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Biological monitoring of inorganic lead
by Staffan Skerfving, MD, UIf Nilsson, BSc,? Andrejs Schiitz, PhD,' Lars Gerhardsson, MD'

SKERFVING S, NILSSON U, SCHUTZ A, GERHARDSSON L. Biological monitoring of inorganic
lead. Scand J Work Environ Health 1993;19 suppl 1:59—64. In exposure and risk evaluation, moni-
toring lead biologically has several advantages over technical exposure assessment. Traditionally, the
concentration in blood (B-Pb) has been widely used. However, the erythrocytes tend to become satu-
rated, and this phenomenon causes a nonlinear relationship between B-Pb and uptake and between
metabolic and toxic effects and B-Pb. Recently, several techniques for determining lead in finger bone,
tibia, or calcaneus in vivo by X-ray fluorescence have become available. Bone lead reflects long-term
exposure and should prove valuable in epidemiologic studies. Mobilization tests have been widely
used to monitor lead biologically. They mainly seem to reflect the lead in soft tissues and may not be
an index of total body burden, most of which is in the skeleton. It thus seems that, at least in adults,
mobilization tests do not provide more information than traditional lead determinations in blood and
urine. A metabolic model for lead in humans is presented.
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Occupational exposure to lead is a widespread prob-
lem in industry. In addition, in many countries, there
is considerable exposure of the general population,
mainly from paint, water, gasoline, and industrial
emissions (1—4). After absorption, the metal is
transferred mainly to the skeleton, which accounts
for about 90% of the body burden. Organs often con-
sidered to be critical are the central nervous system
and the kidney. Slight effects occur at the exposures
accepted in most countries. In recent years, much at-
tention has been focused on possible effects on fe-
tuses and infants exposed at the levels present in the
general environment in several areas. The effects of
low-level exposure on the cardiovascular system
have also been considered. There is a need for reli-
able indices of low-level long-term exposure and risk.

Exposure evaluation by means of biological sam-
ples has several advantages; for example, it takes into
account exposures from different sources and through
different routes (5). This diversity is particularly im-
portant in the case of lead, since there may be simul-
taneous exposure to different sources resulting in
both inhalation and ingestion (3, 4, 6).

Moreover, biological monitoring takes into ac-
count interindividual differences in the metabolism
of toxic agents, which may cause differences in risk
at similar exposure intensities (2). Furthermore, toxic
effects may be the consequence of both recent and
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earlier exposure, as the result of accumulation in the
body up to a toxic level or of a chronic toxic effect.
This possibility is taken into account by some of the
methods available for the biological monitoring of
lead, but not or only with difficulty if other meth-
ods of exposure monitoring are used.

However, biological monitoring does have a few
definite drawbacks. Hence, to be able to interpret the
results of biological monitoring, it is necessary, for
example, to understand the metabolism of the agent.

Since comprehensive reviews on the biological
monitoring of lead have recently been published (3,
4, 6), this paper focuses instead on a few specific
areas, namely, limitations in the use of blood lead
levels (B-Pb), in vivo determinations of lead in bone,
and the significance of lead mobilization tests. Fi-
nally, a metabolic model for lead is described.

Blood lead levels

More than 95% of the B-Pb is contained in the eryth-
rocytes (7). Lead in whole blood is currently the most
widely used index of lead exposure and risk (3, 4,
6). It has many advantages. Thus, samples are easy
to obtain and the analysis is straightforward for ex-
perienced laboratories. But there are several limita-
tions, which must be carefully considered when the
results of an analysis for B-Pb are interpreted.

One problem is the nonlinear relationship between
B-Pb and lead exposure and uptake, for both inha-
lation and gastrointestinal exposure (4). Furthermore,
there is also a nonlinear relationship between lead
in media such as serum (7), urine (U-Pb) (figure 1)
(8—10), and milk (11), on one hand, and B-Pb, on
the other. Moreover, there are nonlinear relationships
between different metabolic and toxic effects, such
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as those on the heme (figure 2) (12, 13) and nucle-
otide (3, 4, 6) synthesis, on one hand, and B-Pb, on
the other.

