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Biological monitoring of toxic metals
by Lars Friberg , MD,l Carl-Gustaf Elinder, MD2

FRIBERG L, ELINDER C-G. Biological monitoring of toxic metals. Scand J Work Environ Health
1993:19 suppl I:7-1 3. The biological monitoring of metals, when used properly, allows total expo­
sure to a particular metal to be measured from various media. It takes into consideration inter- and
intraindividual variations in uptake due to differences in metabolism and physical work load and can
be used to identify individuals, or groups of individuals, with high exposure or at high risk. As many
metals are retained for long periods, biological monitoring may not only provide information on re­
cent exposure, but also on exposure which occurred a long time ago. Under optimal conditions, the
concentration of a metal in biological media can be used to assess exposure, the concentration of the
metal in the target or critical organ (ie, the organ where the adverse effects are first observed) and the
risks for adverse effects. This paper gives an overview of several important aspects of biological mon­
itoring but does not provide detailed information on particular metals.
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The overall objective of the biological mon itoring of
toxic metals in humans is to prevent ad ver se health
effects . To xicologic risk estimations are based on
knowledge of the relations between exposure on one
hand and the effect or response on the other. The tra­
ditional form of exposure monitoring in routine sur­
veillance is en vironmental monitoring. Th is proce­
dure includes the sampling and analysis of pollutants
in environment al media, such as air, water, and food.
It has been used for examining and establishing re­
lationships between the concentrations of various
metals in the environment and health effects. For
some of the metals, for example, lead , cadmium, and
mercury, the analysis of biological indicator media,
such as blood and urine, has been important for many
years in complementing the analysis of environmen­
tal media. Under optimal conditions, the con centra­
tion in biological medi a can be used to assess expo­
sure, the concentration of the metal in the target or
critical organ (ie, the organ where the adverse effects
are first observed), and risks for adverse effects.

It was not until recently, however, that a more sys­
tematic search was conducted for possible means of
studying the metabolism and accumulation of met­
als in environmentally exposed humans and that such
data were used as an indicator of both expo sure and
health risks (1-5). In 1986 an int ernational confer-
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ence called "Biolog ical Monitoring of Metals" was
held in Rochester, New York, and organized jointly
by the Environmental Health Science Center of the
University of Rochester and the Scientific Commit­
tee on the To xicology of Metals of the International
Commission on Occupational Health (6).

In recent years, efforts have also been made to
study substances no t only in indicator media, but also
directly in the internal organs of living people. For
example, cadmium has been monitored in vivo in
kidneys and liver by neutron activation techniques.
Lead is measured in the skeleton in vivo by X-ray
fluorescence . These methods have so far been used
mainl y for research purposes but may become avail­
able for routine monitoring in the future.

Biological monitoring mu st not be confused with
health monitoring, which is also carried out on body
fluids, such as blood and urin e. The aim of health
mon itoring is to detect early effects, whether rever s­
ible or irreversible. One example is the determina­
tion of ~2-microglobulin in urine after exposure to
cadmium. Health monitoring does not prevent ad­
verse effects and is not a substitute for biological
mon itorin g. Periodic health monitoring may nev er­
thele ss be invaluable in documenting the absence or
presence of ad verse effects and thus in determining
wheth er the exposure is low enough or too high.

Biological monitoring as a measure of
total exposure

An important property of biological monitoring is
that it measures the total environmental exposure
from all sources. Thus the inhalation of air , the con­
sumption of water, food and wine, tobacco smoking,
and the effects of lei sure-time activities such as
painting and gardening can all lead to exposure to
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lead. Exposure can be high in certain occupations.
Uptake by mouth from toys or soil contaminated by
lead (pica) may be considerable in children. It is ob­
vious, therefore, that , if only one or two of the en­
vironmental media are analyzed, the resulting esti ­
mate of the total daily intake of lead may be in er­
ror. A further consequence is that, if the background
dose (ie, the blood levels caused by exposure via
food, water, and other environmental media) is not
known , it is impossible to define an acceptable lev­
el of lead in, for example, workroom air. In many
countries the background concentrations in blood
are already at, or even above, toxic levels, and there
is little or no room for additional occupational ex­
posure. In other countries the margin of safety is
much greater (7) .

