represents the mean value but
additional presentation of the 90 or 95% upper confidence limit would give an upper
limit of acceptability for an individual result. The information to calculate or estimate
this upper limit is not usually available.

The problem with the BAT values are those encountered when any regulatory authority
tries to set "No Observable Effect Levels" or "No Observable Adverse Effect Levels".
There are usually insufficient good quality data available to set such levels with any
confidence. This is especially so for long-term exposures.

The BAT definition is essentially a health-based one while the description given in the
ACGIH Introduction to the BEIs is related to an equivalent hygiene limit which can
correspond to any one of a number of different biological end-points. However, later in
the BEI Introduction it states that "The BEI is based either on the relationship between
intensity of exposure and biological levels of the determinant or on the relationship
between biological levels and health effects.”" Ideally, it should be possible to identify
the concentrations of hazardous materials or their metabolites in biological fluids below
which there is no or negligible risk of clinical damage. It would then be feasible to
identify those individuals who by their occupational exposure or by special circum-
stances relating to their personal practices exceed these concentrations and are therefore
significantly at risk.



18

1.12 References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Berlin A, Yodaiken R, Henman B. (Eds.) Assessment of Toxic Agents at the Work-
place. Role of Ambient and Biological Monitoring. Proceedings of NIOSH-OSHA-CEC
Seminar, Luxembourg, December 1980. Martinus Nijhoff Publishers, 1984.

Health and Safety Executive, U.K. Biological monitoring for chemical exposures in the
workplace. Guidance Note EH56 from Environmental Hygiene Series. HMSO, London,
1992.

Lauwerys R, Hoet P. Industrial Chemical Exposure Guidelines for Biological Monitor-
ing (2nd ed.) Lewis Publishers, 1993, Boca Raton, Florida.

Bernard A, Lauwerys R. Les méthodes biologiques d'évaluation de I'exposition aux
solvants. Cahiers de Médecine du Travail 1985;XXII:85-91.

Bernard A, Lauwerys R. Present status and trends in biological monitoring of exposure
to industrial chemicals. Journal of Occupational Medicine 1986;28:558--62.

Bernard A, Lauwerys R. General principles for biological monitoring of exposure to
chemicals. In: Ho M, Dillon K. (Eds.) Biological monitoring of exposure to chemicals,
Organic Compounds. Wiley-Interscience Publication, New York, 1987:1-16.

Lauwerys R. Objectives of biological monitoring in occupational health practice. In:
Aitio A, Riihimiki V, Vainio H. (Eds.) Biological Monitoring and Surveillance of
Workers Exposed to Chemicals. Washington, Hemisphere Publishing Corporation,
1984:3-6.

Zielhuis R, Henderson P. Definitions of monitoring activities and their relevance for
the practice of occupational health. International Archives of Occupational and Envi-
ronmental Health 1986;57:249-57.

Berlin A, Wolff A, Hasegawa Y. The Use of Biological Specimens for the Assessment
of Human Exposure to Environmental Pollutants. Martinus Nijhoff Publishers, The
Hague, 1979.

ACGIH — Threshold Limit Values for Chemical Substances and Physical Agents and
Biological Exposure Indices, Cincinnati. American Conference of Governmental In-
dustrial Hygienists, 1994—1995.

DFG — Maximum Concentrations at the Workplace and Biological Tolerance Values
for Working Materials. Report n° 28. Deutsche Forschungsgemeinschaft Commission
for the Investigation of Health Hazards of Chemical Compounds in the Work Area,
Weinheim, VCH, 1994,

Skerfving S, Nilsson U. Assessment of accumulated body burden of metals. Toxicology
Letters 1992:64/65:17-24.

Droz P. Biological monitoring I: Sources of variability in human response to chemical
exposure. Applied Industrial Hygiene 1989;4(1):F20-F24, '
Droz P, Fiserova-Bergerova V. Biological monitoring VI: Pharmacokinetic models
used in setting biological exposure indices. Applied Occupational and Environmental
Hygiene 1992;7:574-80.

Clarkson Th, Friberg L, Nordberg G, Sager P. Biological Monitoring of Toxic Metals.
Rochester Series on Environmental Toxicity. New York, Plenum Press, 1988.

King E. Qccupational hygiene aspects of biological monitoring. The Annals of Occupa-
tional Hygiene 1990;34:315-22.

Fiserova-Bergerova V, Lowry L, Rosenberg J. Biological monitoring II: Measurements
in exhaled air. Applied Industrial Hygiene 1989;4(2):F10-F13.

Lowry L, Rosenberg J, Fiserova-Bergerova V. Biological monitoring III: Measure-
ments in blood. Applied Industrial Hygiene 1989;4(3):F11-F13.

Rosenberg I, Fiserova-Bergerova V, Lowry L. Biological monitoring IV: Measure-



20.

21,

23.

24.

25.

26.

P. Hoet

19

ments in urine. Applied Industrial Hygiene 1989;4(4).F16-F21.

Boeniger M, Lowry L, Rosenberg J. Interpretation of urine results used to assess
chemical exposure with emphasis on creatinine adjustments: a review. American ndus-
trial Hygiene Association Journal 1993;54:615-27.

Alessio L, Berlin A, Dell'Orto A, et al. Reliability of urinary creatinine as a parameter
used to adjust values of urinary biological indicators. International Archives of Occu-
pational and Environmental Health 1985;55:99-106.

Greenberg G, Levine R. Urinary creatinine excretion is not stable: a new method for
assessing urinary toxic substance concentrations. Journal of Occupational Medicine
1989;31:832-8.

Brugnone F, Perbellini L, Apostoli P, Gaffuri E. Monitoring of industrial exposure to
organic volatile compounds by analysis of alveolar air and blood. In: Ho M, Dillon H.
(Eds.) Biological Monitoring of Exposure to Chemicals. Organic compounds. New
York, J. Wiley & Souns Inc. 1987.

ISO. International Organization for Standardization. Accuracy (trueness and preci-
sion) of measurement methods and results. Part 1: General principles and definitions.
Draft International Standard ISO/DIS 5725-1. 1990.

Fiserova-Bergerova V. Biological Monitoring VIII: Interference of alcoholic beverage
consumption with biological monitoring of occupational exposure to industrial chemi-
cals. Applied Occupational and Environmental Hygiene 1993;8:757-60.

Ogata M, Fiserova-Bergerova V, Droz P. Biological monitoring VII: Occupational ex-
posures to mixtures of industrial chemicals. Applied Occupational and Environmental
Hygiene 1993;8:609-17.

Industrial Toxicology and Occupational Medicine Unit
Catholic University of Louvain

30.54. Clos Chapelle-aux-Champs

1200 Brussels Belgium

Phone: int.+32-2-764 3220

Fax:

int.+32-2-764 3228

e-mail: hoet@smd.ucl.ac.be



20

Chapter 2. Quality assurance

2.1 Introduction

Quality assurance is an important feature of all analytical work and it comprises several
features that are common to all chemical analyses. In the present text, emphasis is on the
features, and especially sources of error, that are more or less specific to biological
monitoring (in contrast to e.g. clinical chemistry and toxicology), such as contamina-
tion, importance of the timing of sample collection or need for international collabora-
tion in external quality assurance. Because much less space is given to features shared
by other fields of analytical work, the text is thus intentionally somewhat out of balance.
The importance of different sources of error varies markedly between different analyses,
and therefore a fairly large number of specific examples are given in the text. This of
course does not mean that all known sources of error in all different biological monitor-
ing analyses are covered — they are just illustrative examples.

This chapter deals mainly with analytical quality; however, one should note that labora-
tory quality is a wider concept, and encompasses not only accuracy (for definitions, see
below) of analytical results, but also throughput time, and cost (level of personnel edu-
cation and training, instrumentation, quality of chemicals) and assistance in the interpre-
tation of the results. This is especially important in biological monitoring, where several
different approaches and analytical methods may be selected that are widely different as
to their practicability and cost. Often, more accurate results are obtained when more ex-
pensive methodology and instrumentation is selected. Especially, the limit of detection
is dependent on the cost involved. The selection of approach and methodology must be
made based on the needs of the occupational health services for accuracy: the methods
chosen must be accurate enough, but must not involve unnecessary sophistication and
cost.

Two WHO working parties have made efforts to define and unify the use of the termi-
nology concerning quality of health and environment-related laboratories (1, 2). Accord-
ing to this terminology, quality assurance refers to all steps which may be taken to en-
sure that laboratory results are reliable. It covers the utilization of scientifically and
technically sound practices for laboratory investigations, including the selection, collec-
tion, storage and transport of specimens and the recording, reporting and interpretation
of results. It refers also to training and management designed to improve the reliability
of investigations. Quality assurance in biological monitoring has been dealt with in a
WHO document (3). From the point of view of an analysis, quality assurance can be di-
vided into two stages, initial assessment of an analytical method (as to its practicability,
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precision, trueness, [linearity, specificity, recovery, calibration standards, blanks, inter-
ference]) (4), and subsequent quality assessment.

Quality assessment refers to the quality of the analytical results. It has two compo-
nents: internal quality control, which is a set of procedures used by the staff of a
laboratory for continuously assessing results as they are produced in order to decide
whether they are reliable enough to be released, and external quality assessment,
which is a system of objectively checking of laboratory performance by an external

agency (1).

In the early 1980s, the Organization for Economic Co-Operation and Development
(OECD) developed OECD principles of good laboratory practice (GLP) in order to
facilitate mutual acceptance of test data on the harmful effects of chemicals, and thus to
limit unnecessary duplication of testing, with the aim to avoid creation of technical bar-
riers to free international trade. The GLP principles are concerned with the organiza-
tional process and the conditions under which laboratory studies are planned, per-
formed, monitored, recorded and reported (5). These principles then developed to rec-
ommendations on quality systems (i.e., organizational structure, responsibilities, pro-
cedures, processes and resources for implementing quality management) that are gen-
erally applicable to laboratories doing analyses, chemical or other (6). These recom-
mendations were recently adapted for use in clinical chemistry laboratories (7), whose
functions closely resemble those of biological monitoring laboratories.

2.2 Sources of possible errors
2.2.1 Pre-analytical
2.2.1.1 Environmental sources of variation

Toxic chemicals in body fluids are not only derived from exposure at work: diet, and
free-time activities may constitute important additive or alternative sources of chemi-
cals. To assess adequately the occupational exposure to a chemical, such non-occupa-
tional exposures must be considered. Therefore, a part of the occupational exposure as-
sessment should be the determination of the concentrations of the biomarker in persons
not exposed to the chemical at work, to obtain a reference interval for the occupationally
non-exposed. The reference interval for the non-exposed — where the interest is focused
on the upper reference limit (URL) — is different in different geographic locations. This
has been extensively documented e.g. in the context of lead and cadmium (8, 9). More-
over, changes may occur with time, as seen for example in the concentrations of lead in
blood in several countries in recent years (10, 11) — or for e.g. cadmium in Japan (12).

Most environmental chemicals enter the body via the diet: concentrations of heavy
metals, organochlorine pesticides, phenolic compounds and several organic acids in the
urine or blood reflect their levels, or their precursor levels, in the diet. Personal habits,
notably smoking, are known to influence the concentrations of exogenous chemicals in
body fluids, for example cadmium and benzene (11, 13). Drugs may also be sources of
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toxic chemicals in the body: e.g. aluminium from antacid drugs can elevate urinary
aluminium levels (14—17).

2.2.1.2 Kinetic sources of variation

Concentrations of extrinsic chemicals in body fluids are often not constant, but change
with time, and often show an exposure-related fluctuation. The half-times of chemicals
thus become an important determinant of the concentration observed, and to obtain
representative results, the time of sampling for chemicals with a short half-time must be
rigorously standardized (18).

In addition, chemicals and other environmental factors may change the fate of toxic
compounds in the organism: Alcohol drinking may change the metabolism of e.g. tri-
chloroethylene, xylene, styrene and toluene (19-24). Solvents may affect each other's
metabolism: xylene and toluene (25), toluene and benzene (26), and xylene and ethyl
benzene (27) exhibited a mutual inhibition in simultaneous exposure and toluene inhib-
ited the metabolism of hexane to hexanedione (28).

2.2.1.3 Sampling

(a) Blood specimens

Physiological changes may induce marked intra-individual variation in the actual con-
centrations of blood constituents (29-31), and although data on such variation in the
concentrations of toxic chemicals in blood are scanty, it seems inevitable that physi-
ological factors should have similar effects also on measurements of their concentra-
tions.

Distribution of water depends on posture: standing up leads to a loss of plasma water,
and to an apparent increase of approximately 10% in the concentration of non-diffusible
blood constituents like proteins or cells. Posture-dependent changes may be much more
marked in disease states (32).

Similar changes in water distribution take place locally, such as occurs when a tourni-
quet is used for blood specimen collection (29-31). Xenobiotics with limited water
solubility are transported in the blood bound to proteins, lipoproteins or cells. Changes
in posture and application of tourniquet will therefore change their apparent concentra-
tions.

Meals affect the blood composition; in particular, the concentration of triglycerides in-
creases after a meal. This may affect the distribution of lipid soluble solvents, such as
dichloromethane, xylene, or inhalation anaesthetics (33—35).

Concentrations of many body constituents show a diurnal variation. From the point of
view of biological monitoring, it is important to note that the excretion rate of water,
and creatinine excretion, are among such chemicals (36). Diurnal variation has also been
demonstrated for some chemicals that are analysed for biological monitoring purposes,
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such as manganese, mercury, lead, 8-aminolevulinic acid, and hippuric acid (36-39).

Exercise causes changes in blood serum constituents, possibly due to leakage of intra-
cellular components. Continuous training may cause hemodilution; this may lead to ap-
parently low values of blood components. Changes caused by physical strain may even
be seen in urinary excretion of trace elements, as exemplified by a 5-fold increase of the
urinary chromium excretion after 2 hours of running (40).

During pregnancy the plasma volume increases by a third; this elicits changes in the
concentrations of many blood components (30, 41); lactating may also affect serum
composition, as exemplified by chromium (42).

Errors caused by physiological variation may be decreased by standardization of speci-
men collection (31, 43).

Many pathological conditions may affect concentrations of chemicals in blood or serum.
Several organic chemicals (styrene, xylenes, toluene, benzene) are metabolized in the
liver, and trace elements (e.g. lead, arsenic, zinc and copper) are excreted primarily
through the liver. Liver disease and cholestasis thus probably decrease their clearance
(e.g. 44). On the other hand, kidney damage causes retention of chemicals (e.g. Al, F),
for which the main excretory route is the kidneys (45, 46). Similarly, the kinetics of
compounds excreted through the lungs are probably changed due to chronic bronchitis
or emphysema (47).

(b) Urine specimens

Usually, only spot urine specimens are available for analysis. Because the concentration
of many analyses is dependent on the rate of urine excretion, which varies to a great ex-
tent, some standardization for urinary excretion rate has long been used (48-50). In
some cases, no correction method is applicable, but even in such cases it may be advis-
able to assess the urine dilution/concentration in order to be able to identify the speci-
mens which cannot be interpreted meaningfully since they are too diluted or concen-
trated. The most widely used approaches have been based on relative density, the con-
centration of creatinine in urine, and the length of the urine collection period, i.e., excre-
tion rate. The best correction method is chemical-specific and the search for the optimal
correction requires studies of multiple samples from several individuals under different
conditions, such as during water deprivation and loading, variable physical work load,
and varying dietary composition. Araki and co-workers have extensively studied the
correction of urinary concenirations to a standard urinary flow rate of 1 mL/min
(51-53). Although this approach cannot be applied in routine biological monitoring, it
provides a generic method to compare the behaviour of the excretion of different chemi-
cals in the urine by the following equation:

Ce=Co x FP, (1)
where Cg = standardized concentration, Cy = observed concentration, F = urine flow

rate mL/min, and b = chemical specific constant from the experimental equation
log Co=a-bxlogk (2)
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It can be seen from the equation (1) that when the constant b approaches 0, no correction
is required, i.e., the observed concentration is independent of urinary flow rate. This,
however, does not seem to be true for any chemical studied (including, especially,
creatinine) (53). When b approaches 1, the corrected concentration is proportional to
urine flow rate, and correction to relative density is rather accurate. This seems to be the
case for mercury (53). On the other hand, when b approaches 0.67, the b constant for
creatinine (53), correction to creatinine excretion would seem most appropriate in rou-
tine biological monitoring. Manganese, cadmium, and hippuric acid are candidates for
this approach (however, see inter-individual variation below). Chromium and copper are
intermediate, and thus correction to either creatinine or relative density may be applied.
For several chemicals, inter-individual variation of the constant b is. very large (for ex-
ample, cadmium, manganese), and consequently, no general correction method will give
accurate results. Similarly, for methylethylketone, no correction improved the correla-
tion between urinary methylethylketone, and its concentration in the air (54, 55). When
the urine is very dilute (relative density < 1.010 or urinary creatinine < 0.3 g/L [< 2.65
mmol/L]) or concentrated (relative density > 1.030 or urinary creatinine > 3.0 g/L. [>
26.5 mmol/L] it is unlikely that any correction will give accurate results.

(c) Hair

Trace elements in the hair originate from the matrix proper, from sebum, sweat, and
from extrinsic sources (dust, shampoos, colouring chemicals) (56). The differentiation
of the source has proved very difficult. It was not possible to differentiate between ex-
trinsic and intrinsic arsenic, cadmium, lead, mercury or methyl mercury with any wash-
ing procedure (57, 58). Different washing procedures resulted in different, proce-
dure-specific plateau concentrations of chromium, manganese, iron, copper, zinc, and
cadmium. It could not be determined, which of the plateaus represented the intrinsic
metal concentration of the hair (59-61).

Hair trace element analysis does not seem appropriate for the biological monitoring of
occupational exposure.

(d) Exhaled air

Collection of exhaled air is non-invasive, and since air as a matrix for the analysis is
relatively simple, exhaled air would seem appropriate as a sample for biological moni-
toring (62) — and indeed, it has been used, and even biological action levels for solvents
in breath have been proposed (63). However, since the concentration of solvents in
breath is very much different in different stages of exhalation (alveolar vs. dead-volume
air), sampling must be thoroughly standardized (62). Also, there are often marked prob-
lems in the stability of breath specimens.

2.2.1.4 Storage and transportation of samples

Several processes may affect the stability of samples during storage, and especially
during transport. Often it is impossible to guarantee stable conditions during mailing
and it has to be verified that the samples stay stable in practically any condition, in tem-
peratures higher than 40°C as well as lower than 0°C. Also, low temperatures may be a
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hazard: the specimen containers may not accommodate for the increased volume of
aqueous solutions that take place upon freezing. It is apparent that the specimen con-
tainers must be resistant to physical impacts, such as dropping on concrete floors, etc.

(a) Evaporation

Organic solvents which are routinely analysed in biological specimens for assessing oc-
cupational exposure include benzene, methylethylketone, tetrachloroethylene, toluene,
and 1,1,1-trichloroethane. Some of them are quite volatile, but no systematic study on
how rapidly they are lost from biological samples is available. Pure solvents have been
reported to be lost from screw-capped containers (64); the amount lost was dependent
on the material of the tube, and especially that of the stopper. Toluene and ethyl benzene
were rapidly lost from blood specimens in vials kept open, even at 4°C (65). Benzene,
toluene, trichloroethylene and ethyl benzene remained stable for at least three weeks in
bovine blood, when they were stored in full glass vials with ground glass stoppers (66).
Similarly, blood toluene was reported to remain stable in full glass vials, closed with
aluminium or Teflon® lined stoppers both at 4°C and at room temperature. However,
toluene was rapidly lost from plastic blood collection vials, Monovette® syringes, and
glass vials with rubber stoppers (65). Toluene was also lost from Vacutainer® tubes at
room temperature and at 4°C (67).

(b) Precipitation

Urine, when voided, is often an oversaturated solution of e.g. urates and phosphates. In
addition, cells and cell conglomerates may act as centres for crystallization. Therefore,
urine tends to precipitate on storage. Cooling may cause additional precipitate forma-
tion. Bacterial infection in the urinary tract may increase the tendency to precipitation.
Trace elements in the urine may coprecipitate with other elements, or adsorb onto the
surface of the precipitates. Precipitation is seldom a problem in the analysis of organic
chemicals in the urine.

63Nickel, added to urine samples, adsorbed on the precipitate that formed. This loss of
nickel was less than 1 % at pH 1, but 6 % at pH 6 (68). When urine was stored at pH< 2,
no loss of cadmium on 1o the forming precipitate was observed (69}.