The most probable explanation for the nonlinear
relationship between B-Pb and both metabolic and
toxic effects is a saturation of the erythrocytes. In
light of the wide use of B-Pb, it is surprising that the
binding conditions for lead in blood cells have not
been more thoroughly investigated. However, it is
bound mainly to hemoglobin and also, to an extent
varying from one individual to another, to other pro-
teins (14). There are thus several different binding
sites of varying affinity for lead.

Both U-Pb (figure 1) and the blood concentration
of zinc protoporphyrin (figure 2) vary with B-Pb.
This variation may partly be due to an interindivid-
ual variation in the binding of lead in the erythro-
cytes.

B-Pb is therefore not a very good index of either
exposure or effects, and it is a much more sensitive

U-Pb (umol - mmol creatinine™)

0.16 o
0.12
0.08 o
®0 [_J
0.04 °
W ° ° L4
!&. 'S
ola wof %0 0!
0 1 2 3 4
B-Pb (umol - )

Figure 1. Relationship between the concentration of lead in
urine (U-Pb) and blood (B-Pb). There was a closer correla-
tion between InU-Pb and B-Pb (r = 0.84, P<0.001) than be-
tween U-Pb and B-Pb (r = 0.76, P<0.001). Data taken from
reference 8 (units recalculated, because of a systematic er-
ror of units in the original reference) and reference 10.
(closed symbols = 40 active workers, open circles = 12 re-
tired workers, open triangles = 2 occupationally unexposed
referents)
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Figure 2. Relationship between blood levels of zinc protopor-
phyrin (B-ZPP) and lead (B-Pb), means for samples taken
over a 4-month period, in 23 lead workers. Data taken from
reference 12.
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index of absolute changes in exposure at low expo-
sure intensities (1) than at high ones. Furthermore,
a high value of B-Pb is only a crude indicator of the
risk of effects. Theoretically, other indices, such as
levels in serum or plasma, would be more suitable.
However, the levels are so low that problems with
contamination and analysis would be unsurmount-
able.

Another option is the U-Pb level. However, its
determination would also cause problems, as the risk
of contamination during sampling is higher than for
B-Pb and the available information on the relation-
ship between the U-Pb concentration and exposure
or effects is much more limited. In addition, in low
or moderate exposure, the lead concentrations are
considerably lower in urine than in blood, and the
low levels, together with the considerable variation
in the urine sample matrix, complicate the lead de-
termination. If it is used, the U-Pb level should be
adjusted for dilution (by the use of density or the
creatinine level).

Indices of disturbances of the heme metabolism
have often been used for purposes of biological mon-
itoring (3, 4, 6). However, neither are they fully sat-
isfactory, since most of them display effects only at
fairly high exposures, as compared with the expo-
sure levels of greatest interest in the evaluation of
the critical effects most relevant currently. An ex-
ception is the enzyme activity of delta-aminolevulinic
acid dehydratase in blood, which begins to decline
at very low B-Pb concentrations (13) and is totally
inhibited at moderate levels; however, mainly due the
decay in activity with storage time, it is difficult to
use for practical reasons. The heme parameters also
show considerable interindividual variation, and few
exposure-response data are available.

It is therefore necessary, at least for the time being,
to continue to use B-Pb, but careful account must be
taken of its limitations.

B-Pb decreases after occupational lead exposure
has ceased (2, 15). In a long-term (up to 18 years)
follow-up of retired lead workers (16), there were
indications of pronounced interindividual variation
in kinetics so that the B-Pb can differ at the same
exposure. This variation may — at least partly — be
due to differences in the ratio between lead concen-
trations in erythrocytes and plasma.

The decay pattern can be fit to a three-compart-
ment exponential model containing a fast phase with
a half-time of one month, an intermediate phase with
a half-time of about a year [which probably reflects
trabecular bone (17)], and a slow pool with a half-
time of 13 years (which reflects cortical bone) (16).