One advantage of biological monitoring is that it
takes into account inter- and intraindividual varia­
tions in uptake due to vari ations in expo sure, metab ­
olism, and physical activity. It thus provides an in­
dication of individual exposure and risk. Time trends
can be studied by repeated measurements. For ex­
ampl e, repeated monitoring of blood lead levels in
samples from the same residents of Stockholm re­
vealed an average decre ase of 25 ug . 1-1(0. 12 umol .
I-I) , or 34% , from 1980 to 1984 (8). As many met­
als have a long biological half-time, biological mon­
itoring can sometimes give an indi cation of past ex­
posure, as in the monitoring of cadmium in urine.
Before kidney damage develops, cadmium in urine
reflects the total accumulation in kidneys. Another
example is the measurement of lead in teeth or den­
tine for the retro spective assessment of lead expo­
sure in early life .

Need to understand metabolism

Certain crit eria must be satisfied if biological moni­
toring is to be mean ingful. If we want to measure
internal dose, we must find an indicator medium re­
flecting total exposure. If, in addition, we want to
estimate risk, we need information on the relation­
ship between internal dose and risks for adverse ef­
fects. It is therefore essent ial to understand the me­
taboli sm of a metal in order to predict accumulation
in the body and assess risk. In other words, we must
be able to answer the following questions: How much
of the external dose is taken up (absorbed) after in­
halation? How much is absorbed by the gastrointes­
tinal tract and by the skin? Is the metal changed in
the body by biotransformation? How much is accu­
mulated in the critical organ? By which routes, eg,
expired air, urine, fece s, is the metal excreted? Con­
sideration should also be given to the rate at which
the different reactions take place. The biological half­
time is a central concept. It defines the time taken
to excrete half of a certain accumulated amount, and
it is an integral part of the equations used to predi ct
the accumulation of a metal in the body as a whole
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or in individu al organ s. The se components form a
pattern which can be summarized by the metabol ic
model for the metal (figure 1).

The biological half-time for cadmium is 20-30
years in the body as a whole and in the kidneys, but
for some metals , such as arsenic , cobalt and chro­
mium, it is only hours or day s. For inorganic mer­
cury it is about 2 d in blood but about two months
in the body as a whole. A small fraction prob ably
has a much longer half-time. The biological half-time
for metal s often differs between animal species. For
methylmercury it is about 7 d for mice but more than
two years for seals. In humans, it averages 70 d, but
has large indi vidual variations (10).

Common indicator media

Urine
Urine is the biological indicator medium that is the
most read ily avai lable. It is collected by means of
noninvasive techniques and repre sents a major route
of excretion for absorbed metals. Howev er, the uri­
nary excretion of a metal will occasionally reflect its
concentration in the kidne ys rather than current ex­
posure, as in the case of cadm ium. As urine is not
simply an exc retory medium, but also a produ ct of
kidney function , functional impairment of the kid­
neys may signifi cantly alter the excretion of metals,
independently of changes in exposure or body bur­
den of the metal. For example, the urinary excretion
of cadmium and mercury increases when the tubu­
lar epithelium is damaged.

It is well established (11) that the release of me­
tallic mercury vapor from dental amalgams consti­
tutes the main source of hum an uptake of inorgani c
mercury, except for occupational exposure. Bio log­
ical monitoring of urine has shown that there is an
association between the numb er of amalgam filli ngs
and urinary mercury (12). In a recent report by Sall­
sten et al (13) a patient with bruxism and numerous
amalgam fillings repeatedly showed urinary mercu­
ry concentrations of about 40 ug . 1-1 (0.12 um ol .
I- I) , which is in the range of values that the World
Health Organization has associated with the first ob­
served adverse health effe cts. As bruxism, and even
severe manifestation s of it, is common in the gen­
eral population, the findin g indicates that the biolog­
ical monitoring of such individual s may make it pos­
sible to identify and study groups at special risk due
to a high uptake of mercury.