Centrifugation of urine decreased the mercury content of the liquid phase (70). Full re-
covery of mercury added in urine could only be achieved, if the specimen was vigor-
ously shaken before analysis. None of the preservatives tested could prevent this loss
(71). Arsenic, copper, antimony, chromium, mercury, selenium and zinc were concen-
trated in the precipitate upon storage for 2 days of acidified urine, whereas manganese,
cobalt, caesiun and rubidium remained in the supernate fraction (72).

Marked differences thus exist between losses of different metals on precipitates in urine.
This loss must always be accounted for when sampling urine specimens. Precipitation is
a factor to be remembered also when preparing quality control specimens in a urine
matrix: the homogeneity of the quality control specimens has to be investigated care-
fully.
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(¢) Adsorption

Although adsorption of metal cations onto surfaces of different types of glass, or plas-
tics from distilled, fresh, and even sea water is a well recognized problem, much less
data are available on the adsorption of elements onto surfaces from blood or urine sam-
ples. Stoeppler (68) did not detect any loss of added 63Ni from urine samples onto
polyethylene container walls. Concentrations of nickel or chromium in urine samples,
spiked with small concentrations of the metals and stored for 6 months at 4°C did not
show a decrease (73). The International Union of Pure and Applied Chemistry (IUPAC)
reference method for nickel in urine calls for acidification of urine quality control sam-
ples with nitric acid and storage in polypropylene tubes with a screw-cap at -20°C (74).
No adsorption of cadmium onto container walls (type not specified) was observed from
urine acidified to pH<2 (69).

Polypropylene tubes were found to be suitable for storage of serum for aluminium
analysis (75, 76), whereas Vacutainer® (glass) tubes gave rise to either increases
(leaching) or losses (adsorption) in the aluminium content (75).

No change was seen in the concentration of cadmium or manganese in blood during 5
days in Vacutainer® tubes (77). Contradictory results have been reported on the stabil-
ity of blood samples for lead analysis. Although several studies indicate that lead can be
stored in different plastic (polypropylene, polyethylene, polystyrene, polycarbonate) or
glass (Pyrex, soda glass) vials especially in frozen state (78-81) without losses, some
studies have also reported marked losses (82-84). '

An elevated concentration (50 pg/L) of chromium in serum remained unchanged for
less than 4 days at room temperature, less than 3 weeks in a refrigerator, but more than
18 months at -10°C in polyethylene or polycarbonate tubes (85).

A solution of cobalt 0.3 mg/L in approximately 0.1 mol/L salt solution, at a neutral pH,
wastable for 28 days in polystyrene tubes (86). Blood specimens for cobalt analysis
could be stored in plastic tubes for one week in a refrigerator; in longer storage deep
freezing was reported to be necessary (87).

In contrast to the vast body of data available on the adsorption of trace elements on vial
surfaces from specimens of fresh and salt water, such information on biological speci-
mens is scanty. However, it seems that adsorption is not equally important a source of
error for biological specimens as it is in the storage of water specimens. Also, few or-
ganic chemical metabolites excreted in the urine would seem so little soluble in water
that adsorption on the tube walls would constitute a problem.

(d) Chemical instability

Many organic chemicals have limited life-span in biological matrices. Biological mate-
rials may contain enzymes that degrade chemicals; in urine samples, bacteria may be
effective in the biotransformation of a variety of organic molecules. Phenylglyoxylic
acid was unstable in urine stored at room temperature, or in refrigerator, and so were
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hippuric and methylhippuric acids while benzoic, methylbenzoic, and mandelic acids
remained stable for weeks (88-91). Phenol and tri-, tetra- and pentachlorophenol, as
well as 2-thiothiazolidine carboxylic acid were quite stable in refrigerator in urine
(92-94). The instability of B,-microglobulin in acid urine seriously limits its usefulness
in biological monitoring (95) (see Bernard, this volume). In blood samples, stored for
the analysis of toluene by head space gas chromatography, n-hexanal was formed,
which interfered with the analysis of toluene (65).

Although chemical instability is usually considered a problem of organic chemicals,
even e.g. mercury solutions in water, and in urine, are notoriously unstable (for refer-
ences, see 94),

(e) Loss of water

Loss of water by evaporation results in apparent increases in the concentrations of the
chemicals studied. Water may be lost through the container walls, or through leaky clo-
sures; therefore the results may be quite variable from one container to another. Gener-
ally, errors introduced by water loss are minor, and do not affect everyday routine analy-
ses. However, in specimens with long storage times (especially quality control materi-
als!) such losses may become significant. Annual losses of water from polyethylene,
polypropylene, high density polypropylene, Teflon-FEP, and glass containers were less
than 0.5% (64, 69). Losses from polyvinyl chloride were approximately 0.5%, those
from polycarbonate approximately 2% and from polymethylpentane 1% annually (96).

() Redistribution

The concentration of manganese is more than 20 times higher in erythrocytes than in
plasma (37, 97, 98). The ratio for lead is 50-100 (99-105); for zinc it is approximately
10 (106). It is thus evident that destruction of cells leads to gross elevation of the con-
centration of such elements in plasma/serum. Plasma may be separated from cells more
rapidly than serum, and the procedure is more gentle toward the cells. Therefore, plasma
is to be preferred over serum, when elements with unequal distribution in blood are ana-
lysed, although addition of anticoagulant adds a risk of contamination (see below).
Hemolysis may give rise to analytical interferences e.g. by liberation of considerable
amounts of iron into the serum: iron interferes with e.g. the analysis of nickel by electro-
thermal atomic absorption (74).

2.2.1.5 Contamination

Contamination is by far the most important source of error in the analysis of trace ele-
ments. Trace elements are ubiquitous in the earth's crust, and tend to enter the samples
in all phases of the performance of the measurement. The increasing sensitivity of ana-
lytical methods has resulted in the use of decreasing volumes of specimens, and there-
fore, to decreasing amounts of the analyte in question. Recognition of contamination has
also dramatically changed our views on the true concentrations of many trace elements
in biological samples. Pre-analytical contamination may be derived from the air, from
the clothes and skin of the subject or the collector of the sample; from specimen con-
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tainers or from chemicals added to the sample vials e.g. in order to prevent coagulation,
or to preserve the sample. The effect of contamination on the analysis is dependent on
the level of the analyte: when the true concentrations are very low, even smallest con-
tamination may completely invalidate the analysis, while at high analyte levels, a minor
contamination need not be very serious. Contamination is usually not a problem when a
metabolite rather than the parent compound is being measutred.

Breath and blood samples for biological monitoring of solvents may also be prone to
contamination: the specimens should be collected in an area, where the air does not
contain the solvents to be measured.

(a) Workplace air and skin

Contamination from workplace air or from the clothes of the worker causes the most
drastic errors in measurements of toxic elements in body fluids. The reason is the high
concentrations of the chemicals in the workplace, where they tend to be orders of
magnitude higher than, e.g. in the laboratories.

In addition to air-borne dust, contamination on the skin may result from sweating:
Hohnadel and co-workers (107) detected high concentrations of nickel, copper, zinc and
lead in sweat collected during a sauna bath. The significance of the quantities found is
not easily interpreted. However, as water from the sweat evaporates, the amounts re-
maining on the skin may be rather high. Capillary blood samples, which are collected
from the fingertip, are more prone to contamination than venous blood samples.

The skin has to be thoroughly cleaned before drawing blood samples for toxicological
analysis. Washing with 0.1 mol/L. hydrochloric acid, followed by rinsing with ethanol,
removed lead contamination from the skin while washing with only ethanol or ethanol
and water, was not sufficient for this purpose (108). In a study of plasma lead, Everson
and Patterson (101) washed the skin successively with soap water, alcohol, acetone,
hydrochloric acid, and low-lead water. The risk of contamination from the workplace air
is even greater when urine specimens ‘are collected and analysed for the unchanged
compound. They should not be collected in the workplace, but at a separate site, and
only after making sure that no dust from the clothes of the worker may reach the speci-
men container.

(b) Needles

By neutron-activating disposable stainless steel needles and analysing the resultant ra-
dioactivity in blood specimens drawn through these needles, Versieck and co-workers
(109, 110) showed that significant amounts of chromium, nickel, cobalt and manganese
were leached in the first 20 mL of the blood. Damage caused by the activation process
did not explain the findings. Concentrations of chromium in the blood obtained through
disposable stainless steel needles was four times higher than that in blood obtained
through a plastic catheter (111); the first 20 mL of blood collected through a stainless
steel needle contained 8 times more chromjum than the next three 20-mL portions
(112). Siliconisation of the needle seemed to abolish chromium contamination (113,
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114). Siliconisation of the inner surface of the needle may decrease also the nickel con-
tamination. Serum nickel values in blood samples obtained through disposable needles
were twice as high as those from samples obtained through plastic catheters (115), while
no such effect was seen when siliconised needles were used (116). Elevated serum man-
ganese concentrations were also reported after collecting samples through stainless steel
needles (117), while no leaching of aluminium, cadmium or cobalt was detected from
needles (76, 117-120). However, Parkinson and co-workers (121) have reported that
stainless steel venipuncture needles they used were randomly contaminated with alu-
minium.

(c) Anticoagulants and preservatives

Information on the contamination resulting from the use of anticoagulants is very
scanty. Lead in heparin does not contribute significantly to the concentration of lead in
whole blood, whereas for lead in plasma it does, as the concentration of lead in plasma
is very low (101, 122). Sodium citrate and lithium heparin were reported to contain too
high concentrations of aluminium (123), while potassium EDTA from one source — but
not from another — could be used for plasma aluminium analyses (123, 124). Potassium
EDTA from a further source was found suitable for the analysis of cobalt in whole
blood (87): however, in an analysis of a large number of trace elements, and several an-
ticoagulants, contamination was most frequently encountered, when EDTA was used
(124).

Although analytical data on many metals in anticoagulants are not available, it would
seem that all anticoagulants are a likely source of contamination.

Hydrochloric and nitric acids have been used as preservatives for urine specimens for
metal analyses, and mineral acids are extensively used in graphite furnace analysis of
trace elements in biological specimens. Historically, concentrations of trace elements in
commercially available acids have been incompatible with analysis of trace elements in
biological samples (125). However, present commercial ultra pure hydrochloric, nitric,
sulphuric and perchloric acids have been reported to be suitable for trace element
analysis in urine without further purification (74, 126, 127).

(d) Glass and plastic ware

Glass (c.f. 128) and various plastics (96, 129, 130) contain varying amounts of practi-
cally all elements, and these may leach into water, acids, as well as blood and urine
specimens. Even high purity quartz test tubes were a source of contamination of alu-
minium, chromium, and molybdenum (114). It seems that no commercially available
container should be used for storage of specimens for trace element analysis without
prior cleaning.

Evacuated blood collection tubes, and especially their rubber stoppers, have been noto-
rious for their contamination with metals, which was first recognized with zinc, lead and
cadmium (75, 80, 108, 131-135). At present, many manufacturers market evacuated
tubes specifically destined for lead, or more general trace element analysis. In many in-
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stances they have been found suitable for trace element analysis, but there may still be
differences between the different brands, and analyses at lowest levels may still be con-
taminated (75-77, 80, 131, 132, 134-137).

Plastic tubes may also be a source of organic chemicals: Ethylbenzene and xylene
leached to blood specimens from Monovette® tubes (138). Similarly, we could not use
evacuated blood collection tubes for blood benzene analysis because of leaching from
the rubber stopper of a chemical with identical chromatographic behaviour with benzene
(Pekari K, Finnish Institute of Occupational Health, unpublished). Further, we noted a
high PCB contamination in a set of plastic blood collection vials (Luotamo M, Finnish
Institute of Occupational Health, unpublished).

It seems advisable that the laboratory doing the analysis should provide the specimen
containers; this helps to diminish contamination risks. Commercial evacuated tubes may
introduce contamination to blood specimens. Although this risk seems smaller if dedi-
cated tubes manufactured specifically for trace metals are used, absence of contamina-
tion should be verified before starting the use of commercial tubes.

2.2.2 Analytical

Analytical error is very much different for different analytical approaches; only general
principles, with some examples specific of certain biological monitoring methods are
discussed here. The terminology used here is that proposed by the International Organi-
zation for Standardization (ISO) (139-141), and endorsed by International Union of
Pure and Applied Chemistry (IUPAC), Association of Official Analytical Chemists
(AOAC), and Scandinavian Society for Clinical Chemistry (NFKK) (7, 142), and is
somewhat different from the traditional (143).

Accuracy is the closeness of agreement between the analytical result and the true value;
it is the composite of trueness and precision. Trueness is the closeness of agreement
between the average value obtained from a large series of analyses, and the true value.
Precision is the closeness of agreement between independent analytical results. Trueness
and precision may be described in terms of bias and imprecision.

2.2.2.1 Bias

Bias in an analysis is caused by contamination or shortcomings in analytical specific-
ity, recovery, or calibration.

(a) Contamination

Contamination is inadvertent adding to the specimen of an amount of the analyte. Con-
tamination in pre-analytical phases has been discussed above. Contamination during the
analysis may be derived from reagents (trace elements in mineral acids) used in the
analysis, as well as from parts of the analytical instrumentation, such as pipette tips or
glass and plastic ware (see above). Use of metals, such 'as nickel as matrix modifiers
may contaminate the furnace and thus make the use of an instrument difficult to subse-
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quent nickel analysis (144). Carryover from a sample with high concentration to the
following sample — with a lower concentration — in the analytical run is an important
possibility for contamination. Some ubiquitous elements, such as aluminium, zinc, and
nickel — as well as common laboratory solvents — present special contamination prob-
lems, and it may be necessary to work in special clean laboratories. Also organic chemi-
cals that are present in biological specimens at very low concentrations, may be prob-
lems from the point of view of contamination. For example, the cleaning solution used
to wash the floors in the laboratory performing the analysis was found to contaminate
the analyses of TCDD from human adipose tissue (145). Analysis of blank samples may
aid in the identification of contamination from the sample containers, laboratory ware
and reagents.

(b) Specificity

Specificity is the ability of the analytical method to measure exclusively the chemical
wanted, i.e., the analyte. The specificity of different analytical methods varies widely:
typically calorimetric or photometric methods are less specific than methods using
chromatographic separation (e.g. hippuric, methylhippuric and mandelic acids, phenol,
hexanedione (146-150) or atomic absorption (lead 151). Specificity may be achieved by
specific detection (e.g. specificity of the mass of the molecule in mass-spectrometric
analysis, or specificity of the intra-atomic energy states in atomic absorption), or by
sample purification (extraction, chromatographic methods), or usually by a combination
of both (e.g. head space capillary chromatographic separation followed by photo ioni-
sation detection of benzene in blood (152). Lack of specificity depends on the presence
of disturbing chemicals and therefore is very much dependent on the matrix: a method
that is fully specific in one matrix may be unspecific in another matrix. Thus, for ex-
ample, the high iron content of blood, and high calcium content of urine, interfere with
the analysis of nickel by ICP-mass spectrometry — which is usually considered a very
specific method (153). Pre-treatment may inadvertently decrease the specificity of an
analysis: Acid hydrolysis at a pH<2 led to formation of 2-acetylfuran in urine speci-
mens, which cochromatographed with 2,5-hexanedione in capillary gas chromatography
(154). Molecular absorption is a form of non-specificity that is very important in flame-
less atomic absorption spectrometry: remnants of organic material that burn at the time
of atomization are detected as absorption. This has been avoided by instrumental devel-
opments, such as background correction by tungsten or D, lamps, or Zeemann effect. In
addition, matrix modification may be useful. For example, urine chromium analysis us-
ing D, background could only be achieved by the use of matrix modification by acid,
which allowed ashing at higher temperatures because of decreased volatility of chro-
mium (127).

(¢) Recovery

Recovery is the proportion of the analyte in the sample that reaches the final step in the
analysis, and gives rise to the signal that is measured. It is seldom 100 per cent, and the
reasons for losses are many: extraction depends on the equilibrium of the analyte in two
phases, and is by definition less than complete. Dry ashing, and even wet ashing, may
lead to evaporation loss of the metal to be analysed; metals may adsorb on vessel walls
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or silica crucibles; in wet ashing, the analyses may coprecipitate with e.g. calcium sul-
phate and be lost from further analysis. High temperature in the ashing stage of graphite
furnace atomic absorption spectrometry, specially in the case of metals with low boiling
points, such as cadmium or lead, and in the absence of matrix modifiers, may lead to
evaporative losses.

Recovery tends to be different for standards prepared in pure solvents from that ob-
served in the specimen in a biological matrix. This will lead into biased results, unless
the differences in recovery are specifically considered and corrected for. Recovery may
also be different for different samples (e.g. urine specimens with different pH, osmolal-
ity, protein/glucose content, blood samples with different fat contents). ‘

Recovery may be assessed by analysing samples with added concentrations of the ana-
lyte (spiking), and the effect of defective recovery may be counteracted by preparing the
standards in a matrix identical to that of the samples, by the use of internal standardiza-
tion, and by using the method of standards' addition. The prerequisite of the efficacy of
internal standardization is that the selected internal standard behaves in the analysis in a
fashion that is identical to the analyte; an ideal case is the analyte itself labelled with an
isotope label (13carbon, 2deuterium), which have been extensively used in e.g. dioxin
analysis from human specimens.

Interference may be considered a special case of low recovery: a component of the ma-
trix decreases the signal of the analyte in the measurement apparatus. Such interference
is the main reason, why voltammetric techniques are difficult to apply for biological
samples. Similarly, silicates, aluminium and phosphates tend to decrease the AAS signal
of cadmium, and iron and nickel that of chromium. Interference may be decreased by
more intensive sample purification before the analysis.

(d) Calibration

Analyses are seldom carried out in an absolute way, i.e., purification of the analyte from
the sample, and weighing. Rather, the analysis depends on the comparison of the signal
of the analyte in the matrix to be studied to that in a standard (solution). Thus the accu-
racy of the end result is crucially dependent on the accuracy of the concentration of the
calibration standard, i.e., on the purity of the chemical, and the accuracy of the dissolu-
tion and dilution process. Further, instability of the standard solution may lead into bias
in the analysis. The traceability of the standard chemical and the instruments to prepare
the standard solutions is a way to assure the accuracy of the standard solutions.

2.2.2.2 imprecision

Imprecision is caused by slight variations in the way the analysis is performed: weigh-
ing, volumetric delivery, timing and temperature of enzymatic reactions, variation in the
timing and forcefulness of mixing in extraction, instrument function (gas flow and pres-
sure in GC and AAS, pumping rate of liquid chromatographs, instrumental drifts and
shifts, reading of analogne meters, etc.). Imprecision for an analysis is not constant: it is
smallest when replicate analyses are made in repeatability conditions (141), that is, in
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the same laboratory by the same person, same instrument, same batch of reagents and
standards, as successive samples in the same analytical series. Imprecision is larger in
reproducibility conditions: using same methodology in different laboratories with
different operators using different equipment (141). Imprecision is also to a great extent
affected by the training and skill of the analyst. The distinctive feature of imprecision is
that it is random, i.e., equally likely to produce "too high" and "too low" results. On the
other hand, imprecision is typically dependent on the concentration of the analyte being
measured: it is highest at the limit of detection, decreases with increasing concentration,
but tends to rise again, when the concentration becomes very high. Imprecision need not
be related to the bias of the analysis. Imprecision can be expressed in statistical terms as
standard deviation, or relative standard deviation (coefficient of variation).

2.3 Quality management

ISO Guide 25 (6) formulates the general requirements for the competence of analytical
laboratories; they are derived from the OECD guidelines for good laboratory practice
for laboratories testing chemicals for toxic and harmful properties (5). The ISO guide
gives detailed instructions on the requirements on the laboratory organization and man-
agement, and instructs on the main components of quality management, that is, quality
system, audit and review. The quality system is spelled out in the laboratory quality
manual and its attachments; compliance of procedures specified in the quality manual
is verified in audits at specified intervals and the appropriateness of the quality system
adopted is reviewed at least once a year by the management. Quality management has
been proposed as a prerequisite for the recognition of the laboratory competence to carry
out its tasks, and thus for laboratory accreditation (155).