Bone lead levels

As already mentioned, lead accumulates in calcified
tissues. Levels in shed deciduous teeth have been
fairly widely used to assess lead exposure during the
fetal period and infancy, especially in studies of cen-



tral nervous system effects (3, 4, 6). However, the
method is not uncontroversial. Over the last 20 years,
other methods of monitoring lead in calcified tissues
have been developed, for example, the in vivo de-
termination of lead in bone by X-ray fluorescence
techniques (18, 19).

The results of the first method used to determine
the lead content of skeleton in vivo were published
by Ahlgren et al in 1976 (20). Since then, other X-
ray fluorescence techniques and several applications
have been reported (18, 19, 21—28). In principle,
either a ¥cobalt (*’Co) or '“cadmium ('®Cd) source
is used to excite the lead, and the characteristic K
X-rays of lead are measured. L X-rays can also be
measured (eg, after excitation by '®Cd of lead in the
tibia). While the K techniques measure lead to a con-
siderable depth in the bone, the L techniques main-
ly assess superficially located lead. Thus the results
obtained by the two techniques may not be directly
comparable.

We have used the *’Co K technique for determin-
ing lead in finger phalanx (2, 8—10, 15—20, 29—
31) and the 'Cd K technique for measuring lead in
tibia and calcaneus (10, 31—33).

In studies of smelter workers, the lead content of
bone increased with increasing duration of employ-
ment (figure 3) (29, 31, 33) and time-integrated ex-
posure, as estimated from measurements of B-Pb
over time (19, 29, 31, 33). This finding shows that
the lead content of bone is a valuable index of inte-
grated exposure. The levels found in smelter work-
ers were much higher than those in Swedish men
without occupational exposure (1—3 pg-g™) (16,
17). In smelter workers, there were significant asso-
ciations between the levels at the different bone sites
(18, 31, 33).

In active smelter workers, there was no associa-
tion between blood and the lead concentrations of
finger bone (29, 30). However, in retired workers,
who had a much lower ongoing exposure, there was
a significant correlation, a finding which shows that
skeletal lead is an important source of “endogenous”
exposure (29). In fact, in active workers with an av-
erage exposure time of 10 years, about half of the
blood lead has been found to be associated with the
skeletal pool. This occurrence has recently been con-
firmed (23).

After employment has ended, the lead concentra-
tion in bone decreases, as shown by repeated meas-
urements of lead in finger bone (15). The phalanx
contains mainly cortical (compact) bone, and to a less
extent trabecular (spongy) bone. We have now fol-
lowed retired workers for up to 18 years (16). They
displayed an average biological half-time of 16 years,
which shows the slow turnover of lead in bone. The
decay pattern fit the previously mentioned slow com-
ponent in the decrease of B-Pb after the end of ex-
posure.

Skeletal lead should be a useful index of risk, es-
pecially for chronic effects of lead exposure. Little
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Figure 3. Relationship between lead (Pb) levels in finger
bone and the duration of employment among 74 smelter
workers (rg = 0.68, P<0.001). Data from references 19 and
31.

Table 1. Kidney function (median values) in two populations
of lead (Pb) smelter workers and their respective reference
groups [U=urinary, pB,-MG =beta,-microglobulin, NAG=
N-acetylglucosaminidase, B-Pb=blood lead concentration
(1 pmol - 1=1=207 ug - 1-1)

Smelter 12 Smeiter 2¢

Paameter Workers Referents Workers Referents

(N=80) (N=20) (N=70) (N=30)
U-albumin (mg - mmoi
creatining—1) 1.3** 1.0 0.7 1.1
U-B,-MG {(ug - mmol
creatinine-1) 8.6 8.1 10 10
U-NAG (U - mmol
creatinine—1) 0.20** 0.10 0.13 0.22
B-Pb (umot! - 1I-1) 1.60*** 0.31 154*** 0.20
Tibia Pb (ug - g bone
mineral—7) a5 9 13+ 3

** P<0.01, *** P<0.001.
2 Data from reference 34.
b Data from reference 32.

work has yet been done in this promising field. In a
recent study of smelter workers, no association was
found between tibia or calcaneus lead concentrations,
on one hand, and renal function, on the other (table
1) (32). However, in a study of smelter workers with
a higher lead exposure, there were indications of
slight effects on the renal tubuli (34 and Tell et al,
unpublished manuscript).