Ideally, the urinary excretion rate of a metal can
be measured through the collection of all the urine
produced over a defined and extended period of time,
eg , 24 h. In practice , this goal is often difficult to
achieve , and spot samples are used . Variability over
time and physiological status must then be compen­
sate d for by, for example, adju stment for specific
grav ity or creatinine concentration. To adjust urine
samples for different degrees of dilution is of par-



ticular and crucial importance when urine is used not
only to assess exposure, but also to examine possi­
ble effects, for example, by means of urinary pro­
tein determination . Without such adj ustment, spuri­
ous correlations indicating dose-effect relation ships
can easily be obtained. If, for example, on the one
hand zinc is measured as an indicator of exposure,
and on the other a tubular enzyme such as N-acetyl­
~-D-glucosamidase (NAG) is measured as an effect
parameter in a urine sample , and this sample is di­
luted (or concentrated), the concentrations of both the
metal and the tubular enzyme will obviously decrease
(or increase). Likewise, in a group of individuals with
different degrees of urinary dilution, significant cor­
relations are likely to be found between measure­
ments of a metal (dose) and those of a urinary ef­
fect parameter if adjustment for dilution has not been
made, although they may not be causally related.

As in all forms of biological monitoring it is es­
sential to obtain an uncontaminated sample. Special
cleaning procedures and metal-free polyethylene con­
tainers are recommended to eliminate contamination.
For the same reason careful personal hygiene is nec­
essary before the urinary samples arc voided. Be­
cause the human urethra contains bacteria, it is vir­
tually impossible to obtain a sterile urine sample.
Even urine samples from health y people become
overgro wn with bacter ia after only a few hours at
room temperature. Urine should therefore be stored
at low temperatures, and frozen if possible. A bac­
tericidal substance, such as sodium azide, can be add­
ed to the urine. This procedure may, however, reduce
certain metal compounds; in particular, bivalent mer­
cury can be reduced to give volatile metallic mer­
cury, which might evaporate from the containe r.

Blood
Blood is the major vehicle for the transport of ab­
sorbed metals. After uptake from the gastrointesti­
nal tract or the lungs, metals are transported via blood
to different tissues and organs, where they are accu­
mulated. Metals which have been taken up by tissues
will, by the normal metabolism of these tissues, be
released, and once again transported with the blood
until they are eventually eliminated from the body
via the kidneys or liver. (See figure I. ) The blood
level is thus influenced both by current exposure and
by the concentrations in the internal organs (ie, the
body burden), the relationship between them differ­
ing for different metals and exposure conditions.

Metals in blood are bound to the red cells or to
plasma proteins. Cadmium and lead are bound almost
completely to the red cells. It is sometimes neces­
sary to take into consideration the volume percent­
age of red cells in blood (ie, the hematocrit) when
cadmium or lead levels in whole blood in different
groups and individuals are compared. If the hemat­
ocrit is low, the concentration of cadmium and lead
will be lower even if the exposure is the same. The
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Figure 1. Metabolism after exposure to metals via skin ab­
sorption , inhalation , and ingestion. The arrows indicate how
the metals are transported. Tissues potentially useful for bi­
ological monitoring are identified by shaded circles (modi­
fied from reference 9). In addition some other tissues , nota­
bly kidney for cadmium and bone for lead, may be monitored
by in vivo techniques . (GI =gastrointestinal)

concentration of metals in plasma is of particular in­
terest, as it represents the fraction of the metals in
blood that is easily available for transport into and
out of the tissues. The concentrations are, however,
for many toxic metals (eg, lead and cadmium) so low
that they are very difficult to measure. Other metals
(eg, aluminum, chromium and inorganic mercury) are
easier to determine in plasma.

Blood samples are usually collected either as a
capillary sample from the fingertip or the ear lobe
or from a vein, usually in the elbow. Capillary sam­
pling gives small volumes, and there is a risk of con­
tamination even if the fingers have been thoroughly
cleaned. There is also a substantial risk of hemoly­
sis. For practical reasons it has, however, become
necessary to take capillary samples when metal
concentrations in the blood of small children are
studied.

For venous sampling, blood (5-10 ml) is collect­
ed, as a rule, in a Vacutainer" tube. Needles, tubes,
and stoppers must be checked carefully before the
sampling to avoid contamination; for example, co­
balt, chromium, mangane se, and nickel may be re­
leased from the needle.