Quality manual is a set of documents describing the organizational structure, respon-
sibilities, procedures and processes by which the laboratory achieves its objectives — and
carries out the quality management (7, 156). The quality manual has three main sec-
tions: 1) quality policy statement, i.e., a statement by the head of the laboratory, indicat-
ing the commitment to implement and maintain a high standard of quality in the
laboratory; 2) description of the organization and the responsibilities and authority of
the various responsible persons; and 3) work instructions, i.e., description of the actual
measurement procedures and other detailed administrative and technical procedures
which are necessary for the laboratory work. A guideline for a quality manual for the
clinical laboratory has been published (7), and may be useful for biological monitoring
laboratories in the development of their own quality manuals.

Audit is a verification, performed at appropriate internals, of the compliance of the
work done in the laboratory with the quality manual, and its descriptions of work proce-
dures. Audits shall be carried out by trained and qualified staff who are, wherever pos-
sible, independent of the activity to be audited. Where the audit findings cast doubt on
the correctness or validity of the laboratory's results, the laboratory shall take immediate
corrective action and shall immediately notify, in writing, any client whose work may
have been affected (6).
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Review of the quality system shall be carried out at least once a year by the laboratory
management to ensure its continuing suitability and effectiveness and to introduce any
necessary changes or improvements (6).

2.3.1 Internal quality control

Internal quality control (IQC) is a part of quality management; it comprises the set of
procedures undertaken by the laboratory for continuous monitoring of operations and re-
sults in order to decide whether the results are reliable enough to be released; IQC pri-
marily monitors the batch wise accuracy of results on quality control materials, and
precision on independent replicate analysis of test materials (142). A guideline for the
internal quality control in a clinical laboratory has been published (157). Internal quality
control procedures most often depend on repetitive analysis of samples designed for
IQC purposes. In its simplest form, it means continuous follow-up of the differences of
results of duplicate samples. The range of the results gives an indication of the impreci-
sion of the method. More information may be derived from several replicate analyses of
the same homogeneous control specimens; they provide information in addition to im-
precision, also on changes in bias. As a minimum, one such analysis should be included
in every analytical run. This form of internal quality control has the potential problem
that since the result to be expected will be known (open controls), the analyst may tend
to bias the reporting of the results toward this expected figure. With the increasing use
of digital instrumentation with analyst-independent reporting, this bias is no more cru-
cial. Also, increasingly automated sample handling throughout the analysis decreases
the possibilities that the control specimens receive a special treatment. The fundamental
premise of internal quality control schemes (as well as of external quality assessment
programmes) is that the control specimens and the routine samples are treated in an
identical fashion.

In clinical chemistry laboratories, daily average of analytical results may also be used as
a form of internal quality control: it is likely that the average does not change on a daily
basis. This, however, seems inappropriate in biological monitoring, since the proportion
of "abnormal" results (those in excess of the upper reference limit) tends to be high, in-
dividual results may be exceedingly high, and the total number of daily analyses tends
to be low. ‘

The material used for internal quality control (control material, 158) should have a ma-
trix similar, if not identical, to that of the routine samples. For several analyses, this can
be achieved by pooling surplus samples. For a number of analyses in biological moni-
toring, no stable quality control materials with an appropriate matrix are available; these
include head-space analyses of volatile solvents in the blood. In these cases, the only
option is a formulated aqueous control specimen — prepared and used separately from
the calibration standards. It goes without saying that all efforts should be made to ensure
the non-infectivity of the control materials. Use of certified reference materials (see be-
low) as control materials in internal quality control is not appropriate, and mostly eco-
nomically not feasible. For some analyses, commercial reference materials are also
available (Table 2.1) and may be used in internal quality control.
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As indicated above, part of internal quality control necessarily will be done on an
"open" basis. However, it is advantageous to also do occasional "blind" quality control
analyses, in order to avoid conscious and non-conscious "improvement” of analytical re-
sults.

One purpose for the internal quality control is to give an alert when an analysis is no
longer functioning as expected (as defined in the initial assessment of the method, see
above). This alert is based on the finding that a result obtained in a control analysis does
not belong to the random variation that is specific of the method; in addition, unaccept-
able variation between the duplicates of a specimen, or non-linearity of the calibration
curve may be used as an indication of abnormal analytical performance. Modem
laboratory data acquisition systems may be programmed to give such an alert automati-
cally. They also generate automatically quality control charts, which display visually the
results of control samples as a function of time (or analytical run number). For manual
analyses, it is mandatory that quality control charts are developed for each analysis
(with the set criteria of acceptability for control analyses indicated) and continuously
updated.

2.3.2 External quality assessment

External quality assessment, also called proficiency testing, is also a part of the quality
management and comprises methods of checking laboratory performance by inter-
laboratory tests. Such activities have their roots in informal exchange of specimens be-
tween laboratories in order to verify and improve laboratory performance, and, on the
other hand, in a large number of ad hoc comparative studies on laboratory performance,
usually on a specific analysis. External quality assessment is not very well developed in
biological monitoring of exposure (see examples below). Formalized guidelines for the
optimal operation of continuously operated proficiency testing schemes have been pub-
lished (142, 159, 160).

2.3.2.1 Structure of external quality assessment scheme

The optimal structure of the scheme for any one analyte is as follows (142): 1) The
co-ordinator organizes preparation, homogeneity testing and validation of test material;
2) Co-ordinator distributes test samples on a regular schedule; 3) Participants analyse
test portions and report results centrally; 4) Results are subjected to statistical analysis,
and the performance of the individual laboratories is assessed; 5) Participants are noti-
fied of their performance; 6) Advice is made available for poor performers, on request;
7) Co-ordinator reviews performance of the scheme.

2.3.2.2 Test materials

An important feature of the scheme is the selection and preparation of the test material.
The test material must be similar to the materials that are routinely analysed as far as the
matrix, and concentrations of the analyte are concerned. It must be homogeneous, sta-
ble, and non-infective. In biological monitoring, the exact chemical identity of the ana-
lyte must be carefully considered in relation to the analysis performed, and the aim of
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the analysis. Thus it is imperative that e.g. in the specimen where "phenol" or "total phe-
nol" will be analysed for the quality assurance of the biological monitoring method of
exposure to phenol, the analyte is in the form that it appears in the urine of workers ex-
posed to phenol (i.e., phenylglucuronide and phenylsulphate, rather than phenol). Simi-
larly, for urinary arsenic analysis, the speciation of arsenic (As3+, As, methylarsonic
acid, dimethylarsinic acid, arsenobetaine, arsenocholine), has to be considered. Similar
considerations apply to several other biological monitoring analyses (e.g. blood mer-
cury, urinary hexanedione, urinary hippuric and methylhippuric acids).

2323 Frequency of sample distribution

The frequency for the distribution of samples in a programme depends on the difficulty
in executing effective analytical quality control, laboratory throughput of analyses, con-
sistency of results from previous rounds, cost/benefit of the scheme, and availability of
suitable materials for test schemes. In practice, the optimal frequency is probably be-
tween once in two weeks and once in four months (142). A frequency greater than once
in two weeks would for most biological monitoring analyses seem to be not cost-effec-
tive; it would also encourage replacement of internal quality control by the external
quality assessment scheme — for which purpose this frequency is too low (one internal
quality control specimens should at a minimum be included in every analytical run, see
above).

2.3.2.4 Assigned values

The external quality assessment scheme should provide the participant laboratories with
an assigned (target) value for the analysis and criteria for acceptability only after the
analyses have been performed. The assigned values may be determined by a consensus
from expert laboratories, by a consensus of the participating laboratories, by analysis of
a certified reference material for comparison, or directly by formulation, i.e., by adding
a measured amount of the analyte into the matrix, which does not contain it at all.

(a) Formulation

Formulation is problematic for many biological monitoring analyses. For trace ele-
ments, appropriate matrix with zero concentration is seldom available; for several or-
ganic compound metabolites the exact composition of the chemical species to be ana-
lysed may vary (see above). In addition, the formulation approach has the generic prob-
lem that the behaviour in the analysis of the added analyte may be different from such
analyte that has reached the matrix in vivo (binding to lipids, proteins, small molecular
weight carriers). However, formulated samples have been extensively used for studying
the analytical recovery (a pair of samples is shipped, one with "natural” content of the
analyte, the other spiked with a known amount).

(b) Comparative analysis of certified reference material

Comparative analysis of certified reference material is also of limited usefulness in ar-
riving at a target value. This is because there are few certified reference materials avail-
able (Table 2.1; see reference materials below). A further limitation is that for most
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analyses of interest for biological monitoring, no definitive ["'no known source of
inaccuracy or ambiguity"] or even reference ["negligible inaccuracy in comparison with
imprecision"] (161) method is available, and thus, even if a certified reference material
were available, the true concentration cannot be determined with certainty.

(¢} Consensus of participating laboratories

Consensus of participating laboratories, mostly as a robust mean or mode (i.e., a value
derived by exclusion of outliers), is probably the most widely used approach to arrive at
a target value in external quality assessment for biological monitoring analyses. For
several analyses, however, the accuracy of this approach is quite questionable because
of the limited number of participating laboratories. (For example, in the FIOH quality
assurance scheme for organic solvent metabolites, the number of laboratories reporting
results on urinary hexanedione analysis has constantly been less than 10.)

(d) Consensus of expert laboratories

Consensus of expert laboratories has been used in the German external quality assurance
scheme. In few countries can this approach be effectively used, because the number of
laboratories doing biological monitoring analyses for chemicals other than, say, lead,
cadmium and mercury, and of course even more of "expert" laboratories, is limited. In-
ternational collaboration is the only viable way to make use of either "consensus" ap-
proach.

2.3.2.5 Reporting of results and analysis of performance

The participating laboratories should receive the analysis of their own performance, in
comparison to that of the others, within as short a delay as possible. If the delay be-
comes too long, the result may not have the improving effect on laboratory perform-
ance; also, long delays decrease the interest of the participants in the scheme. The report
should include the results entered for the laboratory in question (for checking purposes),
the target value and the way it was achieved, and the distribution of the results from all
participating laboratories, also by analytical method, if feasible. Both a graphical pres-
entation, and exact results obtained, should be reported. It is very informative not only
to report the laboratory performance for the actual round of sample distribution, but also
as a cumulative score, as is done in e.g. the UK Trace Element External Quality Assur-
ance Scheme (TEQAS), and National External Quality Assurance Scheme (NEQAS).

For international quality assurance schemes, the co-ordinator can hardly give binding
limits of acceptability, but an indication of performance criteria is very useful. This
would optimally be derived from the requirements of data interpretation, i.e., needs of
occupational health services. An alternative approach is to make the judgement based on
attainable analytical performance of the methodology used, or simply on the perform-
ance of the laboratories participating in the scheme.

2.3.2.6 Existing quality assessment schemes in biological monitoring

For the analysis of lead in blood, several external quality assurance schemes are/have
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been operative (for example, US Public Health Services/CDC, State of New York De-
partment of Health, Commonwealth of Pennsylvania Department of Health, College of
American Pathologists, UK EQAS, Centre de Toxicologie du Québec, Puerto Rico De-
partment of Health, Wisconsin State Laboratory of Hygiene, Commission of the Euro-
pean Communities, and the Chinese Academy of Preventive Medicine (162, 163). '

A Danish quality assurance scheme that was operative 1987-1992, concluded that the
laboratory performance for the analyses of cadmium and chromium in blood was not
satisfactory; for lead, the reported values were in good concordance with the expected
ones (164).

The German Society of Occupational Medicine has offered inter-comparison pro-
grammes for toxic chemicals in blood/serum since 1982; the programme consists of one
annual round, and the number of participants is altogether approximately 90 (165, 166).
In the rounds in 1991 and 1992, the programme was expanded to include also four
chlorinated solvents in blood, six PCB isomers, and six other chlorinated environmental
contaminants.

The Centre de Toxicologie du Québec has operated an inter-laboratory comparison pro-
gramme for blood cadmium and lead, serum aluminium, selenium, copper and zinc, uri-
nary arsenic, fluoride, mercury, cadmium and chromium. For elements that had been in
the programme for more than six years, no trend with time was observed in the
laboratory performance; however, for chemicals newly added, such as urinary and blood
cadmium, there was an improvement with time (167).

In Japan, an industrial health regulation obliges the employers to do biological monitor-
ing for all the workers exposed to lead or toluene, xylene, tricloroethylene, tetrachlo-
roethylene, 1,1,1-trichloroethane, styrene, dimethylformamide or n-hexane. Since 1980,
the Japan Federation of Occupational Health Organizations (since 1987, under the su-
pervision of the Quality Control Committee supported by the Ministry of Labour) has
conducted an annual quality assurance round among laboratories performing such analy-
ses. In 1991, 36 to 67 laboratories participated in 10 types of such analyses (B-Pb,
B-FEP, U-ALA, urinary hippuric acid, urinary methylhippuric acid, urinary total tri-
chlorocompounds, U-TCA, U-mandelic acid, monomethylformamide, and 2,5-hexane-
dione (168-170). ‘ ‘

As a part of the UK External Quality Assessment Scheme, a programme for the quality
assurance of lead in blood was started in 1973. At present, some 80 laboratories take
part in these analyses, and a further approximately 40 laboratories in the blood cadmium
analyses. The programme started by using liquid human blood as the material, but
moved to liquid bovine blood in 1992; specimens are sent to participating laboratories
every two weeks (171).

The Robens Institute of Health and Safety runs an external quality assurance scheme
(TEQAS) for copper, zinc, gold, aluminium and selenium in serum (matrix horse or calf
serum), lead and cadmium in blood (human blood), and mercury and cadmium in urine
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(human urine). The scheme includes a monthly specimen, and the number of participat-
ing laboratories is 20110 for different elements (172, 173).

The Finnish Institute of Occupational Health has arranged a quality assurance scheme
for metabolites of organic solvents in urine. At present, four sets of specimens are sent
annually for the analysis of methylhippuric acids, hexanedione, trichloroacetic acid,
mandelic acid and phenol (174).

2.3.3 Reference materials

Two different sets of reference materials may be discerned:

Reference material is a material, one or more properties of which are sufficiently well
established to be used for the assessment of a measurement method; a certified reference
material whose property values are certified by a technically valid procedure, accompa-
nied by or traceable to a certificate or other documentation which is issued by a certify-
ing body (140).

Several national and international organizations manufacture, and offer for sale, certi-
fied reference materials (CRMs). Some such materials that are of interest in biological
monitoring have been listed in Table 2.1. Available biological reference materials for
trace elements and organic contaminants were listed in 1990 by International Atomic
Energy Agency (IAEA) (175); a general computerized data base (COMAR) on available
reference materials for chemical analysis is maintained by the Federal Institute for Ma-
terials Research and Testing in Berlin, Germany. It contains data on more than 6,900
certified reference materials, of which approximately 1% are biological. The preparation
of a certified reference material is a time consuming, meticulous and expensive endeav-
our and consequently it is and will not be possible to satisfy the demand for all types
and quantities of CRMs. For this purpose, CRMs must be used properly, i.e., effec-
tively, efficiently, economically (140). Certified reference materials may be used to
verify the precision and trueness of analytical methods; their use is an important part of
the initial assessment of analytical methods (4), but the use of certified reference mate-
rials for the day-to-day verification of the precision of an analytical method is not usu-
ally cost-effective. Best information from the use of a CRM is obtained, when the CRM
has identical matrix, and similar concentration with the samples that will be analysed
using the method studied. It is especially important to note that getting results within the
specified acceptability limits from a certified reference material at a high concentration
level by no means guarantees the accuracy of the method at a lower level. The certified
concentration value of a CRM is the best estimate of the true value; this value has an
uncertainty that depends on the process by which the certified value was obtained. This
uncertainty sets a limit for the accuracy of a method that can be verified by using this
CRM.

Non-certified reference materials are also on sale (Table 2.1). It is often difficult to
know how well the stated concentration value estimates the true value, and therefore
these reference materials are best suited for precision studies; their analysis only gives a
rough estimation of the trueness of the analysis.



Table 2.1. Reference materials for biological monitoring

Analytes with Non-certified concentrations

Source, Label Material Annlyte(s) with certified concentrations

NIST! SRM 2670 Frseze-dried urine _ Cu, Se,, normal levels i} o Al, As, Be, Cd, Au, Pb, Mn, Hg, Ni, Pt, normal levels
NIST SRM 2670 Freeze-dried urine As, Cd, Cr, Cu, Pb, Hg, Se, elevated levels Al, Be, Au, Mn, Ni, Pt, V, elevated levels )
NIST SRM 2671a Freeze-dried urine Fluoride, normal & elevated levels

NIST SRM 2672b Freeze-dried urine Mercury, normal & elevated levels

NIST SRM 9552% Blood Lead

NIST 9093 Human serum Cd, Cr,Cu,Pb, V

BCR% CRM 194 (also LGC B1-94)

Lyoph. bovine blood

Cadmium, lead; high normal level

BCR CRM 195 (also LGC? B1-95)

Lyoph. bovine blood

Cadmium, lead; elevated level

BCR CRM 196 (also LGC B1-96)

Lyoph. bovine blood

Cadmium, lead; grossly elevated level

1AEAB.A13

Lyoph. animal blood

Selenium, Rubidium

Ni, Pb

Cadmium, lead; high-normal level

LGC C91-32 Bovine blood

LGC C91-33 Bovine blood Cadmium, lead; elevated level

LGC91-34 Bovine blood Cadmium, lead; grossly elevated level

LGC91-02 . Lyoph. human urine As,Cu, Se Be, Cd, Cr, Mn, Ni, Pb
LGC 91-03 Lyoph. human urine As, Be, Cd, Cr, Cu, Mn, Ni, Pb, Sc

LGC 51-31 Bovine scrum Cy, Se Al, Co, Mn, Mo

LGC N15-98 Bovine serum Al, Cd, Co, Cr, Cs, Cu, Mn, Mo, Rb, Se As, Hg, Ni, Pb, TI, V
NRCCRM)GBW 09102 Lyoph. human urine As, Cu, Se Be, Cd, Cr, Mn, Ni, Pb

NRCCRM; GBW 09103

Lyoph. human urine

As, Be, Cd, Cr, Cu, Mn, Ni, Pb, Se

NRCCRM; GBW 09132

Bovine blood

Cadmium, lead; high-normal level

NRCCRM; GBW 09133

Bovine blood

Cadmium. lead; elevated level

NRCCRM; GBW 09134

Bovine blood

NRCCRM; GBW 09131

Bovine serum

Cadmium, lead; grossly elevated level |

| Se

Co, Mn, Mo, Al

NRCCRM; GBW 09136

Lyoph.animal blood

Erythrocyte protoporphyrin, normal level

NRCCRM; GBW 09137

Lyoph. animal blood

Erythrocyte protoporphyrine, elevated level

oy




Al, As, Cd, Cr, Co, Cu, F, Pb, Mn, Hg, Ni, Sb, Se, Tl,
Lyphochek 1 &2 8 Lyoph. human urine ALA,  Hippuric  acid,  Mandelic  acid,
Pentachlorophenol, Phenol, Trichloroacetic acid
Kaulson Laboratories, Inc® Lyoph. bovine blood Pb; low, medium & high levels
Kaulson Laboratories, Inc Lyoph. human blood Pb; low, medium & high levels
Kaulson Laboratories, Inc Lyoph. urine Pb; low, medivm & high levels
Seronorm Trace elements WB19 | Lyoph. human blood Al, As, Cd, Co, Cr, Cu, F, Hg, Mn, Ni, Pb, Tl
Seronorm Trace elements S Lyoph. human serum Al, As, Cd, Co, Cr, Cu, F, Hg, Mn, Ni, Pb, Tl
Seronorm Trace elements U Lyoph. human urine Al, As, Cd, Co, Cr, Cu, F, Hg, Mn, Ni, Pb, Tl
] 11 Cd, Co, Cr, Mn, Pb; nommal + 5 different elevated
Referensmaterial AB Lyoph. human blood levels
Trace Laboratories Ltd 12 Bovine blood Pb, Cd; different elevated levels

1) Standard Reference Materials Program, Room 204, Building 202, National Institute of Standards and Technology, , Gaithersburg, MD 20899,

USA 2) In preparation 3) Not in NIST catalogue 1992-1993; 4) BCR = European Community Measurements and testing, former Community
Bureau of Reference, EEC; 5) International Atomic Energy Agency, P.O. Box 100, A~-1400 Vienna, Austria; 6) Office of Reference Materials,

{h4

Laboratory of the Government Chemist, Queens Road, Teddington, Middlesex TW11 OLY, U.K.; 7) NRCCRM = National Research Centre for
Certified Reference Materials, Peoples’ Republic of China. Available from Promochem GmbH, Postfach 12 46 D-4230 Wesel, Germany; 8) Bio-
Rad ECS Division, 1000 Alfred Nobel Drive, Hercules, California 94547, U.S.A.; 9) Kaulson Laboratories, Inc. 687-691 Bloomfield Avenue,
West Caldwell, NJ 07006 U.S.A.; 10) Nycomed Diagnostica, P.O. Box 4284 Torshov, 0401 Oslo 4, Norway; 11) Referensmaterial AB,
Lobeliaviigen 6, S-52333 Ulricehamn, Sweden; 12) Trace Laboratories Ltd, Temple Row House, 269 City Road, Edgbaston, Birmingham B16

ONB, UK.
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Chapter 3. Selected metals

3.1 Cadmium

3.1.1 Introduction

Cadmium is widely dispersed in the environment. In non-occupationally exposed per-
sons, food and tobacco consumption represent the main sources of exposure to cad-
mium. Cadmium is widely used in industry where workers are exposed to fumes and
dust. In human exposure the two main target organs are the kidney and the lung.