Mobilization tests

As an alternative to the measurement of lead in bone,
mobilization tests have been used to estimate body
burden. The tests involve administering a chelating
agent and then determining the lead excreted in the
urine (chelated lead) (3, 6, 8, 10).

Smelter workers were given penicillamine orally
(8) or calcium disodium edetate intravenously (10),
followed by quantitative urine collection for up to
24 h. There were close associations between chelated
lead, on one hand, and both B-Pb and U-Pb before
chelation, on the other (8, 10). However, while the
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relationship with B-Pb was nonlinear, with a relative-
ly larger increase in the U-Pb concentration with in-
creasing B-Pb (probably explained by the aforemen-
tioned nonlinearity), that with U-Pb seemed to be lin-
ear (figure 4).

There was also an association, though less close,
between chelated lead and the lead level in trabecu-
lar bone in the vertebrae (8), as measured in bone
biopsies (17). A far less close association was seen
between chelated lead and the levels in finger, tib-
ia, or calcaneus (10). Thus the size of the cortical
bone lead pool, which makes up most of the body
burden, was only vaguely reflected by chelated lead.
This conclusion is different from that arrived at by
other authors, who used either L X-ray fluorescence
techniques, and thus mainly determined the small
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Figure 4. Relationship between lead excretion in urine 24 h
after the infusion of 1 g of calcium disodium edetate (Che-
lated Pb) and urinary lead levels before chelation (U-Pb) in
20 lead smelter workers (r = 0.75, P<0.001). Data from ref-
erence 10.
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Figure 5. Metabolic model for inorganic lead in an adult man.
The figures shown for the percentage of body burden in the
different compartments are those corresponding to approxi-
mately steady state conditions (ie, the situation after regu-
lar exposure over long periods of time). The areas of the
boxes are not proportional to the sizes of the compartments.
“Chelatable lead” denotes the amount available for binding
to a chelating agent in a mobilization test. Model based on
data taken from references 7, 10, 16, 17, 34, 35, 37 and 40.
(BB = total body burden, t = biological half-time, y = year,
mo = month)
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pool of superficial subendosteal lead (27) (which is
probably much more metabolically active) or K
X-ray fluorescence techniques, which also assess
more deeply situated lead (21, 28). However, they
do not seem to have considered the relationship be-
tween the soft-tissue and bone pools, which depend
on the relationship between recent and earlier expo-
sures.

Mobilization tests thus probably mainly reflect the
soft-tissue pool, but do not indicate the size of the
compact-bone lead pool, which constitutes most of
the body burden, while determinations of skeletal
lead provide an index of long-term time-integrated
exposure. Furthermore, as an index of the soft-tissue
pool, which probably reflects the metabolically ac-
tive and thus toxicologically interesting pool, che-
lated lead does not, at least for adults, offer a clear-
cut advantage over B-Pb or U-Pb before chelation.

Metabolic model

On the basis of the results of the aforementioned
studies of lead in blood and different bone sites, it
has been possible to establish a metabolic model for
lead (figure 5) (19, 34, 35). The model contains a
central, tiny plasma pool, with rapid turnover; some
data indicate that it has a half-time of only a few min-
utes (36). As has already been stated, the erythro-
cyte pool has a half-time of about one month (16).
The other soft tissues probably have a similar turn-
over rate.

The skeleton accounts for the major part of the
body burden (37) and contains two different compart-
ments. Cortical bone constitutes most of the total
marrow-free bone mass, the remainder being trabec-
ular bone (38). Lead in trabecular bone has a faster
turnover than that in cortical bone (17, 23, 31), the
half-times being about a year and decades, respec-
tively (16, 23).