Blood collected in a tube will coagulate rapidly.
If, as is often the case, it is desirable to determine
the metal in plasma or whole blood, an anticoagu­
lant must be added. This substance is often already
present in the tube. The metal content of the antico­
agulant used should be determined .

Blood specimens must be kept cool and prefera­
bly frozen. Freezing leads to the break up of the red
cells, however, and makes it impossible to separate
them from the plasma.
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There are special problems when biological sam­
ples have to be stored for long periods or even years.
There is a tendency for blood, urine, and tissues to
dry out even if the samples are stored at -20°e. If
the concentration of the metal is determined on the
basis of the wet weight, the results will be too high.
There is also a risk that small amounts of metal in
the sample will react with the wall of the container
and adhere to it. Such wall effects may become very
important, particularly when the concentration of
the metal in the sample is low. Due attention must
be paid to this effect when tissue banks are estab­
lished, particularly if they contain reference materi­
als (14).

Timing

The concentration of a metal in blood and urine can
vary with time. If blood and urine samples are col­
lected for the evaluation of exposure and risk, in par­
ticular during occupational exposure, it is important
to standardize the sampling procedure. Figure 2
shows the excretion of cobalt in urine in a group of
hard-metal workers; from this figure it can be seen
that the urinary levels increased considerably during
the workday. As a result of rapid excretion and a
short half-time, the urinary concent ration of cobalt
decreases and is considerabl y lower the followin g
morning. There is nevertheless a certain accumula­
tion of cobalt over the week, as can be seen from the
increase in the morning concentrations. Current ex­
posure can be evaluated from compari sons of cobalt
excretion before and after each shift. The accumu­
lation of cobalt in the body can be studied by deter­
mining cobalt in urine before and after a period with­
out exposure (eg, a weekend or a vacation).

For metals with a very long biologic al half­
time, such as lead and cadmium , the timing of sam­
pling is not so important. It is however very impor­
tant when metals are monitored which are rapidly
eliminated, such as arsenic, cobalt, chromium , and
nickel.

Other media
Hair is sometimes used for the biological monitor­
ing of metals . When hair grows (ie, in the anagen
phase) metals from blood and glands (eg, sweat) are
incorporated into it. Nevertheless it is seldom appro­
priate to regard the metal concentration in hair as a
measure of body burden. The major problem with the
biological monitoring of hair is that there is a risk
that metals from the environment are trapped in it.
It has proved impossible to avoid such external con­
tamination of hair, and several studies have shown
that the correlation between metal concentrations in
hair and blood is poor.

Monitoring methylmercury in hair constitutes an
important exception to the rule that hair samples are
difficult to use to estimate internal dose. Methyl­
mercury occurs in certain foodstuffs, particularly
fish, and problems due to external contamination are
rare. It is incorporated in the hair during the growth
phase, and a close association has been found be­
tween mercury in whole blood and in hair. Determin­
ing methylmercury in different parts of the hair
strands, at different distances from the scalp, has
made it possible to reconstruct exposure to methyl­
mercury during different time periods. Hair normal­
ly grows with a speed of about 0.33 mm in 24 h.
Analyses of pieces of hair taken, for example, 10 ern
from the scalp will give a good indication of the mer­
cury content in blood about 300 d earlier. Figure 3
summarizes the result s from several studies in which
the prevalence of symptom s or signs are related to
the concentration of methylmercury in hair.

Some metals (eg, aluminum and lead) accumulate
in the skeleton. Analyses of bone tissue can be used
to estimate body burden and exposure when the tis­
sue was formed.

Teeth consist of bone tissue (dentine) and enam­
el. Enamel is of special interest as it is formed dur­
ing childhood, and there is only a very small ex­
change of mineral thereafter. Determinations of min­
eral concentrations in enamel from deciduous teeth
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inorganic mercury compounds, and methylmercury.
There are important differences in absorption, dis­
tribution, biotransformation, and excretion both be­
tween the species and between different exposure
routes. Blood, particularly red cells, and hair are the
media of choice for methylmercury, which is excret­
ed only to a very limited extent via urine; this me­
dium is therefore usually not suitable for the biolog­
ical monitoring of methylmercury. Inorganic mercury
is excreted via urine after exposure both to metallic
mercury vapor and to inorganic mercury compounds.
It can also be monitored in blood, particularly in plas­
ma no, II).