A considerable body of knowledge exists with regard to exposure, metabolism and
health effects from cadmium exposure and no attempt is made to cover the extensive
scientific literature in full. This chapter focuses on the biological monitoring of internal
exposure and on biological effect monitoring to assess exposure.

3.1.2 Physical-chemical properties

Cadmium (Cd; CAS 7440-43-9) is a soft, blue white malleable metallic element in
Group II B of the Periodic table.

Chemical and physical properties include:

Atomic mass 1124
Boiling point 765°C
Melting point 320.9°C

Vapour pressure 0.013 kPa at 320.9°C

Solubility: Metallic cadmium is soluble in ammonium nitrate, dilute nitric acid, hot sul-
phuric acid and insoluble in water. Cadmium sulphate, nitrate and halides are water sol-
uble. Cadmium oxide (CdO) and cadmium carbonate are soluble in dilute acids and
ammonja solutions and insoluble in water. The sulphide, selenide, and telluride are col-
oured (yellow, red, and black) and are insoluble in water.

Further information on physical and chemical properties may be obtained in e.g. CRC
Handbook of Chemistry and Physics (1) and in the IARC Monographs, Volume 58 (2).

Conversion factors:
1 pg/L = 8.90 nmol/L; 1 umol/L. = 112 pg/L
1 pg/g creatinine = Jumol/mol creatinine
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3.1.3 Possible occupational and non-occupational exposures
(a) Occupational exposures

Potential exposure to cadmium and cadmium compounds may occur in a variety of oc-
cupational settings. The major sources of occupational exposures are the smelting and
refining of zinc, lead and copper ores, electroplating, manufacture of cadmium alloys,
pigments and plastic stabilizers, production of nickel-cadmium batteries and welding
(2). A list of occupations involving potential exposure to cadmium and cadmium com-
pounds is given in table 3.1.1.

Table 3.1.1. Occupations with potential exposure to cadmium and cadmium compounds

High risk Moderate/low risk

Alloy makers* Brazing workers

Battery workers* Coating workers

Pigment workers* Diamond workers

Plastic workers* Electroplaters

Smelters and refiners* Electrical contact workers

Welders* Enamelling workers
Engravers

Glass workers

Laser workers
Meralizers

Paini workers
Pesticide workers
Phosphorus workers
Printing shop workers
Semiconductor and superconductor makers
Sensor makers

Solar cell makers
Solder workers
Textile printers

Thin film makers
Transistor makers

* Activities at highest risk because atmospheric concentrations of cadmium can reach high levels and
because the number of workers employed is significant (3).

Workers may be exposed to cadmium in these occupations via inhalation of either finely
ground particulates (e.g. pigment dusts) or cadmium oxide fumes generated during
heating or welding of cadmium-containing materials. Airborne concentrations of cad-
mium can vary considerably according to the type of industry and the specific work
conditions in each plant (4). IARC Monograph Volume 58 (2) summarizes data on ex-
posure to cadmium and cadmium compounds and the results of biological monitoring in
different occupational situations.

(b) Non-occupational exposures

People in the general environment are exposed to cadmium via food, drinking water, air,
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dust, and smoking. For non-smokers food is the main source of cadmium intake. Gastro-
intestinal absorption from food is generally much less efficient than from water or air.
Most foodstuffs contain less than 0.08 pg/kg wet weight but considerably higher con-
centrations may be found in liver and kidneys of adult domestic animals and in certain
types of seafood. The elevated cadmium content of rice from Japan is noteworthy, be-
cause rice is a major part of the Japanese diet (5).

In most countries the average daily intake of cadmium via food is about 10-25 pg/d (6,
7). In Japan the daily intake of cadmium via food is between 37—44 ng/day (5).

Smoking is a significant source of exposure. It is estimated that a smoker who smokes
20 cigarettes per day has a daily absorbed intake of 2—4 pg and accumulates 0.5 mg
cadmium in one year (6-8).

3.1.4 Summary of toxicokinetics

There are a number of reviews on the toxicokinetics of cadmium in man (6—10).

3.1.4.1 Absorption

(a) Inhalation

This is the major route of absorption for occupational exposure to aerosols, dusts and
fumes. Pulmonary absorption ranges from 7-10% of inhaled cadmium. The degree of
absorption depends upon particle size and solubility of the cadmium compound.

(b) Dermal

Limited percutaneous absorption of cadmium salt in solution has been demonstrated in
laboratory animals, but is considered to be negligible for humans.

(c) Gastrointestinal

In some circumstances ingestion of cadmium dust may also be significant. Cadmium
may be ingested directly from contaminated hands (mainly when workers eat or smoke
at the workplace) or indirectly following the clearance of large particles deposited in the
upper respiratory tract.

Cigarette smoking adds to the amount of cadmium deposited in the lung. Furthermore
gastrointestinal absorption is the major route for non-occupational exposure. The aver-
age normal gastrointestinal absorption in humans ranges from 3-7% of ingested cad-
mium. Various dietary factors, such as iron, calcium and protein deficiency may in-
crease the gastrointestinal absorption rate to as high as 20% (11, 12).

3.1.4.2 Metabolic pathway and biochemical interaction

Once cadmium has been taken up from the gastrointestinal tract or the lungs it is trans-
ported in the blood to the liver, initially bound to albumin and high molecular weight
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protein in the plasma. This form of cadmium is rapidly taken up by the liver where the
cadmium is liberated from the proteins and induces the synthesis of metallothionein, a
low-molecular-weight sulphur-rich protein that binds cadmium quite effectively. This
protein sequesters cadmium in the liver cells and thereby acts as a detoxifying agent. A
small portion of the metallothionein-bound cadmium re-enters the blood. The cadmium
metallothionein complex is distributed to all organs in the body, but particularly in the
kidneys. Cadmium metallothionein in blood plasma is effectively filtered through the
glomeruli in the kidneys into the primary urine. Subsequently, it is reabsorbed by the
tubular cells. In the tubular cells, lysosomes containing proteolytic enzymes rapidly de-
grade the cadmium metallothionein complex and release cadmium into the cytoplasm.
The tubular cells have a certain capacity for metallothionein production of their own,
thereby preventing toxic effects from non-metallothionein-bound cadmium. If the metal-
lothionein-producing capacity of the tubular cells is exceeded, the first signs of kidney
toxicity will appear (13, 14). The kidney toxicity is due to a competition of Cd with tu-
bular zinc-dependent enzymes involved in the catabolism/reabsorption of low molecular
weight proteins.

3.1.4.3 Distribution

Most of the cadmium in circulation in the blood is found in the red blood cells, bound to
metallothionein. Between 40—80% of retained cadmium has been estimated to be stored
in the liver and kidneys, with one third in the kidneys. The distribution pattern is largely
dependent on the time elapsed since uptake, or the duration of long-term exposure. In
man, a long time after a single exposure or after exposure lasting several decades, most
of the cadmium is in the kidneys, the target organ. The cadmium concentration is high-
est in the renal cortex. In the kidney, and particularly in the renal cortex, the cadmium
level increases with age and is greater in smokers than in non-smokers. When renal
dysfunction develops the cadmium level in the kidney decreases owing to increased ex-
cretion of cadmium in the urine.

3.1.4.4 Elimination

Cadmium is eliminated from the body verv slowly. The main route of elimination in
humans is renal, with only limited elimination via the faeces. Only 0.01 to 0.02 % of the
body burden is excreted per day in urine or faeces. Renal damage from cadmium results
in increased urinary cadmium excretion. Transplacental ransfer and secretion into milk
are very low.

One of the most important aspects of the metabolism of cadmium in humans is its long
biological half-time. Mathematical models have been developed for evaluating the me-
tabolism of cadmium in man. According to a one-compartment model, which considers
only the renal cortex, a half-time of 20 years has been calculated (15). A more elaborate
mode] describes the flow of cadmium between eight different tissues (16, 17); this
mode] gives half-times of 8—14 years for the different compartments (7, 18).
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3.1.5 Summary of toxic effects

A large number of reviews have been published (7-10, 19-21). Cadmium may cause
acute and long-term effects. In man, the principal acute manifestations are gastrointesti-
nal disturbances following ingestion and chemical pneumonitis following inhalation of
cadmium oxide. Cadmium fumes when inhaled in sufficient concentrations are toxic to
the epithelial and endothelial cells of alveoli and cause acute pulmonary oedema.

In man, the principal toxic effects resulting from long-term exposure to cadmium are re-
nal dysfunction and lung impairment. Long-term inhalation exposure to cadmium dust
or fumes in the cadmium industry has been shown to produce emphysematous lung
changes (20, 22).

The kidney is considered to be the critical organ following long-term cadmium expo-
sure, the organ where the first signs of adverse effects are seen (18, 23-25). The early
stages of interference by cadmium with renal function are usually characterized by an
increased excretion of low molecular weight proteins (e.g. B-2 microglobulin, retinol-
binding protein (RBP), oy-microglobulin). As a result of tubular dysfunction in some
subjects an increased excretion of high molecular weight proteins (e.g. albumin, trans-
ferrin) due to increased glomerular permeability is seen (mixed proteinuria). The latter
effects are irreversible (26-29).

Other severe effects of cadmium poisoning are osteomalacia and/or osteoporosis seen in
itai-itai patients living in heavily cadmium-polluted areas of Japan and in a number of
severe industrial intoxications in Europe (30, 31).

The possible role of occupational cadmium exposure for the development of cancer has
been re-evaluated in the TARC monograph, Volume 58 (2, 32). There is sufficient evi-
dence of the carcinogenicity of cadmium and cadmium compounds in humans. In the
overall evaluation, cadmium and its compounds have been classified in group 1 — car-
cinogenic to humans.

3.1.6 Biological monitoring indices

There are several recent reviews on biological monitoring of occupational cadmium ex-
posure (4, 8, 9, 33, 34). The main biological monitoring indices are shown in table 3.1.2.

For the biological monitoring of cadmium exposure at the workplace, cadmium con-
centrations in blood and urine are the most important parameters (4, 8, 9, 33, 34). A
number of studies indicate that the level of cadmium in blood can be considered as an
indicator of current exposure, whereas cadmium in urine, in conditions of low-level ex-
posure (as found in the general population) and absence of renal damage, reflects the
cadmium body burden (35).
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Table 3.1.2. Available biological monitoring indices

Indicator Suitability for use Ref.

Cadmium in blood  Indicator of recent exposure 4,8,9,33,34
(CdB)

Cadmium in urine Non-invasive 4, 8,9, 33, 34, 35
(CdU) For relationship between Cd(U) and exposure

and body burden — see section 3.1.7.1
Cadmium in kidney Direct determination of body burden, non-inva- 3639

and liver sive but instrumentation costly and requires spe-
cialized personnel. Not suitable for routine
monitoring
Urinary proteins Used for effect monitoring 26,4247

The varying relationships between blood and urine concentrations during cadmium ex-
posure have led to the recommendation that both blood and urine concentrations are
measured and the results considered together. CdU has been shown 1o increase signifi-
cantly with age parallel to the accumulation of cadmium in the kidney (40, 41).

Measurements of selected proteins and enzymes in urine can be used to assess the ef-
fects of cadmium on kidney function. The earliest indicator of cadmium-induced renal
tubular dysfunction is the presence of elevated levels of low-molecular weight proteins
(e.g. Pp-microglobulin, retinolbinding protein) in urine (42, 43). P,-microglobulin (B,-
M) has been widely used as an indicator, but retinolbinding protein (RBP) appears to be
a more reliable due to its greater stability (44, 45).

The first phase of Cd-induced tubular dysfunction, as characterized by a limited micro-
proteinuria, e.g. P,-M and/or RBP > 300 pg/g creatinine, but < 1000-1500 ng/g
creatinine can be reversible when the worker is removed from exposure (46, 47). More
elevated microproteinuria, however, is irreversible and the forerunner of progressive
loss of renal function (26). :

Injury to the proximal tubule can be defected by measx.lring the urinary activity of cyto-
lytic enzymes. Of these, the lysosomal enzyme N-acetyl-p-D-glucosaminidase (NAG)
has proved to be one of the most valuable (48).

Table 3.1.3 shows the most important indicator proteins and enzymes for effect moni-
toring. The three proteins, (y-microglobulin, retinolbinding protein and oy-mi-
croglobulin are discussed more fully in sections 3.1.9, 3.1.10 and 3.1.11.
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Table 3.1.3. Important renal indicator proteins and enzymes (4)

Type Proteins or enzymes Molecular weight (kDa)
High molecular weight ~ Immunoglobulin G 150
Transferrin 95
Albumin : 67
Low molecular weight al—microglo‘bulin | 30
Retinolbinding protein (RBP) 25
B,-microglobulin 12
Enzymes Alanine-aminopeptidase (AAP) -

N-acetyl-B-D-glucosaminidase (NAG) 140-150

3.1.7 Cadmium in urine iridex
3.1.7.1 Toxicokinetics

Cadmium in urine (CdU) is bound mainly to metallothionein. The elimination half-time
in humans, reflecting whole body clearance, has been estimated at 10-30 years. There is
a three-phase relationship between CdU and exposure and body burden (49). In the first
phase, cadmium accumulates in the renal cortex and is bound to metallothionein, but not
all the available binding sites are saturated. During this phase cadmium is excreted in
amounts related, in part, to levels in the kidney. Thus, CdU levels reflect integrated past
exposure.

In the second phase, exposure results in the saturation of binding sites and an increase in
CdU. During this phase CdU reflects both past (body burden) and recent exposure. In
the third phase, renal tubular dysfunction has developed which results in increased CdU
excretion. It may take more than a year following initial exposure to cadmium for the
body burden to be increased sufficiently to result in a rise in the CdU above background
levels (16, 48).

3.1.7.2 Biological sampling

(a) Sampling time and specimen

The time of sampling is not critical, given the long half-time of cadmium.

(b) Contamination possibilities

Risk of contamination is a serious problem. Contamination of urine from work clothes
is likely and overalls etc. used during work must be removed in a separate room before
entering the sample collection room (outside workplace). Showering before urine col-
lection is recommended.

(c) Sampling device and container

Urine specimens (10-50 mL) should be collected in acid-cleaned (nitric acid, supra pure
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quality diluted with bidistilled water 1+10) plastic containers (preferably high-density
polyethylene containers); do not use plastics with a Cd-softener. Coloured plastic and
rubber should be avoided.

(d) Preservatives, shipment and stability

No preservatives have to be added to the sample. Urine samples can be stored for two
weeks at 4°C or deep frozen (-20°C) for several months.

3.1.7.3 Recommended analytical method(s)

The most widely used technique for the determination of cadmium is graphite furnace
atomic absorption spectrometry (GFAAS). The determination can be performed after
chelation and extraction (50); after isolation by anion-exchange chromatography (51); or
after dilution and acidification with nitric acid and subsequent direct determination (52,
53). A method based on chelation/extraction is recommended by the German Research
Foundation (50).

(a) Principle of the method

Cadmium in the urine is complexed with the chelating agent, N,N-hexamethylene-
dithiocarbamic acid, hexamethylene ammonium salt (HMA/HMDC). The cadmium-
HMDC complex is extracted in a mixture of organic solvents (diisopropylketone-
/xylene) and determined by electrothermal atomic absorption spectrometry (ETAAS).
Calibration is carried out with standards of defined cadmium concentrations in aqueous
solution containing glutathione (50).

(b) Reagents required

Glutathione solution: 670 mg glutathione is dissolved in ultra pure water in a volumetric
flask and made up to 1 L (2.2 mmol/L). The solution is stable for about 14 days.
Extraction solvent: 680 mg HMA/HMDC, (Merck, Darmstadt, Germany, GR-grade) is
warmed up gently with 15 mL xylene in a 50 mL volumetric flask until dissolved. After
cooling the solution is made up to 50 ml. with diisopropyiketone.

Standards: Cadmium concentrations between 0.5 and 10 pg/T, (4.5-90 nmol/L) in glu-
tathione solution.

(¢) Equipment

Atomic absorption spectrometer with background correction and graphite furnace,
graphite tubes. Mono-element cadmium hollow cathode lamp or cadmium ED lamp.
Centrifuge.

(d) Procedure

For sample treatment 1 mL of the acidified urine (around 1 mL acetic acid (100 mL
urine)) is diluted with 4 mL ultra pure water. Then 2 mL extraction solvent is added and
the tube stoppered. The tubes are shaken vigorously for at least 5 min on a shaker and
then centrifuged for 10 min (minimum 3000 g). An aliquot of the organic phase is in-
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jected into the graphite furnace. The calibration standards and the glutathione solution
(blank) are treated and analysed as for the urine samples.

Atomic absorption spectrometer

Wave length 228.8 nm

Background correction Deuterium lamp or Zeeman

Graphite furnace ‘

The following data are intended to serve as a guide for the temperature-time programme
to be used with the graphite furnace, an optimization of the programme must be carried
out for each individual instrument:

Table 3.1.4. A guide for the temperature-time programme to be used with the graphite
Jurnace

Analytical step Step duration Temperature
Ramp time (Sec)  Hold time (Sec) (°C)
Drying 25 30 180
Charring 10 30 350
Atomisation 2 8 2200 miniflow (30mL/min)
Heating 1 2 2700
Inert gas: Argon

Injected volume: 25 uL.

(e) Criteria of analytical reliability (50)

1) Trueness
Trueness, based on recovery studies, was 106%.

ii) Precision ‘
The within-series precision of the analysis was 3.3—4.0% relative standard deviation.
The between-day precision was 10.5—6.8% relative standard deviation.

iii) Detectability
The limit of detection of cadmium in urine was 0.2 pg/L (2 nmol/L).

() Quality assurance

Results of intercomparison programmes have shown that there are still considerable
problems with the determination of cadmium in urine (54-56). It is important to employ
a rigid quality control programme both internally and externally (56-58).

For internal quality control commercially available control specimens from e.g. Bio
Rad Lab., Anaheim, California, USA — Lyphocheck® Urine Metals Control; Nycomed
AS, Oslo, Norway, — Seronorm™ Trace Elements Urine and certified urine specimens
from e.g. National Institute for Standards and Technology (NIST) Gaithersburg, Mary-
land, USA can be used.
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For external quality control (inter)national intercomparison programmes are available
from e.g. Centre de Toxicologie du Québec, Canada and the German Society of Occu-
pational and Environmental Medicine, Erlangen, Germany.

(g) Source of possible errors

1) Pre-analytical
Contamination of the urine samples by cadmium during sample collection and storage
must be avoided.

ii) Analytical
Reagents with purest grade commercially available must be used. Reagent blanks must
be measured in each run of analysis.

(h) Reference to the most comprehensive description of the method

Angerer J, Schaller KH. Analyses of Hazardous Substances. In: Biological Materials,
Vol 2, VCH-Verlagsgesellschaft Weinheim, Germany, 1988.

(i) Evaluation of the method

This method has been recommended by the German Research Foundation (50).

3.1.7.4 Other analytical methods

For the determination of cadmium in urine many modifications of the GFAAS method
exist (51, 53, 59-61). Direct measurement of cadmium in urine by GFAAS is prone to
severe matrix and spectral interferences. D'Haese (62) overcame these effects by coating
the L'vov platform with ammonium molybdate, reducing the atomization time, introduc-
ing a post-atomization cooling step, carefully selecting ashing and atomization tempera-~
tures, and using an appropriate procedure for matrix modification. For calibration of di-
rect GSAAF methods, matrix-matched calibration standards must be used.