The way that the body burden is distributed be-
tween the compartments varies between subjects with
different exposure durations. For example, in recently
employed lead workers, large amounts are present in
blood and soft tissues, and eventually in trabecular
bone. In contrast, in retired lead workers, the pro-
portion present in cortical bone is higher.

The model refers to subjects in steady state. The
distribution between the compartments is based on
studies involving lead workers. Retired workers (ex-
posed for an average of 29 years, ie, probably close
to steady state when exposure ceased) had an aver-
age level in finger bone (cortical) of 83 ug- g wet
weight™! (17). Since the turnover of lead in trabecu-
lar bone is much faster than in cortical bone, their
measured level in trabecular bone (19 pg-g wet
weight™) cannot be used directly. The bone-mineral
content is 58% in cortical bone and 19% in trabecu-
lar bone (39). If the lead level, at steady state, is pro-
portional to the lead in cortical bone mineral, the



concentration in trabecular bone would be about
27 ug - g wet weight''. Therefore 4 kg of cortical
bone would then contain 330 mg of lead, and 4 kg
of trabecular bone would contain 110 mg of lead, for
a total skeletal lead burden of about 440 mg. This
value is similar to the 550 mg determined in autop-
sies of lead workers (many probably retired), who
had a B-Pb of 0.77 umol - I' (1 pmol - I =207 mg -
I"") and a soft-tissue lead content of 16 mg (37). The
B-Pb in active lead workers (exposure time 11 years,
ie, not yet in steady state) was 2.22 umol - I (17),
corresponding to a total amount in blood (cells) of
about 2 mg. By analogy with the dead workers, their
other soft tissues should contain about 40 mg. At
steady state, the total body burden should be about
480 mg. Plasma contains only a minor fraction of the
whole amount of blood lead (7).

Lead available for chelation (chelatable lead) is
probably present mainly in the soft tissues, but pos-
sibly also, to some extent, in a rapid bone pool. In
active lead workers (employment time 13 years) with
an average B-Pb of 2.37 umol - I"!, the chelatable
lead was about 5.5 mg (40). According to the previ-
ous discussion (17, 37), this value should correspond
to a body burden of about 320 mg. Chelated lead (10)
accounts for about 16% of the chelatable lead and
about 0.3% of the body burden.

Similar models have recently been published by
other authors (41, 42, 43).

Acknowledgments

Many co-workers, including Dr L. Ahlgren, Ms RG
Attewell, Dr DR Chettle, Dr J-O Christoffersson, Dr
V Englyst, Mr N-G Lundstrém, Dr S Mattsson, Dr
G Nordberg, Dr H Nyhlin, Dr MC Scott, Dr L]
Somervaille, Dr I Tell, Dr AC Todd, and Dr O
Vesterberg, have contributed to the work reported in
this communication.

This work has been supported by grants from the
Swedish Work Environment Fund, the National
Swedish Environment Protection Agency, and the
Medical Faculty, Lund University.

References

1. Schiitz A, Attewell R, Skerfving S. Decreasing blood
lead levels in Swedish children, 1978—88. Arch En-
viron Health 1989;44:391—4.

2. Schiitz A, Skerfving S, Ranstam J, Christoffersson
J-0. Kinetics of lead in blood after the end of occu-
pational exposure. Scand J Work Environ Health 1987;
13:221—31.

3. Skerfving S. Inorganic lead. Nordic expert group for
criteria documents. Stockholm: Arbetarskyddsverket,
1993:125—238. (Arbete & hilsa 1993:1.)

4. US Environmental Protection Agency (EPA). Air qual-
ity criteria for lead; vol I—IV. Research Triangle Park,
NC: Environmental Criteria and Assessment Office,
EPA, 1986. (EPA—600/8—83/028aF)

5. Elinder CG, Gerhardsson L, Oberdoerster G. Biolog-
ical monitoring of toxic metals — overview. In: Clark-
son TW, Friberg L , Nordberg GF, Sager PR, ed. Bi-

10.