For arsenic it is first necessary to differentiate be­
tween inorganic arsenic and its metabolites and the
"fish arsenic ," particularly arsenobetaine, which is
found in high concentrations in shellfish and certain
fish (eg, flounder) . Figure 5 shows how the urinary

Figure 4. Daily intake of lead (j.lg . 24 h-') and the blood lead
concentrations (j.lg . 1-') in four different populations (modi­
fied from reference 7). (1 j.lg. 24 h-' = 5 nmol · 24 h-';
1 j.lg . 1-1 =5 nmol . 1-')

Figure 5. Urinary excretion of inorganic and methylated ar­
senic (As) compounds and total arsenic (including fish ar­
senic) in two subjects after a shrimp meal. Note that the scale
of the y-axis is logarithmic (data from reference 18). (1 j.lg.
1-' = 13 nmol - 1-')

,.....-I

make it possible to estimate exposure retrospec­
tively .

It is obviously more complicated to perform bone
biopsies than to take blood or urine samples . In re­
cent years a noninvasive technique, using X-ray flu­
orescence, has been developed. It has proved to be
of great value in studies of the metabolic model of
lead.

Several metals are absorbed only incompletely
from the gastrointestinal tract, and the amount that
is eliminated in the feces may roughly correspond
to the intake via food. If the concentration of metal
in feces is determined and multiplied by the quanti­
ty of feces produced in 24 h, a good estimate of the
daily intake is possible for some metals (eg, alumi­
num, lead, and cadmium). Since the frequency of
defecation varies considerably among people, it is
fairly difficult to obtain representative samples, and
it may be necessary to collect all the feces produced
during several days.

Analysis of metals in feces has been used to com­
pare the daily intake of heavy metals in different
countries and among different populations. It has also
been used to identify individuals and groups of peo­
ple at high risk due to a particularly high intake of
toxic metals .

Analyses of feces samples from workers exposed
to metal dust have shown that industrial exposure
often takes place both by inhalation and ingestion.
If the workplace is contaminated with metal dust, it
is not surprising that workers' hands, and then also
their food and cigarettes, become contaminated (17).

Dust containing lead, emitted from industr ial
plants and motor vehicles, will contaminate soil and
playgrounds . Small children are thus exposed to lead
via the gastrointestinal tract from contaminated hands
and toys. A higher concentration of lead in feces than
expected from the lead concentrations in food indi­
cates such exposure. Figure 4 presents data on the
relationship between the daily intake of lead, meas­
ured as lead in feces, and lead levels in blood from
four different countrie s. It should be noted that the
relationship is not linear. If the background exposure
is high, a further increase in lead exposure docs not
increase the blood lead level to the same extent as
with a lower background exposure.

Speciation

Some metals have species of widely differing me­
tabolism and toxicity. Mercury forms both inorgan­
ic and organic compounds, of which the first includes
metallic mercury, and monovalent (mercurous) and
bivalent (mercuric) mercury. In organic compounds ,
mercury is bound covalently to at least one carbon
atom. Arsenic also forms several inorganic and or­
ganic compounds.

For mercury it is particularly important to consider
the differences between metallic mercury , bivalent
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excretio n of total arsenic increase d dramatically af­
ter a shrimp meal, while the excretion of inorganic
arsenic remained low and unchanged. When expo­
sure to inorganic arsenic is monitored , it is therefore
important to distinguish between fish arsenic and in­
organic arsenic with its metabolites monomethylar­
sonic acid and dimethylarsinic acid.

Analytical accuracy

The aim of biologica l monitoring is to obtain relia­
ble information on metal concentrations in tissues or
body fluids. In recent years the ability to determine
even low concentrations of trace metals has improved
dramatically, thanks to the development of new and
advanced analytical instruments and methods. Today
it is possible to determine concentrations in the mi­
crogram per kilogram range or sometimes in the na­
nogram per kilogram range in biological materials
on a routine basis. As a consequence the "normal"
concentrations have gradually been adjusted down­
wards without any accompanying real decrease in the
levels. "Normal" values for aluminum in blood and
serum in the early 1970s were reported to be of the
order of 100 /lg ' 1-1(3.1 umol . 1-1 ) or even higher,
whereas the true normal concentration of aluminum
in blood is around , or perhaps below, a few micro­
grams per liter (19).