Other techniques used for the cadmium determination in urine are flame-AAS, flame
atomic fluorescence spectrometry (63), differential pulse anodic stripping voltammetry
(64, 65) and inductively coupled plasma emission spectrometry (66).

3.1.7.5 Guide to interpretation

(a) Measured values in groups without occupational exposure

Excretion in urine increases with age for persons not occupationally exposed to cad-
mium. Smokers have higher urinary cadmium excretion compared to non-smokers.
People living in cadmium-polluted areas have higher urinary cadmium levels than those
living in non-polluted areas (34). Mean urinary cadmium levels measured in several
countries in Europe, in the USA and in Japan range from about 0.4 to 6.1 ug/lL (3.6-54
nmol/L) (2), but in most countries average urinary cadmium is 0.5-1.0 nug/L (4.5-9
nmol/L) (67).
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(b) Published biological action levels

WHO (1980) recommends that the individual urinary cadmium excretion should not be
allowed to reach 10 pg/g creatinine (10 umol/mol creatinine). They recommended that
specific control measures be applied as soon as the individual concentrations of cad-
mium in urine exceed 5 pg/g creatinine (5 pmol/mol creatinine). Consequently, this
level should be regarded as a health-based biological limit or biological action level
(68).

The American Conference of Governmental Industrial Hygienists (ACGIH) has adopted
a biological exposure index (BEI) of 5 pg/g creatinine (5 pmol/mol creatinine) (67). In-
terpretation of biological monitoring with respect to that BEIL, particularly for individual
workers, requires a programme of periodic biological, medical and environmental
monitoring. (For exposure s‘gandards from the U.S. Occupational Safety and Health
Administration (OSHA) see also section 3.1.8.5b). ‘

In Germany, exposure equivalents for carcinogenic substances (FKA-values) for cad-
mium in urine have not been evaluated. Until a Technical Exposure Limit (TRK-value)
has been definitely established, the BAT-value valid until 1989 of 15 pg/L (134 nmol/L)
for cadmium in urine can be used as a guideline for monitoring occupational exposure.

(c) Non-analytical interference

As discussed above, diet and the environment can be important contributors to urinary
cadmium levels.

3.1.8 Cadmium in blood index
3.1.8.1 Toxicokinetics

Lauwerys et al. 1979 (48) observed a linear increase in blood cadmium for up to 120
days, followed by a plateau, in four new employees exposed to high levels of cadmium.
The kinetics of cadmium in blood require at least a two-compartment model. Jarup et al.
(69) studied five workers for 15 years after cessation of exposure, and using a two-ex-
ponential regression model calculated a fast decay half-time of 75-130 days, and a slow
decay half-time of 7.4—16 years (11-16 years without renal dysfunction).

3.1.8.2 Sampling
(a) Sampling time and specimen

Most cadmium in blood is bound to the red blood cells and cadmium is usually meas-
ured in whole blood. Samples can be taken at any time. Finger pricks should not be
performed, due to contamination and analytical problems.

(b) Contamination possibilities

Contamination during blood collection should be avoided by performing the venipunc-
ture outside the workplace. Random analyses of blanks should be carried out to check
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the venipuncture equipment and blood collection tubes for contamination.

(¢) Sampling device and container

Blood collection should be performed by venipuncture devices using only cadmium-free
needles, sampling devices and containers, e.g. Vacutainer®, MonovettesR. K-EDTA has
proved to be particularly suitable as an anti-coagulant.

(d) Preservatives, shipment and stability

Experience has shown that a storage period in the refrigerator of up to 3 weeks does not
lead to any deterioration in the results of analysis. For longer storage the samples should
be kept at a temperature of -20°C.

3.1.8.3 Recommended anatlytical methed

Graphite furnace atomic absorption spectrometry (GFAAS) is the method of choice for
the determination of cadmium in whole blood.

The most commonly used method is based on the work of Stoeppler and Brandt (70)
and published more comprehensively by the Karolinska Institute, Stockholm, Sweden
(71) and the German Research Foundation (72). (For review see also 53).

(a) Principle of the method

The cadmium content of whole blood is determined by electrothermal atomic absorption
spectrometry. After adding of TritonR-X-100, the sample is deproteinized with 1 mol/L
nitric acid. The solid constituents are removed by centrifugation and the cadmium con-
centration is determined from the supernatant. The standard addition procedure is used
for the quantitative determination (70, 72).

(h) Reagents

Chemicals for the determination must be of supra pure or comparable quality.

Nitric acid, 1 mol/L

TritonR X 100, 2.5% aqueous

Calibration standards: 0.5, 1.0, 2.0 pg Cd/L in nitric acid, 1 mol/L (5, 10, 20 nmol Cd/L
nitric acid).

(¢) Equipment

Atomic absorption spectrometer with background correction.

Graphite furnace.

Mono element cadmium hollow cathode lamp or a cadmium ED lamp. (Minimum 2500
g).

Shaker; e.g. Vortex

Centrifuge
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(d) Procedures

A 0.5 mL sample of whole blood is pipetted into each of four plastic centrifuge tubes
and mixed with 100 pL of a 2.5% Triton-X-100 solution. The mixtures are then agitated
on a shaker for 30 seconds and 1.5 mL nitric acid (1 mol/L) or 1.5 mL of one of the
three indicated standards is pipetted into each of the four tubes using an adjustable pi-
pette. The addition of the three standard solutions gives a set of samples with different
known levels of added cadmium. During addition of the HNO; the sample is mixed for
approximately 15-30 seconds on the shaker for protein precipitation. After precipitation,
centrifugation is carried out for 15 min (minimum 2500 g). The supernatant is then
carefully removed and transferred to four new plastic disposable tubes. In each series of
tests at least one reagent blank is included, using double-distilled water instead of blood
and spiked three times. ‘

The proposed time-temperature programmes are intended to serve only as a guide.
Atomic absorption spectrometer

Wave length 228.8 nm

Background correction Deuterium lamp or Zeeman

Graphite furnace

Table 3.1.5. Proposed time-temperature programmes

Analytical step Step duration (Sec) Temperature ( °C)
Drying 20 130

Sliding thermal charring 16 280*
Postcharring 60 280*
Atomization with miniflow 4 2100

Heating 4 2500

Cooling 30 room temperature
Inert gas Argon

Injected volume 20pL

(e) Criteria of analytical reliability

i) Trueness

Trueness based on recovery studies is similar to values found for urine measurements.
ii) Precision

The within-series precision was 5.5-12.3% relative standard deviation at 0.65-5.5 pug

Cd/L (5.8-49 nmol/L). |

iii) Detectability
The limit of detection of cadmium in blood was 0.2 pg/L (2 nmol/L).

() Quality assurance

Results from intercomparison programmes have shown that there are still considerable
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problems with the determination of cadmium in blood (55, 56, 73, 74).

For internal quality control commercially available control specimens from e.g. Ny-
comed AS, Oslo, Norway — Seronorm™ Trace Elements Whole Blood and certified
blood specimens from e.g. National Institute for Standards and Technology (NIST),
Gaithersburg, Maryland, USA; Community Bureau of Reference (BCR), EC, Brussels,
Belgium can be used.

For external quality control (inter)national intercomparison programmes are available
from e.g. Centre de Toxicologie du Québec, Canada and the German Society of Occu-
pational and Environmental Medicine, Erlangen, Germany (54, 55), the UK Health and
Safety Executive Programme (UKEQAS), Birmingham, UK and the Danish external
quality assessment scheme (DEQAS), National Institute of Occupational Health, Co-
penhagen, Denmark (73).

(g) Sources of possible errors

i) Pre-analytical
Special care must be taken to avoid contamination. Cleaning procedures of containers
and other labware must be strictly followed.

ii) Analytical

The deproteinization step is a serious problem in the analysis of blood as the difficulties
of performing reproducible deproteinization particularly affect the precision and accu-
racy of the method. Therefore, the deproteinization procedure should be standardized as
much as possible and the analyses should be performed by skilled laboratory staff.

(h) References to the most comprehensive description of the method

Vahter M. Assessment of Human Exposure to Lead and Cadmium through Biological
Monitoring. Swedish National Institute of Environmental Medicine and Karolinska In-
stitute, Stockholm, Sweden, and Division of Environmental Health, World Health Or-
ganization, Geneva, 1982.

Angerer J, Schaller KH. Analyses of Hazardous Substances in Biological Materials, Vol
1, VCH Verlagsgesellechaft, Weinheim, Germany, 1985.

(i) Evaluation of the method

The present method has been compared with several independent analytical procedures.
Parallel analysis of 66 blood samples by an inverse voltammetric method gave a good
agreement (r = 0.988; y = 1.03x-0.03) (70). This is also the case for the comparison with
other atomic spectrometric methods (72).

3.1.8.4 Other analytical methods

Direct measurement of cadmium in blood by GFAAS with background correction is
prone to severe matrix and spectral interferences. To overcome these effects an opti-
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mized ashing and atomization programme and an appropriate procedure for matrix
modification is necessary (see section 3.1.7.4) (62, 75).

Other methods used in occupational health and environmental studies to determine
cadmium in whole blood include anodic stripping voltammetry (ASV), ICP-MS, neu-
tron activation analysis and emission spectrometry. But most of these techniques require
extensive sample pre-treatment (e.g. digestion) which introduces the risk of contamina-
tion or losses, are cumbersome and require highly skilled laboratory staff. Recently,
Ostapczuk (76) published a method using potentiometric stripping analysis (PSA) for
the determination of cadmium in blood. In contrast to ASV this technique is not subject
to background interferences from organic electroactive constituents. Therefore, it is suf-
ficient to dilute the blood sample with an appropriate supporting electrolyte (0.5 mol/L
HCI). For 1 mL of blood and a 1-min deposition time, the detection limit is 1 pg/LL (9
nmol/L) for a deposition time of 10 minutes the detection limit is improved to 0.1 pg/L
(1 nmol/L).

3.1.8.5 Guide to interpretation

(a) Measured values in groups without occupational exposure

Alessio et al. (77) reviewed papers published in the international literature between
1976 and 1991 on reference values for cadmium in blood of persons not occupationally
exposed. Four high-quality studies were subsequently considered (78-81). The results
of the evaluation of the data applying two different statistical methods are presented in
table 3.1.6.

Table 3.1.6. Blood cadmium concentrations in pg/L (1 ng/L = 8.9 nmol/L) for persons
not occupationally exposed (77)

Group Statistical method Statistical method
Brune et al, (1991) (82) Alessio et al. (1992) (77)
Non-smokers (n=1502)
GM 0.62 0.56
GSD 1.74 1.75
75th percentile 1.79 - 0.84
90th percentile 2.85 ‘ 1.19
Smokers (n=785)
GM 1.58 1.50
GSD 1.99 1.97
75th percentile 2.89 247
90th percentile 5.64 3.78

GM: geometric mean, GSD: geometric standard deviation

To the present day, cadmium exposure of general populations in Japan is still higher
than in other countries. Tkeda (5) reported about cadmium levels in blood from 2,000
subjects living in 49 non-polluted areas in Japan. The geometric mean for cadmium in
blood was 3.2 pg cadmium/L (28 nmol/L) in men, 3.7 pg cadmium/L (33 nmol/L) in
women.
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Blood cadmium concentrations increase with age, cigarette smoking and intake from
environmental pollution. The influence of sex and age on blood cadmium appear to be
overshadowed by the impact of smoking, which causes a dose-related increase in blood
cadmium levels with increasing number of cigarettes smoked per day (71).

The contribution of tobacco smoking to cadmium concentrations in the blood of work-
ers with occupational exposure to cadmium is, therefore, significant, particularly at low
levels of exposure. Cadmium in the blood reflects recent exposure (over months) more
than it does long-term exposure. According to the kinetic model proposed by Kjellstrém
and Nordberg (16), a fraction of blood cadmium is related to body burden, with the re-
mainder determined by recent exposure. Knowledge of past blood cadmium levels, past
exposure and current environmental monitoring are needed to accurately interpret an
elevated level of cadmium in blood (83—-85).

(b) Published biological action levels

WHO (1980) proposed 10 pg cadmium/L (89 nmol/L.) for cadmium in blood as the in-
dividual critical level if the exposure is regular and long-term. They recommended that
control measures be applied as soon as the individual level of cadmium in blood ex-
ceeds 5 pg/L (45 nmol/L). Consequently, this level should be regarded as a health-based
biological action level (68).

The American Conference of Governmental Industrial Hygienists (ACGIH) has adopted
a biological exposure index (BEIL) of 5 pg/L (45 nmol/L) for cadmium in blood (67).
Interpretation of biological monitoring with regard to that BEIL, particularly for individ-
ual workers, requires a programme of periodic biological, medical and environmental
monitoring.

The Occupational Safety & Health Administration (OSHA) of the USA has published a
comprehensive worker exposure standard requiring biological monitoring at least an-
nually for blood cadmium, urinary cadmium, and urinary f,-microglobulin. If a
worker's blood cadmium exceeds 5 pg/L (45 nmol/L), urinary cadmium exceeds 3 pg/g
creatinine (3 umol/mol creatinine), and urinary (;-microglobulin exceeds 300 pg/g
creatinine, the employer is required 1o seek and correct the cause of the elevated expo-
sure and increase the frequency of biological monitoring to every half year. Medical re-
moval is required if a worker's blood cadmium exceeds 15 pg/L (133 nmol/L) or urinary
cadmium exceeds 15 pg/g creatinine (15 pmol/mol creatinine). There are additional in-
termediate decision points. (Code of Federal Regulations, Title 29, Part 1910.1027
Cadmium, US Government Printing Office, Washington, DC 20402-9328.)

In Germany exposure equivalents for carcinogenic substances (EKA-values) for cad-
mium in blood have not been evaluated. Until a Technical Exposure Limit (TRK-value)
has been definitely established, the BAT-value (valid until 1989) of 15 pg/l. (133
nmol/L) can be used as a guideline for monitoring occupational exposure.
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3.1.8.6 Research needs

Though much progress has been achieved in recent years a few topics need further in-
vestigation to ensure a reliable approach to the problem of biological monitoring,
namely: standardization of analytical techniques for both internal dose and effect indica-
tors; provision of internal and external quality control measures for both internal dose
and effect parameters; examination of the relationship between metallothionein-bound
and "free" cadmium in the kidney and the occurrence of kidney damage.

To establish appropriate occupational exposure limits it is important that further studies
are carried out to determine what are the critical effect markers (NAG excretion, mi-

croproteinuria) and to define their dose-response curves at low levels of exposure.
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3.1.9 p,-microglobulin in urine

3.1.9.1 Toxicokinetics

[3,-microglobulin (B,-m) is a small protein (Mr 11.8 k D) which was discovered in 1968
by Berggard and Bearn (1) in urine from patients with tubular dysfunction. It is synthe-
sized by virtually all nucleated cells and is present on their membrane as the light chain
of the class I histocompatibility antigens. As a result of the metabolism and degradation
of HLA, B,-m is dissociated from the heavy chain and appears in its free form in ex-
tracellular fluids including plasma. Turn-over studies in humans have shown that the
production of B,-m in normal subjects is 150 to 200 mg daily. Owing to its small size,
the protein is rapidly eliminated from plasma by glomerular filtration (half-time = 2.1
hours) and serum concentrations are only 1-2 mg/L in healthy subjects. As a corollary,
there is an inverse relation between the serum concentration of B,-m and the glomerular
filtration rate, which explains why serum P,-m progressively rises with age. Serum f,-
m may also increase in several lymphoproliferative disorders, such as acquired immu-
nodeficiency syndrome, systemic inflammatory disorders or malignancies (2).

More than 99.9% of B,-m filtering through the glomeruli is reabsorbed by the proximal
tubules, then catabolized in the lysosomal system. The amount of ,-m excreted in urine
is consequently very low, averaging 70-80 pg/g creatinine (8—9 mg/mmol creatinine) in
healthy subjects (3, 4). It is important to point out that the tubular reabsorption of pro-
teins involves an adsorptive endocytotic process which is saturable. For B,-m it is esti-
mated that saturation is reached when the serum level exceeds 5 mg/L (5). Above this
threshold the urinary excretion of 3,-m is invariably increased and no longer reliably
reflects the integrity of the proximal tubules. A rise of the serum level above this
threshold may be encountered in renal insufficiency and in several non-renal disorders
as indicated above.

3.1.9.2 Biological sampling

The usefulness of the urinary B,m assay for the early detection of tubular injury has
been extensively documented in a number of studies catried out on populations exposed
to occupational or environmental toxins, especially cadmium, and on patients treated
with nephrotoxic drugs (6, 7). The determination of urinary f3,-m has been used in oc-
cupational medicine for more than two decades for the diagnosis of cadmium nephropa-
thy. The sensitivity of f,-m assay compared to that of other tests (e.g. total proteinuria)
stems from the fact that under normal conditions tubular reabsorption of f3,-m is nearly
complete. The B,-m test is greatly limited, however, because of the instability of B,-m
in acid urine. When the urinary pH falls below 5.6, a time- and pH-dependent degrada-
tion of B,-m occurs due to the activity of acid proteases (3, 8-11). The degradation is
very rapid at 37°C, so it may already occur in the bladder. Even neutralization of the pH
after urine collection is not a fully satisfactory solution to the problem. The degradation
of B,-m is enhanced in pathological urines and may start from higher pH (from 6.0) be-
cause in that situation tubular impairment is associated with an increased leakage of
proteolytic enzymes from damaged tubular cells.
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(a) Sampling time and specimen

The ideal procedure to collect always reliable urine samples is to administer sodium bi-
carbonate to the subject in order to achieve a urinary pH > 6. In practice, the admini-
stration of sodium bicarbonate is rarely feasible. The 3,-m test must then be applied on
a spot urine sample (mid-stream ideally) which is immediately neutralized after collec-
tion. If possible, the pH of the sample should be measured before adding the buffer.
First morning samples should be avoided because of the high probability of 3,-m being
degraded during the night. Since the urinary excretion rate of f,-m is to some extent
diuresis-dependent (12), it is advisable also to avoid extreme variations in the urinary
flow. This is especially justified when the results are corrected for creatinine concentra-
tion which, at extreme values (e.g. <0.3 and >3 g/L. [<2.65 and >26.5 mol/L]), is no
longer linearly related to the diuresis.

(b) Contamination possibilities

It should be noted that 3,-m can also be degraded by elastase-like proteases in neutral or
slightly alkaline urines infected by bacteria. The presence of urinary tract infection or
pyuria thus also requires consideration of the possibility of a loss of §,-m (13).

(c) Sampling device and container

A convenient procedure is to transfer an aliquot of the urine into a tube containing 10%
(v/v) of 1 mol/LL phosphate buffer pH 7 supplemented with 1% NaNj.

(d) Preservative, shipment and stability

An anti-bacterial agent must always be added to the urine. It can be added to the buffer
used for neutralizing the urinary pH immediately after collection or, in the case of a 24-
hour urine collection, it must be added to the container (e.g. 10 mL of a 10 % NaNj so-
Iution in a two-litre bottle).

It is always preferable to ship the samples on dry ice. However, if the urine is buffered
at a pH >6 and contains a preservative (e.g. 0.1 % NaN3), a shipment at ambient tem-
perature should not significantly affect the stability of f,-m.

In urine with pH > 6 and containing a preservative, f,-m is stable for several days at
room temperature and at least two weeks at 4°C. At -20°C, the protein is stable for sev-
eral years. In practice, if the assay cannot be performed within 2 or 3 weeks after col-
lection, samples should be stored in the freezer. Freezing/thawing cycles, however,
should be reduced to a minimum.

3.1.9.3 Recommended analytical methods

A number of methods have been described for measuring f,-m in human biological
fluids. However, a quantitative determination of the protein in normal urine can be per-
formed only by using assays with a detection limit below 20 pug/L, such as radioimmu-
noassay (RIA) (14-16), enzyme immunoassay (EIA) (17-21), latex immunoassay (LIA)
(22-26) or related techniques (27). Test packs based on RIA or related assays (e.g.
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Kabi-Pharmacia, Sweden; Diagnostic Products Corporation, Belgium) are commercially
available. The oldest one is the PhadebasU B,-microtest from Kabi-Pharmacia. This test
has been used for more than two decades for screening of tubular proteinuria in occupa-
tional or environmental medicine. For those laboratories not equipped with a gamma-
counter or not licensed to use radioisotopes, the EIA or Immulite test! (e.g. from Diag-
nostic Products Corporation, Grimbergen, Belgium) are possible alternatives presenting
the advantages of a longer stability of reagents and of photometric measurement.