11.

12.

13.

15.

18.

19.

20.

21.

22.

23.

24.

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

ological monitoring of toxic metals. New York, NY:
Plenum Press, 1988:1—72.

. Skerfving S. Biological monitoring of exposure to in-

organic lead. In: Clarkson TW, Friberg L, Nordberg
GF, Sager PR, ed. Biological monitoring of toxic met-
als. New York, NY: Plenum Press, 1988:169—98.

. Desilva PE. Determination of lead in plasma and stud-

ies on its relationship to lead in erythrocytes. Br J Ind
Med 1981;38:209—17.

. Schiitz A, Skerfving S, Christoffersson JO, Tell I. Che-

latable lead vs lead in human trabecular and compact
bone. Sci Total Environ 1987;61:201—9.

. Skerfving S, Ahlgren L, Christoffersson JO, Haeger-

Aronsen B, Mattson S, Schiitz A, et al. Metabolism of
inorganic lead in man. Nutr Res 1985;suppl 1:601—7.
Tell I, Somervaille LJ, Nilsson U, Bensryd I, Schiitz
A, Chettle DR, et al. Chelated lead and bone lead.
Scand J Work Environ Health 1992;18:113—9.
Oskarsson A, Jorhem L, Sundberg J, Nilsson NG, Al-
banus L. Lead poisoning in cattle — transfer of lead
to milk. Sci Total Environ 1992;111:83—94.

Schiitz A, Haeger-Aronsen B. Zincprotoporfyrin i blod
— en ny metod for bedomning av blypéverkan. Likar-
tidningen 1978;75:3427—30. (English summary.)
Schiitz A, Skerfving S. Effect of a short, heavy expo-
sure to lead dust upon blood lead level, erythrocyte
od-aminolevulinic acid dehydratase activity and urinary
excretion of lead, d-aminolevulinic acid, and copro-
porphyrin: results ov a 6-month follow-up of two male
subjects. Scand J Work Environ Health 1976;2:176—
84.

. Lolin Y, O’Gorman P. An intra-erythrocytic low mo-

lecular weight lead-binding protein in acute and chron-
ic lead exposure and its possible protective role in lead
toxicity. Ann Clin Biochem 1988;25:688—97.
Christoffersson JO, Schiitz A, Skerfving S, Ahlgren
L, Mattson S. Decrease of skeletal lead levels in man
after end of occupational exposure. Arch Environ
Health 1986;41:312—38.

. Nilsson U, Attewell RG, Christoffersson JO, Schiitz

A, Ahlgren L, Skerfving S, Mattsson S. Kinetics of
lead in bone and blood after end of occupational ex-
posure. Pharmacol Toxicol 1991;68:477—84.

. Schiitz A, Skerfving S, Christoffersson JO, Ahlgren

L, Mattson S. Lead in vertebral bone biopsies from
active and retired lead workers. Arch Environ Health
1987,42:340—6.

Nilsson U, Skerfving S. In vivo X-ray fluorescence
measurements of cadmium and lead. Scand J Work
Environ Health 1993;19 suppl 1:54—38.

Skerfving S, Nilsson U. Assessment of accumulated
body burden of metals. Toxicol Lett 1992;64/65:17—
24

Abhlgren L, Lidén K, Mattsson S, Tejning S. X-ray flu-
orescence analysis of lead in human skeleton in vivo.
Scand J Work Environ Health 1976;2:82—6.
Batuman V, Wedeen R, Bogden JD, Balestra DJ, Jones
K, Schidlovski G. Reducing bone lead content by che-
lation treatment in chronic lead poisoning: an in vivo
X-ray fluorescence and bone biopsy study. Environ
Res 1989;48:70—S5.

Craswell PW, Price J, Boyle PD, Heazlewood VJ, Bad-
deley H, Lloyd HM, et al. Chronic renal failure with
gout: a marker of chronic lead poisoning. Kidney Int
1984;26:319—23.