The accuracy of analytical data has not always im­
proved in parallel with the analytical methods. With
lower detection limits there is a need for increased
accuracy, as the risk of errors caused by contamina­
tion or losses before and during the analyses increas­
es. There are many examples showing that, even in
recent years, grossly erroneous results have been re­
ported both in scientific papers and in routine reports
from commercial laboratories.

Table 1. Usefulness of biological mo nitor ing of metals for ex­
posure and risk assessment. (8 = blood, plasma or serum,
U = urine, H = hair)

Metal or Media
Exposure Risk

metal compound asses sment - assessment-

Atum lnum> B, + + + +
Aturntnum« U + + ?
An tim ony B + ?
Arsenic (inorganic) U + + ++
Cadmium B,U + ++ +++
Chromiu m U ++ +
Cobalt U ++ ?
Lead (inorganic ) B +++ +++
Lead (organic) U + + +
Manganese (inorganic) B, U ?
Manganese (organ ic) U + + ?
Met hylmercury B, H + + + +++
Metall ic mercu ry B, U ++ + ++ +
Nickei B, U ++ ?
Selenium B, U ++ ++
Tin B, U ? ?
Vanadium B,U + ?

a _::::: no relati ons hip, + = som e inf ormat ion avail abl e or weak relation­
ship; + + =relations hip exists , + + + =well-establis hed relationship
- used on a rou tine basis, ? = relationshi p unknown.

e Patien ts wit h kidne y dise ase.
c Aluminum welders.
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It is only in recent years that it has become com­
mon practice to ensure adequate quality contro l in
connection with the routine analysis of metals in bi­
ologica l materials. As a result, many analytical re­
sults have been shown to be erroneous.

An evaluation of a large number of published pa­
pers has shown that the accuracy of the analytical
results is often low. It has sometimes been possible
to estimate the magnitude of the errors, and it is not
uncommon to find metal concentrations which must
have been 10-50 times too high. The question of
quality control was dealt with in great detail in a pa­
per presented at the Rochester conference (20), as
well as in a report by Friberg & Vahter (4) on a glo­
bal study, coordinated on behalf of the World Health
Organization.

Ethical issues

Biological monitoring involves analyses of body flu­
ids or tissues of individual human subjects and must
therefore be carried out only on a voluntary basis .
Appropriate measures must be taken to avoid the
spread of infectious diseases and to ensure minimum
risks of other adverse reactions . Furthermore , the re­
sulting data may be directly linked to specific indi­
viduals and may, in some cases , lead to unfortunate
consequences, including loss of jobs . If biological
monitori ng is to become widely accepted as a pre­
ventive tool, ethical issues must be addressed as care­
fully as the scientific ones. Several important ques­
tions to be considered were discussed at the Roches­
ter conference (6).

Review of specific metals

In this presentation it has not been possible to include
information on the usefulness of the biological mon­
itoring of different metals. The overview report of
the Rochester conference (8) and the accompanying
background documents provide a useful basis for
making the necessary decisions on biological moni­
toring . Several of the presentations in this volume
will also provide valuable assistance.

A summary of the results is presented in table 1.
Biological monitoring has so far proved to be of val­
ue for about 10 metals .

Concluding remarks

In conclusion, biological monitoring can be a very
useful, and sometimes indispensable, way of evalu­
ating exposure to certain metals and the associated
risks and can therefore be of great value in preven­
tive programs , providing certain criteria are met. It
is important to point out, however, that biological
monitoring covers only one aspect of a preventive
program and should not be considered in isolation.
When a monitoring program is planned, its purpose



must be considered in detail. Often some form of in­
tegrat ed monitoring will be the method of cho ice,
where biological monitoring will compleme nt the
conventional monitoring of the different environme n­
tal media (eg , air, food, wate r).

References

I. Berlin A, Wolff AH, Hasegawa Y, ed. The use of bi­
ological specimens for the assessment of human ex­
posure to environmental pollutants. Boston, MA, and
The Hague: Martinus Nijhoff Publishers, 1979.