The immunoprecipitation methods developed for the assay of p,-m in serum (radial
immunodiffusion, nephelometry, turbidimetry) (28-30) generally have limits of detec-
tion above the normal range of urinary f,-m and are therefore not suited to the early
detection of tubular damage. But an equally simple and cheap test is the turbidimetric
(or photometric) version of the LIA method developed by Bernard et al. (23, 25). This
method relies on the agglutination by p,-m of latex particles on which a specific anti-
body has been adsorbed; after a period of incubation, the resulting agglutination is mea-
sured by turbidimetry. This method uses commercially available reagents with a very
low cost and, for the measurement, a standard photometer. The adsorption of the anti-
body on to latex particles as described recently (31) is very simple and can be completed
in less than 15 min. A turbidimetric LIA method is described below. This immunoassay
can accurately and precisely quantify a wide range of proteins in plasma or urine includ-
ing P,-microglobulin, retinol-binding protein, alpha;-microglobulin or albumin.

(a) Principle of the method

The method consists of incubating solutions containing the antigen (B,-m or any other
protein) with latex particles on which a specific antibody has been adsorbed. The anti-
gen-antibody reaction results in an agglutination of the latex particles proportional to the
concentration of the antigen. The remaining unagglutinated latex particles are then
quantified by measuring the absorbance with a spectrophotometer at 360 nm.

(b) Reagents required

Polystyrene latex particles 0.845 (+ 0.0104 standard deviation) um in diameter (ESTA-

“POR K080, Rhone-Poulenc Industries, Aubervilliers, France). These particles are sup-
plied as an aqueous suspension at the concentration of 100 g/L. and are used directly
without washing. ‘

Antibodies: The immunoassay uses immunoglobulin fractions of rabbit antisera. Excel-
lent results have been obtained with the anti- Bz-m antibody from Dakopatts (Glostrup,
- Denmark).

Standards: The assay can be calibrated with standards of purified p,-m or with urines
with known concentrations of the protein. Stock solutions of standards are ideally pre-
pared in a phosphate-buffered saline, pH 7.4 containing 0.1% bovine serum albumin and
stored in aliquots at -18°C.

Buffers: The buffer used for diluting the standards and urine samples consists of a gly-
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cine-buffered saline (GBS) containing per liter 0.1 mol of glycine, 0.17 mol of NaCl,
7.6 mmol of NaN; and 1 g of bovine serum albumin (BSA) and adjusted to pH 9 with
NaOH.

Preparation of the latex reagent: The procedure described in the ITUPAC method (26) for
the adsorption of antibody on the latex particles requires a 60-min incubation followed
by three centrifugations of 10 min at 25,000 g. This yields a reagent that can be stored
for some months at 4°C and is stabilized with BSA immediately before the assay.

A very sensitive and stable reagent can also be prepared using the same reagents but in
less than 15 min by using the following procedure in which coating of particles with an-
tibody and their stabilization with BSA are combined. The antibody solution (e.g. from
Dakopatts) is dispersed in 1 mL of a glycine-NaOH buffer containing per liter 10
mmol/l. of glycine and adjusted at pH 9. Then 50 pl. of the latex suspension
(ESTAPOR 10%) are added. After 10 min incubation, the latex suspension is dispersed
in 10 mL of distilled water containing 30 mg of bovine serum albumin (the best stabili-
zation is achieved with the fatty acid-free bovine serum albumin from Calbiochem, San
Diego, CA, USA, No. 126609). This preparation is then sonicated for 30 sec before the
addition of 1 mL of a glycine-NaOH buffer, 1 mol/L, pH 10.1 (kept at 4°C). (If an ultra-
sonifier is not available, a vigorous vortex-mixing for 2-3 min can give the same result).
This preparation which is sufficient for 100 assays is stable for one day at room tem-
perature. It can also be be stored for a few days at 4°C but in this case it has to be
resonicated for 10 sec (or vortex-mixed for 2-3 min) before use. The amount of anti-
body adsorbed onto the latex particles is a very critical parameter for both the sensitivity
of the assay and the stability of the particles. It must be optimized for each new batch of
antibody or of latex particles. The optimal antibody loading is the minimal amount re-
quired to obtain an agglutination curve with an adequate sensitivity. Above this opti-
mum, further increasing the antibody loading does not enhance the sensitivity but
destabilizes the particles. With the Dakopatts antibodies the optimal volume of antibod-
ies to be adsorbed onto the particles (50 ul of a 10% ESTAPOR suspension) in the
above-described procedure varies usually between 5 and 20 pl. depending on the anti-
gen-antibody system.

(c) Equipment required

Spectrophotometer. Ultrasonicator, or if not available, a vortex mixer.

(d) Procedure and calibration

Standards and unknown samples are diluted in the GBS-BSA buffer. It is recommended
that the dilutions are made on the day of the assay, or no more than 24 hours before, to
avoid changes in the pH of the GBS-BSA buffer. It is important that the same batch of
buffer is used throughout the assay. The working range varies with the tvpe of protein
measured, the agglutinability of the particles (which depends on the affinity and the
amount of adsorbed antibodies) and the method for quantifying the agglutination. For
By-m it is usually between 1 and 128 pg/L. Urine samples must always be analysed at
two different dilutions (to detect a possible postzone effect). Only clear urine samples
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can be analysed directly. Turbid specimens must be centrifuged at 1500-2000 g before
determination.

The assay procedure consists of incubating aliquots of 50 uL of standards or diluted
urine samples with 50 pL of the latex reagent in polystyrene tubes which are then incu-
bated at 37°C for exactly 30 min. Two tubes containing 50 pl. of GBS-BSA buffer
(blanks) must be regularly spaced in each series. Incubation is stopped by gently adding
2 mL of a GBS buffer adjusted to pH 10 (or a 0.27 mol/LL NaC1 solution containing
0.1% v/v Tween 20). The content of the tubes is very gently homogenized and poured
into a cuvette with a light path of at least 1 cm. The absorbance is measured at 360 nm
against the stop buffer. Plotting of the delta Optical Density (blank minus assay) versus
the log of standard concentrations yields a sigmoidal-shaped curve with a nearly linear
section extending over 5 or 6 points.

(e) Criteria for analytical reliability

The immunoassay has sufficient accuracy and precision to quantify P,-m at the wide
range of levels encountered.

() Quality control

Control samples consisting of pooled normal urines should be run with each series of
samples to ensure consistent results. These control samples should be kept under the
same conditions as the standards.

(g) Sources of possible errors

1) Pre-analytical
The most important source of error arises from the degradation of B,-m in acidic urine.
This has been discussed in detail above.

ii) Analytical

For a successful application of the assay, it is essential to use the recommended reagents
and to work under the optimal conditions of the assay (e.g. stability of the latex parti-
cles, antibody loading, etc.)

(h) Reference to the most comprehensive description of the method

Herber RFM, Bernard A, Schaller KH. Standard method for the determination of B,-
microglobulin, retinol-binding protein and albumin in urine. Pure and Applied Chemis-
try, 1994.

(i) Evaluation of the method

The method has been proposed as a standard JUPAC method for the assay of f,-mi-
croglobulin, retinal binding protein and albumin.
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3.1.9.4 Other analytical methods

A number of other immunoassays are available (17-21, 22-27), including radioimmu-
noassays (14-16), and these have been discussed briefly in section 3.1.9.3 above.

3.1.8.5 Guide to interpretation

Before interpreting any result of 3,-m determination in urine, it is important to ascertain
that the protein has not been degraded by acid proteases or as a result of bacterial infec-
tion. A f,-m concentration below 20 ug/L in a normodiuretic urine sample is highly
suggestive of a degradation of ,-m and should be regarded as doubtful.

(a) Measured values in groups without occupational exposure

Abnormally elevated values of urinary proteins are usually defined as those higher than
the 95th percentile or the geometric mean plus two geometric standard deviations (the
concentration of §,-m in urine shows a log-normal distribution of the values found in a
group of healthy subjects matched for age and sex. Upper reference values of urinary
f,~m reported in the literature for healthy male subjects aged 20 to 60 years usually
range from 200 to 300 pg creatinine (23—34 mg/mmol creatinine). In the urine of female
subjects, these upper limits of normal must be increased by 15-20% due to the lower
excretion of creatinine. These values correspond to a 24-hour urinary exeretion of 300 to
450 pg. A urinary excretion of P,-m exceeding 300 pg/g creatinine (34 mg/mmol
creatinine) can be interpreted as an undisputable sign of a decreased tubular reabsorptive
capacity provided the subject is not suffering from a lymphoproliferative disorder and
has a normal or slightly impaired glomerular filtration rate (GFR>30 ml/min). Since the
fractional excretion of 3,-m is about 0.03%, the % loss of the tubular reabsorptive ca-
pacity can be roughly estimated by dividing the relative increase in the urinary output of
B,-m by 30.

(b) Published biological action levels

There are no published biological action levels.

(c) Sampling representative of recent or long-term exposure or biochemical effect

When applying sensitive markers of nephrotoxicity for screening purpose, it must be
pointed out that in contrast to functional tests they do not have an en officio prognostic
value. In some situations an increased P,-microglobulinuria may merely signal bio-
chemical, physiological or other changes, transient or not, that do not necessarily imply
a loss of renal function (inhibition of B,-m reabsorption by some drugs, febrile pro-
teinuria, overflow proteinuria, etc.). By contrast, elevations of urinary ,-m which are
repeatedly observed at several months or vears interval may have a less favourable
prognosis for they may indicate the presence of permanent renal injury which may lead
to irreversible degenerative changes. The health significance of an elevated value of 3,-
m in urine must be established in each situation on the basis of prospective studies on
populations at risk as this has been done in cadmium workers. Studies conducted in
Belgium and Sweden (7) have indeed shown that the rise of B,-microglobulinuria in-
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duced by cadmium is irreversible and predictive of an acceleration of the age-related
decline in the renal function. However, abnormally elevated values of §,-m in urine may
vary from a few hundreds up to more than 100,000 pg/g creatinine (11,300 mg/mmol
creatinine). Observations made in Japan (32) suggest that the persistence of cadmium-
induced f,-microglobulinuria depends on the duration and/or intensity of cadmium ex-
posure, as well as on the severity of tubular impairment. According to some authors
(32), elevations of f,-microglobulinuria would be irreversible only above a certain
threshold estimated at about 1,000 pg/g creatinine (113 mg/mmol creatinine).

3.1.9.6 Research needs

Further studies are needed to as‘sess the health significance of a slightly increased f,-m
excretion (between 300 and 1,000 pg/g creatinine [34 and 113 pg/mmol creatinine]).

There is some evidence (33) that the assay of anionic microproteins present in very low
concentrations in serum (and hence in tubular fluid) (e.g. Clara cell protein) allows de-
tection of very subtle defects in the tubular reabsorption of proteins that pass completely
unseen when screening is based on the assay of $,-m, retinol-binding protein or alpha,-
microglobulin. Research is needed to confirm these observations.
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3.1.10 Retinol-binding protein in urine
3.1.10.1 Toxicokinetics

Retinol-binding protein (RBP) is 22.2 kD microprotein first isolated from plasma by
Kanai et al. (1) in 1968 and from urine by Peterson and Berggard (2) in 1971. The pro-
tein is electrophoretically heterogeneous with four pl values between 4.4 and 4.8. It be-
longs to the lipocalin protein superfamily, consisting mostly of lipophilic carrier pro-
teins. The function of RBP is to transport vitamin A in the form of retinal from its stor-
age site in the liver to epithelial tissues. This transport can be summarized as follows.
RBP is synthesized in the endoplasmic reticulum of parenchymal liver cells where it
binds one molecule of retinal. RBP is then secreted in plasma as a non-covalent com-
plex 1:1 with transthyretin (formely called prealbumin). The size of this bimolecular
complex is sufficient to prevent its elimination in urine. Upon recognition by a cell sur-
face receptor in target tissues, RBP undergoes a conformational change abrogating its
affinity for transthyretin. The free RBP is then rapidly eliminated from plasma by
glomerular filtration and catabolized by proximal tubule cells. The concentrations of
total RBP in serum fluctuate in a narrow range around 45 mg/L. Approximately
10~15% of RBP in plasma is not bound to prealbumin. This fraction increases as the
glomerular filtration rate (GFR) declines to reach 80% or more in patients with end-
stage renal diseases. The major part of urinary RBP is free even in patients with massive
proteinuria (3-5).

The renal handling of RBP is very similar to that of B,-microglobulin (f8,-m). Both
proteins are reabsorbed by proximal tubule cells with an efficiency of about 99.97% and
their reabsorption is saturated from about the same degree of renal insufficiency (GFR
reduced about by 70%) (5). A common mechanism is thus presumably responsible for
the tubular transport of 3,-m and free RBP, a conclusion supported by the fact that both
proteins compete for their uptake by rat kidney. This probably explains why B,-m and
RBP can detect tubular dysfunction with equal sensitivity and specificity (5-8). Con-
centrations of RBP in urine are very similar to that of B,-m averaging 50-70 ug/g
creatinine (6—8 mg/mmol creatinine). The protein markedly increases in the urine of pa-
tients with tubular dysfunction and can reach values higher than 100 ,000 pg/g creatinine
(11,300 mg/mmol creatinine) (8-11, 12)

In practice, however, the assay of urinary RBP proves more advantageous than that of



83

Bo-m for two reasons. First, contrary to B,-m, RBP is stable in acid urine and requires
no special precautions for the collection of the urine sample. The pH and temperature-
dependent hydrolysis of RBP is observed only below a pH of 5, i.e. outside the biologi-
cal range. This higher stability of RBP, demonstrated for the first time in the early 1980s
(6-8), has been corroborated by a number of investigators and is now a generally ac-
cepted finding (10, 13, 14). Second, renal insufficiency is practically the only clinical
situation susceptible to increase the serum level of free RBP above the saturation
threshold of renal uptake.

3.1.10.2 Biological sampling
(@) Sampling time and specimen

Sampling time is not critical for the assay of urinary RBP. RBP can be determined on a
24-hour urine sample or on a spot (ideally mid-stream) urine sample. As for other low
molecular weight proteins, the urinary excretion rate of RBP may be to some extent in-
fluenced by the diuresis. It is therefore advisable to avoid extreme variations in the uri-
nary flow. This is especially true when the results are corrected for the urinary concen-
tration of creatinine which at extreme values (e.g. < 0.3 and > 3 g/L [<2.65 mmol/L, >
26.5 mmol/L]) is no longer linearly related to the diuresis.

(b) Preservative, shipment and stability

A preservative must be added to the urine (e.g. NaN; 0.1%). If possible, the samples
should be shipped on dry ice. However, shipment at room temperature should not sig-
nificantly affect the stability of RBP provided the urine contains a preservative.

RBP is stable in urine for several days at room temperature and at least for two weeks at
4°C. At -20°C, the protein is stable for several years. In practice, if the analysis cannot
be performed within 2 or 3 weeks after collection, it is preferable to store the samples
frozen. Repeated freezing/thawing cycles should be avoided.

3.1.10.3 Recommended analytical methods

A quantitative determination of RBP in normal urine is only feasible with immunoas-
says with a detection limit below 10 ug/L. such as latex immunoassay (9, 10), radioim-
munoassay (11) or enzyme immunoassay (12, 15). Classical immunoprecipitation meth-
ods, such as radial immunodiffusion, turbidimetry or nephelometry usually lack sensi-
tivity for an accurate quantitation of RBP in normal urine and in addition have a rela-
tively high antibody consumption (16, 17). Some authors have succeeded in decreasing
the detection limit of an immunonephelometric method (Behring laser nephelometer) to
30 pg/L but relative standard deviations exceed 25% for a RBP concentration of 90

pg/L (18).

Latex particle enhanced turbidimetric immunoassays are certainly better alternatives
since they can reach a sensitivity and a precision comparable to the best RIAs or EIAs
while presenting the advantages of speed, simplicity and low reagent cost. The turbidi-
metric version of the LIA developed in 1981 for RBP (9) and proposed as a standard
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method by IUPAC (19) is particularly simple and has remarkably low reagent and
equipment requirements (see sections 3.1.9.3a—f on B,-microglobulin for a detailed de-
scription of the method).

All reagents (polyclonal antisera and standards) required for developing an immunoas-
say of RBP are commercially available. It is important to note, however, that free RBP
and transthyretin-bound RBP may present different immunoreactivities in several im-
munoassays (9, 12). If these immunoassays are used to measure urinary RBP they must
be calibrated with standards based on free RBP isolated from urine.

Reference to the most comprehensive description of the method

Herber RFM, Bernard A, Schaller KH. Standard method for the determination of B,-
microglobulin, retinol-binding protein and albumin in urine. Pure and Applied Chemis-
try, 1994, ‘

. 3.1.10.4 Other analytical methods

The PETUNIA (20) (particle-enhanced turbidimetric assay) method offers similar per-
formances to the turbidimetric LIA but with the advantage that it can be fully automated
on a centrifugal analyser. In the PETUNIA method, however, antibodies must be cova-
lently bound to the latex particles and not simply physically adsorbed as in LIA.

3.1.10.5 Guide to interpretation

(@) Measured values in groups without occupational exposure

The reference limits for urinary RBP reported in the literature for healthy male subjects
are close to that of B,-m and also vary between 200 and 300 pg/g creatinine (2334
mg/mmol creatinine). In the urine of female subjects, these upper reference limits must
be increased by 15-20% to account for the lower excretion of creatinine. These values
correspond to a 24-hour urinary excretion of 300 to 450 pug.

If the glomerular filtration rate is normal or only slightly impaired, a urinary excretion
of RBP exceeding 300 pg/g creatinine (34 pg/mmol creatinine) can be considered un-
equivocably as a sign of a decreased reabsorptive capacity of the proximal tubule. Since
the fractional excretion of free RBP is, like that of B,-m, around 0.03% (5), the % loss
of the tubular reabsorptive capacity can be roughly estimated by dividing the relative
increase in the urinary output of RBP by 30.

(b) Published biological action levels

There are no published biological action levels.

(¢) Sampling representative of recent or long-term exposure or biological effect

In urine with pHs greater than 6 the urinary excretion of RBP closely correlates with
that of B,-m, and therefore it can logically be assumed that both urinary proteins have
the same health significance and that the recommendations made for f,-m (see para-
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graph 3.1.9.5) are also valid for RBP. An elevation of urinary RBP has per se no prog-
nostic value and may have a variety of causes that do imply a loss of renal function. It is
only when urinary RBP becomes increasingly abnormal over months or years that it
may reflect the development of a progressive and irreversible nephropathy with a less
favourable prognosis. In cadmium-exposed subjects (21), it is well accepted that an ab-
normal elevation of urinary RBP is irreversible and predictive of an accelerated decline
of the renal function with age. The only uncertainty that persists is the health signifi-
cance of a very slight elevation of urinary RBP (i.e. between 300 and 1000 ug/g
creatinine [34 and 113 pg/mmol creatinine]) which would occur after a relatively short
exposure to cadmium.

3.1.10.6 Research needs

There is a need for additional information on the health significance of a slightly in-
creased urinary excretion of RBP (e.g. between 300 and 1000 ng/g creatinine).

As mentioned in paragraph 3.1.9.6 above, research on the use of assays for anionic mi-
croproteins (e.g. Clara cell proteins) in urine is needed to evaluate their use for the early

screening of tubular proteinuria (22).
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3.1.11 Alpha;-microglobulin
3.1.11.1 Toxicokinetics (or physiology)

Alpha;-microglobulin (o;-m) also called protein HC (heterogeneous in charge, human
complex forming) is a glycoprotein with a Mr of 26.1 kD by sedimentation equilibrium
centrifugation and of 31 kD by SDS-PAGE (1-4). The protein, isolated from urine and
plasma by several research groups in the seventies (5-7), has two outstanding features: a
yellow-brown colour due to a strongly attached chromophore of unknown nature and a
considerable charge heterogeneity at least as extensive as that of immunoglobulins (pI =
4.3-4.8). ‘

o.;-m, like RBP, is a member of the lipocalin superfamily of hydrophobic ligand binding
proteins. The liver is probably the main site of synthesis. Apart from severe liver disease
where it is low and renal failure where it is high, the plasma level of a;-m undergoes
little change in many forms of inflammatory or neoplastic disorders. The function of o~
m is hitherto unknown but there are several pieces of evidence suggesting that it is in-
volved in immunoregulation (1-4).

o -microglobulin occurs free in serum and bound to several high molecular weight
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proteins such as IgA and albumin. These forms differ considerably in structure and anti-
genic properties making quantitative immunochemical determination of total o;-m in
serum difficult (2, 3, 8, 9). This explains the large variations reported for the normal
level of total ay-m in serum. Free oy-m in plasma (normally around 20 mg/L) is elimi-
nated mainly by glomerular filtration and as a corollary rises in parallel with the de-
crease of the glomerular filtration rate (10, 11). The renal handling of o;-m is, however,
less well characterized than that of B,-microglobulin or retinol-binding protein. It is well
documented that its urinary excretion increases markedly in situations associated with a
proximal tubular dysfunction such as in chronic cadmium poisoning (12-15). However,
the glomerular sieving coefficient (i.e. the protein concentration ratio between the
glomerular ultrafiltrate and the plasma) of free a;-m is unknown. However, since the
size of the protein is close to the landmark separating low and high Mr proteins (40 kD)
it is likely that its urinary excretion partly depends on the integrity of the glomerular
filter and may thus increase when the latter is comnpromised. The efficiency of the renal
uptake of free ai-m, which critically determines its sensitivity to tubular insult, is also
unknown as well as the serum concentration above which its tubular transport is likely
to be saturated (16).

Several authors have proposed o.1-m as the best marker of proximal tubular dysfunction.
The reasons for this are its resistance to acid proteases and its high concentration in
urine rendering its determination much easier than that of RBP or p,-m. However, its
relative advantage over RBP is unknown. In addition, the few studies which have com-
pared the urinary excretion of o;-m to that of other microproteins in subjects with vari-
ous types of renal disorders suggest that it might be less sensitive as a marker of tubular
function than RBP and probably also less specific in that o-m is more often elevated in
both tubular and glomerular diseases (15-19). For instance, in patients with burn injury-
induced tubular damage, Yu et al. (15) have reported that correlations between o;-m
and fB,-m or RBP were much less than those for f,-m and RBP. The three proteins
usually followed the same pattern of increase but the magnitude of change of RBP and
Bo-m were two to three times greater than that of «j-m. For these reasons, urinary o -m
could be more of value for screening of tubular or mixed proteinuria rather for a very
sensitive and specific assessment of the proximal tubule function integrity (19).

3.1.11.2 Biological sampling
(a) Sampling time and specimen

Sampling time is not critical for the assay of urinary o;-m. Alpha;-microglobulin can be
determined on a 24-hour urine sample or on an untimed (ideally mid-stream) urine
sample. No information is available on the influence of diuresis on the urinary excretion
rate of o;-m. It is advisable, however, to avoid extreme variations in the urinary flow
when the results are corrected for the creatinine content of urine which at extreme val-
ues (e.g. < 0.3 and > 3 g/L [<2.65 mmol/L and >26.5 mmol/L]) is no longer linearly re-
lated to the diuresis.
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(b) Preservatives, shipment and stability

A preservative must be added to the urine (e.g. NaN; 0.1%). If possible, the samples
should be shipped on dry ice. However, provided the urine contains a preservative, ship-
ment at room temperature should not significantly affect the stability of o;-m.

o-m is stable for several days at room temperature and at least for two weeks at 4°C.
At -20°C, the protein is stable for months and probably several years. In practice, if the
assay cannot be performed within 2 or 3 weeks after collection, it is advisable to store
the samples in the freezer.

3.1.11.3 Recommended analytical methods

Like other urinary microproteins, a{-m can be determined in urine by radioimmunoass-
ay (20), enzyme immunoassay (21), latex immunoassay (22) or other sensitive tech-
niques. But what makes urinary a;-m of interest is that it can also be accurately meas-
ured by very simple immunoprecipitation methods, such as radial immunodiffusion, or
nephelometry. Three of these methods are commercially available from Behring: 1) the
Rapitex test which is semi-quantitative latex agglutination test for a rapid screening of
urine samples with a cut-off adjustable between 10 mg/L and 20 mg/L; 2) the LC-Parti-
gen o;-m test, a radial immunodiffusion method permitting the quantitative assay of ;-
m in the range from 3 to 55 mg/L in undiluted urine; and 3) the immunonephelometric
test applicable on the Behring laser nephelometer with a working range of 3 to 83 mg/L.

All reagents (polyclonal antisera and standards) necessary to the development of an im-
munoassay of o;-m are commercially available. As aforementioned, free o;-m and o~
m bound to high molecular weight plasma proteins (IgA and albumin) do not present the
same immunoreactivities. It is thus important that immunoassays of urinary o;-m be
calibrated with standards based on free oy-m isolated from urine.

3.1.11.4 Other analytical methods

Although no application has been published so far, urinary o;-m can be easily deter-
mined by photometric latex immunoassays and in particular the ITUPAC standard
method (23) (see section on B,-microglobulin for a detailed description) and probably
also by the PETUNIA method (24).

3.1.11.5 Guide to interpretation

(a) Measured values in groups without occupational exposure

The urinary excretion of o-m by healthy subjects aged 20 to 60 years is normally be-
low 20 mg/g creatinine (30 mg/24 hours). The upper reference limits, expressed per g of
creatinine, might be different between males and females because the latter excrete less
creatinine and also less a;-m (25) but so far no study has proposed cut-off values for the
different sexes.
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(b) Published biological action levels

There are no published biological action levels.

(c) Sampling representative of recent or long-term exposure or biological effect

In subjects with a normal glomerular filtration rate, a urinary excretion of «;-m above
20 mg/g creatinine (2 mg/mmol creatinine) can be interpreted as the sign of a renal im-
pairment localized in all likelihood at the tubular level. However, if the albuminuria is
also increased, as this is frequently the case, it cannot be excluded that the elevation of
urinary o-m results partly or wholly from an increased glomerular leakiness.

To our knowledge, no prospective study has been carried out in order to assess the pre-
dictive value of an increased urinary excretion of o;-m. But since the response of this
protein parallels that of other microproteins in renal disorders affecting predominantly
the tubules (e.g. in cadmium nephropathy), one can logically think that this similarity
extends also to the health significance of these proteins.

3.1.11.6 Research needs

More information about stability and sensitivity of the assay of urinary o;-m compared
to that of the RBP assay is needed.

As mentioned in paragraph 3.1.9.6 above, research on the use of assays for anionic mi-
croproteins (e.g. Clara cell protein) in urine is needed to evaluate their use for the early
screening of tubular proteinuria (19).
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3.2 Chromium

3.2.1 Introduction

Chromium in the form of various alloys and compounds has been in wide-spread com-
mercial use for more than 100 years. Early applications included chrome pigments and
tanning liquors. In recent decades, chromium has also been widely used in chromium
alloys and chrome plating.

Several million workers world-wide are exposed to airborne fumes, mists and dusts
containing chromium or its compounds. Highest exposures to chromium (VI) may occur
during chromate production, welding, chrome pigment manufacture, chrome plating and
spray painting; highest exposures to other forms of chromium occur during mining,
ferrochromium and steel production, and welding, cutting and grinding of chromium
alloys.

Biological monitoring of these occupational exposures is feasible and should become
more generally applicable in the future. This chapter focuses mostly on the use of bio-
logical indicators in the assessment of occupational exposure to chromium compounds.

3.2.2 Physical-chemical properties

Chromium (Cr. CAS: 7440-47-3) is a lustrous, silvery metal which is ductile, malleable
and flexible.

Valences: Chromium can exist in formal oxidation states of —II to VI. The most stable
oxidation states are 0, II, III and VI. Chromium (VI) and (III} are the most common va-
lence types in the workplace.

Solubility: The solubility of inorganic chromium compounds varies from very water
soluble to insoluble. Further information on solubility of the various chromium com-
pounds and their physical and chemical properties may be obtained in e.g. International
Agency for Research on Cancer IARC) Monograph, Volume 49 (1).

Conversion factors:
1 pg/L = 19.2 nmol/L; 1 pmol/L = 52 ug/L

1 pg/g creatinine = 2.17 umol/mol creatinine

Data are presented for a few occupationally relevant compounds:
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Table 3.2.1. Physical properties of chromium compounds (1)

Chemical name Atomic/molecular Melting point  Boiling point  Solubility
‘ mass (°C) (°C)

Chromium (III) compounds

Basic chromic 165.06 - -- Soluble in water (approximately

sulphate 700 g/l at 35°C)

Chromic nitrate 238.03 -- - Soluble in water. Both hydrated
(7.5 hydrate) (373.13) (100) Decomposes forms soluble in water; the
(nonhydrate) (400.15) (60) Decomposes at  nonahydrate is soluble in acids,

. 100 alkali, ethanol and acetone

Chromic oxide 151.99 2435 4000 Insoluble in water, acids, alkali

and ethanol

Chromium (VD) compounds

Ammonium chro-  152.07 180 -- Soluble in water (405 g/1); insol-

mate uble in ethanol, slightly soluble in

ammonia, acetone and methanol

Barium chromate  253.33 -- -~ Very slightly soluble in water

" (4.4 mg/1 at 28°C); soluble in
mineral acids

Basic lead chro- 546.37 - - Insoluble in water; soluble in

mate acids and alkali

Calcium chromate  156.09 -- Slightly soluble in water and

(dihydrate) (192.10) (200) ethanol; soluble in acids. Hy-

drated form is soluble in water
(163 g/l at 20°C; 182 g/l at 45°
C), acids and ethanol
Chromium trioxide 99.99 196 Decomposes at  Soluble in water (625 g/l at 20°C;
250°C 674.5 g/l at 100°C), ethanol, di-
ethyl ether and sulphuric and
: nitric acids
Lead chromate 323.18 844 Decomposes Very slightly soluble in water
(0.58 mg/1 at 25°C); soluble in
most acids and alkali but not in
acetic acid or ammonia
Potassium chro- 194.20 968.3 Decomposes Soluble in water (629 g/1 at 20°C
mate 792 g/l at 100°C; insoluble in
: ethanol
Sodium chromate  161.97 792 Decomposes Soluble in water (873 g/l at 30°C)
and methanol (3.44 g/l at 25°C);
slightly soluble in ethanol

Strontium chro- 203.61 Decomposes -- Slightly soluble in water (1.2 g/l

mate at 15°C; 30 g/l at 100°C); soluble

in hydrochloric, nitric and acetic
acids and ammonium salts

Zinc chromate 181.37 - - Insoluble in cold water; decom-

poses in hot water; soluble in
acids and liquid ammonia

Zinc chromate 280.74 - - Slightly soluble in water; soluble

hydroxide

in dilute acids, including acetic
acid
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3.2.3 Possible occupational and non-occupational exposure
(a) Occupational exposure

A wide range of chromium alloys and inorganic chromium compounds are encountered
in the workplace. These chromium compounds vary greatly in their toxic and carcino-
genic effects. For this reason, it is necessary to divide chromium and its inorganic com-
pounds into a number of groups. The American Conference of Governmental Industrial
Hygienists (ACGIH) (2) has proposed the following groupings:

1. Chromium metals and alloys: This group includes chromium metal, stainless steels,
and other chromium-containing alloys.

2. Divalent chromium compounds (Cr2*+) (chromous compounds): This group includes
chromous chloride (CrCl,) and chromous sulphate (CrSOy).

3. Trivalent chromium compounds (Cr3*) (chromic compounds): This group includes
chromic oxide (Cr,03), chromic sulphate (Cr,[SO4]3), chromic chloride (CrCly),
chromic potassium sulphate (KCr[SOy],), and chromite ore (FeO.Cr,03).

4. Hexavalent chromium compounds (Cré+): This group includes chromium trioxide
(CrO3), the anhydride of chromic acid; chromates (e.g., Na,CrOy); dichromates
(e.g. Na,Cr,05); and polychromates. Because of the wide range of solubility for
compounds in this group, these have been divided into two subgroups based on
solubility in water.

a. Water-soluble, hexavalent chromium compounds: These include chromic acid,
its anhydride, and the monochromates and dichromates of sodium, potassium
ammomium, lithium, caesium, and rubidium.

b. Sparingly soluble or water-insoluble, hexavalent chromium compounds: These
include zinc chromate, calcium chromate, lead chromate, barium chromate,
strontium chromate, and sintered chromium trioxide.

The major industries producing occupational exposure to chromium are stainless steel
welding, chromate production, chrome plating, ferrochrome production, tanning and
leather working, and chrome pigment production.

With respect to hexavalent compounds, the most important exposures are to sodium,
potassium, calcium and ammonium chromates and dichromates during chromate pro-
duction; to chromium trioxide during chrome plating; to insoluble chromates of zinc
and lead during pigment production and spray painting; to water-soluble alkaline chro-
mates during steel smelting; and welding and to other chromates during cement pro-
duction and use. Trivalent compounds that are common in workplace air include
chromite ore during chromate production and in the ferrochromium industry, chromic
oxide during pigment production and use, and chromic sulphate during leather tanning
(1,3,4,5).
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Further information on occupations with potential exposure to chromium can be found
in reference 6. Exposure at the workplace can vary considerably according to the type
of industry and the specific work conditions in each plant. IARC Monograph Vol. 49
(1) summarizes data on exposure to inorganic chromium (air and biological monitoring)
in different occupational situations.

®) Nonjoccupational exposure

Chromium 1is the twenty-first most abundant element in the earth's crust and occurs
widely in the natural environment. It never occurs in the metallic state, very rarely in the
hexavalent state, but most widely in the trivalent state as the oxide in combination with
other metal oxides. Intake of chromium is mostly via food, although the chromium
content of most foods is very low. Municipal water supplies and ambient air frequently
contain traces of chromium. The average amount of chromium ingested daily by adults
was determined to be about 25 pg (7).

Medical implants, e.g. hip prosthesis are commonly made of cobalt, nickel and chro-
mium containing alloys. These implants can undergo corrosion and release significant
amounts of metal ions, producing chromium concentrations in tissues and body fluids
exceeding the upper normal limits (8).

3.2.4 Summary of toxicokinetics

There are several reviews on the toxicokinetics of chromium in man (9-13).

3.2.4.1 Absorption
(a) Inhalation

Absorption of chromium compounds occurs mainly through inhalation. Chromium may
reach the respiratory tract in the form of vapours, mists, fumes or dusts, where it may be
present in the hexavalent, trivalent or elemental state. The absorption is dependent on
the valence and solubility of the particular chromium species. The degree of absorption
decreases with increasing particle size and increases with increased water solubility of
the chromium compound. Vapours or mists of hexavalent water soluble chromium lead
to rapid absorption at all levels. Chromium (VI) is reduced in the lower respiratory tract
by the epithelial lining fluid and by pulmonary alveolar macrophages. Trivalent chro-
mium is poorly absorbed by the body regardless of the route of administration; the ab-
sorption is dependent on the nature of the compound (14-16).

(b) Dermal

Experimental data show that hexavalent chromium is absorbed through the skin. The
rate of absorption is dependent on exposure time and chromium (VI) concentration in
the administered solution (17). Data on the urinary excretion of chromium in chrome
platers indicate that dermal absorption is significant (18). Dermal absorption of triva-
lent chromium sulphate could not be demonstrated in humans (14). However, a fatal
chromium intoxication, due to skin absorption has been described, after accidental ex-
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posure to a chromium sulphate tanning liquor. In general, hexavalent chromium enter-
ing the body through dermal exposure or any other route is reduced to trivalent chro-
mium before excretion in urine (19, 20)

(c) Gastrointestinal

The amount of trivalent chromium absorbed by the gastrointestinal tract is very low.
More than 99% of administered chromium was recovered in faeces following oral ad-
ministration of chromium chloride to humans (21).

Oral intake of hexavalent chromium results in its rapid reduction by compounds of sa-
liva and gastric juice to the poorly absorbed trivalent form. Following oral administra-
tion of sodium chromate to humans faecal excretion of chromium indicated that about
10% of the administered dose had been absorbed from the gastrointestinal tract (21).

3.2.4.2 Metabolic pathways and biochemical interaction

Absorbed chromium is transported in the body by blood. Chromium (III) is bound
principally to serum proteins, especially transferrin; cellular uptake is very poor (11,
22). Chromium (VI) rapidly penetrates the erythrocyte membrane. Metabolism of
chromium (VI) involves rapid cellular and extracellular (plasma) reduction to chro-
mium (IIT) and predominantly binding to haemoglobin (23). No hexavalent chromium
could be detected in urine of animals or humans after exposure to chromium (VI) (24,
25).

The ability of erythrocytes to reduce hexavaleni chromium represents an important
mechanism of detoxification and can vary from individual to individual.

Further detailed information on cellular uptake and metabolism of trivalent and hexava-
lent chromium is given by Cohen and Costa (22). The interactions of chromium with
nucleic acid and DNA are also described in this review.

3.2.4.3 Distribution

Chromium transported by blood is distributed to tissues and organs which have a differ-
ent retention capacity (11, 13). The highest levels of chromium are found in liver, kid-
neys, spleen, and lungs. The data on exposed humans almost exclusively refer to chro-
mium accumulation in the lungs following inhalation exposure (26).

In a man, accidentally exposed dermally 1o chromium (III) sulphate, the highest con-
centrations were in the kidney, while no chromium was detected in the brain (27).
Studying the distribution and kinetics of intravenous trivalent radioactive chromium in
six human subjects, Lim et al. (28) found some accumulation in the liver, spleen, soft
tissues and bones. The data fitted to a model consisting of a plasma pool in equilibrium
with fast (half-time = 0.5-12 hours), medium (1-14 days) and slow (3—12 months)
compartments (28).
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The oxidation state of chromium is the determining factor in its mode of distribution in
the blood stream.

3.2.4.4 Elimination

Chromium after oral and intravenous uptake is principally excreted in the urine, with
some excretion through the bile and faeces; minor routes of excretion include milk,
sweat, hair, and nails (11, 12, 29). However, when chromium is administered by inha-
lation or intratracheal instillation, appreciable excretion can occur in faeces. Following
intravenous administration, 40% of the injected dose of chromium (III) was excreted in
the urine and 5% in the faeces, and 40% of the injected dose of chromium (V1) was ex-
creted equally in urine and faeces over a 4-day period. In oral administration studies, as
much as 80% of the chromium (VI) dose was recovered in urine in 4 days (11, 12).

3.2.5 Summary of toxic effects

The health effects of chromium and different chromium compounds have been re-
viewed (1, 4, 5, 10, 13). ‘

Metallic chromium does not seem to have harmful health effects. Chromium (VI) com-
pounds may cause adverse effects to the skin, the respiratory tract and to a lesser de-
gree, the kidneys in humans, while chromium (III) is less toxic.

Hexavalent chromium compounds seem to be more potent skin allergens, but trivalent
compounds may also cause eczema.

According to IARC (1) there is sufficient evidence in humans for the carcinogenicity of
chromium (VI) compounds as encountered in the chromate production, chromate pig-
ment production and chromium plating industries. There is inadequate evidence in hu-
mans for the carcinogenicity of metallic chromium and of chromium (III) compounds.

3.2.6 Biological monitoring indices

There are a few recent reviews on biological monitoring of chromium exposure (9, 10,
30). The indicators proposed for the biological monitoring of workers exposed to
hexavalent chromium are chromium concentrations in urine and in erythrocytes. At pre-
sent the determination of the concentration of chromium in urine seems to be the most
practical for biological monitoring purposes. A differentiation between hexavalent and
trivalent chromium based on ‘biological specimens can be performed by the determina-
tion of chromium in erythrocytes and serum. Available biological monitoring indices
are shown in table 3.2.2.
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Table 3.2.2. Available biological monitoring indices

Indicator Suitability for use Ref
Chromium in urine Practical, non-invasive 31
Chromium in erythrocytes Measurement of Cr in erythrocytes and plasma al- 32

lows differentiation between hexavalent and triva-
lent chromium exposures.

Chromium in hair A possible index of exposure to trivalent chro- 33

mium, but the likelihood of contamination limits
its use. Difficult to interpret the results.

3.2.7 Chromium in urine index
3.2.7.1 Toxicokinetics

While trivalent chromium ions are rapidly cleared from the blood, hexavalent ions are
retained much longer owing to internalization by red blood cells. Following clearance
from the blood, chromium is excreted principally in the urine (34). The elimination is
triphasic as observed in stainless steel welders (35-39). A single compartment model
with a half-time of 15 to 41 hours has been proposed (40).