2. Friberg L. Integrated exposure monitoring for health
risk assessment. Environ Monit Assess 1982;2:7-1 3.

3. Lauwerys RR. Industrial chemical exposure: guidelines
for biological monitoring. Davis, CA: Biomedical Pub­
lications, 1983.

4. Friberg L, Vahter M. Assessment of exposure to lead
and cadmium through biological monitoring: results
from a UNEPIWHO global study. Environ Health
1983;30:95-1 28.

5. Friberg L. The rationale of biological monitoring of
chemicals with special reference to metals. Am Ind
Hyg Assoc J 1985;46:633-42.

6. Clarkson TW, Friberg L, Nordberg GF, Sager PR, ed.
Biological monitoring oftoxic metals. New York, NY,
and London: Plenum Press, 1988.

7. Bruaux P, Svartengren M, ed. Assessment of human
exposure to lead: comparisons between Belgium, Mal­
ta, Mexico and Sweden. Stockholm: National Swed­
ish Institute of Environmental Medicine and Depart­
ment of Environmental Hygiene, Karolinska Institute;
Brussels: Institute of Hygiene and Epidemiology, Min­
istry of Health; Stockholm: Karolinska Institute, 1985.

8. Elinder ~~G, Friberg L, Lind B, Nilsson B, Svarten­
gren M, Overmark 1. Decreased blood lead levels in
residents of Stockholm for the period 1980--1 984.
Scand J Work Environ Health 1986;12:114--20.

9. Elinder C-G, Gerhardsson L, Oberdorster G. Biologi­
cal monitoring of toxic metals - overview. In: Clark-

Scand J Work Environ Health 1993, vol 19, suppl 1

son TW, Friberg L, Nordberg GF, Sager PR, ed. Bio­
logical monitoring of toxic metals. New York, NY, and
London: Plenum Press, 1988:1- 72.

10. World Health Organization (WHO). Methylmercury.
Geneva: WHO, 1990. (Environmental health criteri a;
no 101.)

11. World Health Organization (WHO). Mercury, inorgan­
ic. Geneva: WHO, 1991. (Environmental health cri­
teria; no 118.)

12. Langworth S, Elinder C-G, Gothe C-J, Vesterberg 0.
Biological monitoring of environmental and occupa­
tional exposure to mercury. Int Arch Occup Environ
Health 1991;63:161-7.

13. Sallsten G, Barregard L, Osterberg T. Tandgnissling
hos amalgambarare - en orsak tiJI hog kvicksilverut­
sondring [Tooth grinding among wearers of amalgam
fillings - a cause of high mercury release]. Lakar­
tidningen 1991;88:232-3.

14. Lind B, Elinder C-G, Friberg L, Nilsson B, Svarten­
gren M, Vahter M. Quality control in the analysis of
lead and cadmium in blood. Fresenius Z Anal Chern
1987;326:647-55.

15. Alexandersson R, Lidums V. Undersokningar over ef­
fekter av exposit ion for kobolt [Examinations of ef­
fects from exposure to cobalt]. Stockholm: Arbetar­
skyddsverket, 1979. (Arbete och halsa; no 1979;8.)

16. Marsh DO, Myers GJ , Clarkson TW; Amin-Zaki L,
Tikriti S, Majeed MA. Fetal methylmercury poison­
ing; clinical and toxicological data from 29 cases. Ann
Neurol 1980;7:348-55.

17. Adamsson E, Piscator M, Nogawa K. Pulmonary and
gastrointestinal exposure to cadmium oxide dust in a
battery factory. Environ Health Perspect 1979;28:
219-22.

18. Norin H, Vahter M. A rapid method for the selective
analysis of total urinary metabolites of inorganic ar­
senic. Scand J Work Environ Health 1981;7:38-44.

19. Versieck J, Cornelis R. Normal values of aluminum
in blood. N Engl J Med 1980;302:468-9.

20. Friberg L. Quality assurance. In: Clarkson TW, Frib­
erg L, Nordberg GF, Sager PR, ed. Biological moni­
toring of toxic metals. New York, NY, and London:
Plenum Press, 1988;103-26.

13