Detailed kinetic studies, however, suggest the existence of three compartments (10, 35,
38). The half-times are about 7 hours, 15 to 30 days, and 3 to 5 years. The best estimates
for the size of the different compartments are 40%, 50% and 10% (10). Lindberg and
Vesterberg (41) suggested a two compartment model for chromeplaters. Estimated from
the median values, an initial phase with an assumed half-time of 23 days is followed by
a half-time of approximately a month.

3.2.7.2 Sampling

(a) Sampling time and specimen

Timing of urine collection for pre-shift specimens is not critical. Urine specimens col-
lected at the end of the shift should represent a collection period in the bladder of at least
2 hours to be representative of exposure during the entire shift.

(b} Contamination possibilities

Specimens should be collected after the worker has changed clothes and, if possible,
showered to minimize contamination of the samples.

(c) Sampling device and container

Urine should be collected in acid-washed, (rinsed once with 1 mol/L nitric acid, rinsed
two times with ultra pure water and dried) polyethylene or polypropylene bottles.
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(d) Preservatives, shipment and stability

The urine samples should be processed for analysis as soon as possible after their col-
lection. Acidifying of the samples with nitric acid or acetic acid is recommended. Pre-
servatives used to stabilize the urine must be checked for chromium content before use.
If the analysis is within 14 days, samples may be refrigerated, otherwise they should be
deep frozen.

3.2.7.3 Recommended analytical method

Chromium in urine is usually analysed by atomic absorption using the graphite furnace
technique (GF-AAS) with background correction. Samples may be assayed using a stan-
dard addition method, or by a method using matrix-matched standard calibration
(42-47). Using the matrix-matched standard calibration technique the sample capacity
can be doubled (50 samples per day in duplicate) in comparison to the standard addition
technique (44). However, Paschal and Baily (45) consider that the matrix effect is not
significant enough to influence the final result and prefer calibration using aqueous
standards. The urine specimen is diluted with 2% nitric acid and 0.001% Triton X-100
and absorbance measurements are made with Zeeman-effect GFAAS; the detection limit
is about 0.5 pg/L (9.6 nmol/L).

A proposed selected method for chromium in urine has been published (31).

The analytical determination of chromium in urine described here is an outline of the
method by Fleischer (46), which has been recommended by the German Research
Foundation.

(a) Principle of the method

Chromium is determined in urine by means of graphite furnace atomic absorption
spectrometry. The diluted urine sample is analysed directly without further treatment.
Interference from the biological matrix may be largely eliminated by using background
correction (with quartz halogen lamp or Zeeman compensation) and the standard addi-
tion procedure.

(b) Reagents required

Only the purest analytical grade of reagents should be used. Aqueous TritonR X-100
solution, 0.1%,; nitric acid, 0.05 mol/L; calibration standards: 8, 16 and 24 ug Ct/L in
0.05 mol/L nitric acid.

(¢c) Equipment required

Atomic absorption spectrometer with background correction (Zeeman or quartz halogen
lamp); graphite furnace; monoelement chromium hollow cathode lamp; graphite tube:
pyrolytically coated.
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(d) Procedure

The sample preparation and standard additions are performed as shown in table 3.2.3.

Table 3.2.3. Sample preparation and standard additions

No. Urine pl.  0.1% Triton ~ 0.05 M Nitric Standard Added chro-
solution pL.  acid plL A B C mium in terms of

8ug/L lopg/L. 24pg/L. urine volume
pL pl pL  assayed

pg/l
a - 100 900 - - - - (blank)
b 400 100 500 - - - -
c 400 100 400 100 - - 2
d 400 100 400 - 100 - 4
e 400 100 400 - - 100 6

Atomic absorption spectrometer

Wavelength 357.9 nm

Background correction ~ Zeeman compensation or quartz halogen lamp
Analytical determination Determination of peak heights

Graphite furnace

Inert gas Argon

Injected volume 20 uL

The temperature-time programme for the graphite furnace depends on the type of in-
strument. The data given below may serve as a guide. However, an optimization must be

carried out for each individual instrument.

Table 3.2.4. The temperature-time programme for the graphite furnace

Analytical step Step duration Temperature ( °C)
Ramp time (s) Hold time (s)

Drying 10 25 110

Charring 1 20 20 1200

Charring II 1 2 1200 Gas stop

Atomization 0 4 2300 Gas stop

Heating 1 7 2650

Cooling 1 9 20

(e) Criteria of analytical reliability

i) Trueness
Trueness based on recovery was 96%.

ii) Precision
The within-series precision: 1.6-2.2% relative standard deviation at 2.6 and 0.7 pg Cr/L
(50 and 13 nmol/L).
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The between-day precision was 2.0-5.5% relative standard deviation at a range from 3.2
to 59 pg/L (61-1130 nmol/L).

iii) Detectability
The limit of detection was 0.1 pg/L (2 nmol/L).

() Quality assurance

Due to the low concentration of chromium in a complex matrix it is important to employ
a quality control programme, both internally and externally (48-51).

For internal quality contrel commercially available control material specimens from
e.g. Bio Rad Lab., Anaheim, California, USA — LyphocheckR Urine Metals Control and
Nycomed AS, Oslo, Norway — Seronorm™ Trace Elements Urine can be used.

For external guality control international intercomparison programmes are available
from e.g. Centre de Toxicologie du Québec, Canada (48), the German Society of Occu-
pational and Environmental Medicine, Erlangen, Germany (51) and the J apan F ederatlon
of Occupational Health Organizations (49).

(g) Sources of possible errors

i) Pre-analytical

Attention has been drawn to the danger of exogenous contamination (52). For this reason
the recommended cleaning procedure must be strictly observed for all containers, tubes
and glassware used.

ii) Analytical

The chemicals used must be of highest purity; reagent blanks must be measured in each
run of analysis. The blank samples of pure water must be stored in specimen containers
of the same lot as used for the field specimens.

The three most important variables in this method are the background correction capabil-
ity of the instrument, the charring or "ashing" temperature, and the use of the method of
standard additions. An inadequate background correction capability of the instrument
will manifest itself in abnormally high and erratic values. Use of Zeeman compensation
or a quartz halogen lamp is preferred. Normal deuterium background correction is inade-
quate at chromium wavelength. Related to this problem is the charring temperature. If the
samples are charred at temperatures below 1200°C, not enough matrix may be removed
from the samples to allow the background correction system to function properly during
the atomization step. At temperatures above 1300°C, chromium is quickly volatilized
(53).

Use of the method of standard additions is essential in this determination, because urine
samples differ widely in composition, the slope of the analytical curve usually differs
from that of the aqueous standard, and even from that of other urine specimens.
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(h) Reference to the most comprehensive description of the method

Fleischer M. Chromium in urine. In: Analyses of Hazardous Substances in Biological
Materials. Vol. 1. Angerer J, Schaller KH. (Eds.) VCH Verlag Weinheim 1985:97-115.

(i} Evaluation of the method

The method has been proven valid in several intercomparison programmes (46, 47).

3.2.7.4 Other analytical methods

Published methodology for determining chromium in biological samples has relied on the
use of a wide variety of analytical techniques, e.g. neutron activation analysis (NAA),
chemiluminescense, isotope dilution mass spectrometry, gas chromatography (54). But
these techniques are, however, only for exceptional cases appropriate in the concentration
ranges relevant in occupational medicine.

The National Institute for Occupational Safety and Health (NIOSH) (54) has published a
Inductively Coupled Plasma-Atomic Emmission Spectroscopy method for the determi-
nation of total chromium in urine. The sample preparation, however, (binding on poly-
dithiocarbamate resin, filtration, masking) is very time-consuming and cumbersome.

3.2.7.5 Guide to interpretation

(@) Measured values in groups without occupational exposure

Chromium concentrations in urine of non-occupationally exposed persons measured by
GFAAS are less than 1 pg/L. (19 nmol/L) (9). Current reference values for median uri-
nary chromium levels of the general population are 0.4 pg/L (8 nmol/L) urine in the
range between 0.24 to 1.8 pg/l. [4.6-35 nmol/L] (1, 55). The older literature reports
higher values (up to 5 pg/L [100 nmol/L]) (9).

The validity of the unexposed reference values for total chromium in urine reported in the
literature over the last decade were evaluated as part of the TRACY project (56). In 41
selected papers the arithmetic mean values ranged between 2—-10 nmol/l. or 0.2-1
pmol/mol creatinine.

(b) Published biological action levels

The American Conference of Governmental Industrial Hygienists (ACGIH) (57) recom-
mends a Biological Exposure Index (BEI) of 10 pg/g creatinine (22 umol/mol creatinine)
for the increase in urinary total chromium concentrations during the workshift as the best
indicator of exposure during that workday in workers with a history of long-term chro-
mium (VI) exposure. Two urine samples are required, one before the shift and one after
the shift ends. The net increase in chromium concentration is expected to be much lower
(5 pg/g creatinine {11 pmol/mol creatinine]) for newly exposed workers.

The Committee recommends a BEI of 30 pg/g creatinine (65 pmol/mol creatinine) for
urine samples collected near the end of the workweek at the end of the shift. This BEI is
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consistent with exposure of a welder to 0.05 mg/m3 of soluble Cr(VI) fumes for an 8-
hour workshift and applies only to workers with a history of chronic chromium exposure.

The concentration of chromium found in a single urine specimen, collected at the end of
the shift, is predictive of exposure. However, the test does not distinguish between in-
tensity of exposure on the day of urine sampling and exposure at high concentrations on
previous days. The concentrations of chromium in the urine of workers with recent expo-
sure (newly exposed workers or workers returning to work after an extended absence) are
expected to be much lower (7 pg/g creatinine [15 pmol/mol creatinine) (57).

The German Research Foundation (58) does not establish biological action levels for
substances which, by their own action or by that of their reactive intermediates or me-
tabolites, are known to cause malignant growths in man or for which there is good evi-
dence of a human cancer risk because it is not possible to specify safe levels of such
substances in biological materials. For this reason they investigate the relationship be-
tween the concentration of the carcinogen in the workplace air and that of the substance
or its metabolites in biological material (Exposure equivalents for carcinogenic sub-
stances, EKA). From these relationships, the internal exposure which results from uptake
of the substance exclusively by inhalation can be determined. The following correlation
could be established for exposure to Cr(VI):

Table 3.2.5. Relationship between CrOj; concentrations in workplace air and excretion of
Cr in urine

Ajr CrO3 mg/m3 Cr-urine (ug/L)
Sampling: end of exposure
0.03 12
0.05 20
0.08 ‘ 30

0.10 " 40

This correlation is also applicable for an exposure to welding fumes.

(¢) Non-analytical interferences

Welders who smoke have increased concentrations of urinary chromium, compared with
non-smoking welders (57). This increase may be due to contaminated cigarettes or to ad-
sorption of chromium fumes or smoke particles.

The solubility, valence, and physical form (mist, dust, fumes) of chromium affects the
absorption, distribution, and elimination of chromium in humans. Thus, workers in a
wide variety of occupations may be exposed to similar concentrations of a particular
form of chromium but, because of the factors noted above, will excrete different concen-
trations of chromium (9, 57).

The distribution ‘and elimination kinetics of accumulated chromium are affected by the
duration of exposure during the work-day as well as by years of previous exposure.
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Welders with chronic exposure to Cr(VI) show increased renal clearance of chromium,

compared with new welders without previous occupational exposure to chromium (9,
57).

The variability of background concentrations of chromium in the normal environment is
relatively small and has no significant effect on measurements of chromium in occupa-
tionally exposed populations.

Contamination of the sample during collection or analysis can lead to a significant prob-
lem in interpreting the data. Certain factors might be associated with an increased urinary
chromium level, e.g. exercise, past employment in a chromium-exposed occupation,
drinking beer, diabetic status (59—61).

(d) Sampling representative of recent or long-term exposure

Determination of the concentration of chromium in urine at the end of the work-day
seems to be a good indicator of exposure to soluble chromium (VI) compounds (62, 63);
however, trivalent chromium ions probably contribute, at least to some extent, to these
levels. The end-of-shift urinary chromium level reflects mainly recent exposure, but is
also influenced by the body burden. The difference between chromium levels in spot
samples collected before and after the shift can reflect the exposure during the day
(current exposure) (see 3.2.7.5b above).

3.2.8 Chromium in erythrocytes index
3.2.8.1 Toxicokinetics

Toxicological investigations have shown that chromium is capable of penetrating cell
membranes only in its hexavalent oxidation state. This applies especially to erythrocyte
membranes (64, 65). The chromium in erythrocytes (irreversibly bound to haemoglobin)
might specifically reflect the internal dose of hexavalent compounds (66, 67).

3.2.8.2 Sampling

(a) Sampling time and specimen

Blood specimens should be collected at the end of an exposure interval.

(b) Contamination possibilities

Exogenous contamination of the specimen must be carefully avoided. In the literature,
contamination of the blood from the commonly used stainless steel syringe needles is dis-
cussed.

(c) Sampling device and container

Blood specimens should be drawn from the arm vein using disposable syringes contain-
ing K-EDTA as an anticoagulant, e.g. MonovetteR.
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(d) Preservatives, shipment and stability

The separation of the erythrocytes from the plasma must be performed within eight hours
of the specimen collection. Haemolysis of the erythrocytes must be prevented.
Erythrocytes which have been isolated, washed and dissolved in ultrapure water can be
stored at room temperature for three days. It is possible to keep the samples in a deep
freezer (at -20°C) for three months.

3.2.8.3 Recommended analytical method

The preferred method for the determination of chromium in erythrocytes is graphite fur-
nace atomic absorption spectrometry (GFAAS) (65, 68). The procedure described below
is an outline of the method of Lewalter and coworkers (32).

(a) Principle

The erythrocytes are isolated from whole blood by centrifugation and washed three times
with isotonic saline solution. For the atomic absorption spectrometric determination the
biological specimens (whole blood, plasma, erythrocytes) are diluted with Triton X-100
and immediately placed in a pyrolytically coated graphite tube. There the samples are
dried, charred and atomized. The absorption at 357.9 nm gives a measure of the chro-
mium concentration of the investigated sample. The standard addition procedure is used
for calibration because of various matrix effects. Background interference is largely
eliminated by Zeeman compensation.

(b) Reagents required

TritonR X-100, physiological saline (154.0 mmol/L), calibration standards: 2, 5, 10 ng
Cr/L in water.

(¢) Equipment required

Atomic absorption . spectrometer with Zeeman compensation or quartz halogen lamp
background correction; graphite furnace; chromium hollow cathode lamp; graphite tube
pyrolytically coated; centrifuge; haematocrit centrifuge.

(d) Procedure

Before separation of the erythrocytes from the whole blood the haematocrit of the intact
sample is determined. For the determination of chromium in erythrocytes, 2.5 mL whole
blood is diluted with 1 mL isotonic saline solution in 5 mL centrifuge tubes (graduated at
2.5 mL), carefully mixed and centrifuged for 5 min at 1200g. The supernatant is carefully
drawn off with a pipette and transferred to another 5 mL centrifuge tube. About 2.3 mL
plasma and approximately 1.2 mL erythrocytes are obtained. The isolated plasma sample
can be used for determination when the chromium level is requested. The erythrocytes
must be thoroughly washed by mixing with 2.5 mL of isotonic saline followed by cen-
trifugation and discarding of the supernatant, at least five times. Finally, 2.5 mL of iso-
tonic saline are added to the erythrocytes and the haematocrit of the suspension measured.
The suspension is then centrifuged, the supernatant discarded and 2.5 mL of ultrapure
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water added. The chromium level in this prepared solution is then analysed by standard
addition according to the following scheme:

Table 3.2.6. Sample preparation and standard additions

No. Standard Sample erythrocyte Equivalent chromium in the
I I 1T v whole blood sample (100 pL)
Opg/L 2pug/L. Spg/L 10pg/L
pL  pb pL pL pL pg/L
1 500 - - - 100 0
2 - 500 - - 100 10
3 - - 500 - 100 25
4 - - - 500 100 50

A reagent blank containing 100 pL ultrapure water instead of the biological sample is in-
cluded in each test series. As an alternate matrix matched standards can be used.

Atomic absorption spectrometer:

Wavelength 357.9 nm

Background correction  Zeeman compensation or quartz halogen
Spectral slit width 0.7 nm

Graphite tube Pyrolytically coated

Analytical determination Determination of peak heights or peak areas of the signal
during the atomization step

The following temperature-time programme serves only as a guide. Optimization of
the parameters must be carried out for each individual instrument.

Table 3.2.7. The temperature-time programme as a guide

Analytical step Step duration Temperature ( °C)
Ramp time Hold time
s s

Drying I 15 5 90

Drying II 25 10 150
Charring 1 15 15 350
Charring 11 10 15 500
Charring II1 5 15 1200
Atomization 0 4 2400 Gas stop
Heating 1 5 2700

Inert gas: Argon
Injected volume: 20 pL.
(e) Analytical reliability

i) Trueness
Trueness, based on recovery studies was 107-113% (at 12.5 to 50 pg/L).
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ii) Precision ‘

The within-series precision was 1.4-3.2% relative standard deviation at 12.5 to 50 pg
Cr/L (240960 nmol/L). The precision of duplicate analyses was 10.3% relative stan-
dard deviation at.1.0 to 39 pg Cr/L (19-750 nmol/L).

() Detectability
The limit of detection was 0.5 pg/L (10 nmol/L) for whole blood (32).

(g) Quality assurance

No control specimens are available for the determination of chromium in erythrocytes.
In-house erythrocyte controls, consisting of pooled, spiked packed cells must be used.
Whole blood controls for the chromium determination are provided by Nycomed AS,
Oslo, Norway-Seronorm™ — Whole Blood Metals.

Intercomparison programmes including chromium in erythrocytes are not available. The
German Society of Occupational and Environmental Medicine, Erlangen, Germany, of-
fers a 'round robin' scheme for the determination of chromium in whole blood (51).

(h) Sources of possible errors
Contamination in the preanalytical phase and during isolation and washing of the eryth-

rocytes must be strictly avoided.

Chromium contamination can be caused by the coloured stoppers of sampling devices
which are used to identify the various anticoagulants. Haemolysis during isolation and
washing of the erythrocytes must be avoided. Fresh blood specimens must be processed
within 8 h of their collection. Interferences or losses caused by the time-temperature
programme are identical with the urine method (see also 3.2.7.3).

3.2.8.4 Other analytical methods

Neiltron activation analysis has been used for the determination of chromium in serum
(69); however, this technique should only be considered as a reference method due to
cost and availability.

3.2.8.5 Guide to interpretation

(a) Measured values in groups without occupational exposure

In the review of Iyengar and Wottiez (55) the chromium concentration in blood from
non-occupationally exposed subjects is below 0.5 pg/L (10 nmol/L). The corresponding
chromium levels in the erythrocytes are also less than 0.5 pg/L. Chromium is undetect-
able in the erythrocytes of unexposed persons using the described analytical method (32).

(b) Published biological action levels
As described in section 3.2.7.5b above, the German Research Foundation (58) had de-
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fined exposure equivalents for chromium in erythrocytes (EKAs). The following correla-
tion has been reported:

Table 3.2.8. Relationship between chromium concentrations in air and chromium in
erythrocytes

Air CrO3 mg/m3 Erythrocytes pg Cr/L of whole blood
Sampling: long-term exposure after several shifts
0.03 9
0.05 17
0.08 25
0.10 35

This correlation is not applicable for an exposure to welding fumes.

(¢c) Sampling representative of recent or long-term exposure, or biological effect

There can be large variations in chromium levels in erythrocytes after the same occupa-
tional exposure. The differences can be explained by variation of the individual reducing
ability of erythrocytes on chromium (V1) (fast and slow reducers) (58, 66, 68). The
chromium concentration in erythrocytes might be an indicator of hexavalent chromium
during the lifetime of the red blood cells.

3.2.9 Research needs

Workers are occupationally exposed to different types of chromium compounds. These
chromium compounds vary greatly in their toxic and carcinogenic effects. For this reason
a speciation of exposure is desirable. More data should be collected to differentiate be-
tween the internal exposure to chromium (III) and chromium (VI). Internal-external ex-
posure relationships should be assessed by simultaneous biological and ambient monitor-
ing in workers exposed to different types of chromium-containing aerosols. Especially for
chromium (VI) exposure only limited data are available to evaluate biological action
levels. Reference levels for chromium in erythrocytes in persons without occupational
exposure should be established.
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