Erkkild J, Armstrong R, Riihiméki V, Chettle DR,
Paakari A, Scott M, et al. In vivo measurements of lead
in bone at four anatomical sites: long term occupation-
al and consequent endogenous exposure. Br J Ind Med
1992:49:631—44.

Hu H, Milder FL, Burger DE. X-ray fluorescence: is-
sues surrounding the application of a new tool for
measuring burden of lead. Environ Res 1989;49:295—
317.

63



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

25.

26.

27.

28.

29.

30.

31.

32.

64

Price J, Baddeley H, Kenardy JA, Thomas BJ, Tho-
mas BW. In vivo X-ray fluorescence estimation of
bone lead concentrations in Queensland aduits. Br J
Radiol 1984;57:29--33.

Price J, Greudzinski AW, Craswell PW, Thomas BJ.
Repeated bone lead levels in Queensland, Australia —
previously a high lead environment. Arch Environ
Health 1992; 47:256—62.

Rosen JF, Markowitz ME, Bijur PE, Jenks ST, Wielo-
polski L, Kalef-Ezra JA, et al. Sequential measure-
ments of bone lead content by L X-ray fluorescence
in CaNa EDTA-treated lead toxic children. Environ
Health Perspect 1991;91:57—62.

Sokas RK, Besarab A, McDiarmid MA, Shapiro IM,
Bloch P. Sensitivity of in vivo X-ray fluorescence de-
termination of skeletal lead stores. Arch Environ
Health 1990;45:268-—72.

Christoffersson JO, Schiitz A, Ahlgren L, Haeger-Ar-
onsen B, Mattsson S, Skerfving S. Lead in finger-bone
analysed in vivo in active and retired lead workers. Am
J Ind Med 1984:6:447—57.

Skertving S, Christoffersson JO, Schiitz A, Welinder
H, Spang G, Ahlgren, L, Mattsson S. Biological mon-
itoring, by in vivo XRF measurements, of occupational
exposure to lead, cadmium, and mercury. Biol Trace
Elem Res 1987;13:241—51.

Somervaille LJ, Nilsson U, Chettle DR, Tell 1, Scott
MC, Schiitz A, et al. In vivo measurements of bone
lead — a comparison of two X-ray fluorescence tech-
niques used at three different bone sites. Phys Med
Biol 1989;34:1833—45.

Gerhardsson L, Chettle DR, Englyst V, Nordberg GF,
Nyhlin H, Scott MC, et al. Kidney effects in long-term
exposed lead smelter workers. Br J Ind Med 1992;
49:186—92.

33.

34.

35.

36.

37.
38.

39.
40.

41.

42.

43,

Gerhardsson L, Attewell R, Chettle DR, Englyst V,
Lundstrom LG, Nordberg GF, et al. In-vivo measure-
ments of lead in bone in long-term exposed lead smelt-
er workers. Arch Environ Health. In press.

Skerfving S. Current topics in the toxicology of in-
organic lead. In: Tomita H, ed. Trace elements in
clinical medicine. Tokyo: Springer Verlag, 1990:
479—85.

Christoffersson JO, Schiitz A, Skerfving S, Ahlgren
L, Mattsson S. A model describing the kinetics of lead
in occupationally exposed workers. In: Ellis KJ, Yas-
umura S, Morgan WD, ed. In vivo body composition
studies. Oxford: Bocardo Press Ltd, 1987:334—47.
ISBN 0904181 50 2.

Campbell BC, Meredith PA, Moore MR, Watson WS.
Kinetics of lead following intravenous administration.
Toxicol Lett 1984;21:231—S5.

Barry PSI. A comparison of concentrations of lead in
human tissues. Br J Ind Med 1975;32:119—39.
O°Flaherty EJ. Physiologically based models for bone-
seeking elements: III. human skeletal bone growth.
Toxicol Appl Pharmacol 1991;111:332—41.
Woodard HQ, White DR. The composition of body tis-
sues. Br J Radiol 1986;59:1209—18.

Aono H, Araki S. The body burden of chelatable lead,
zinc and copper: a kinetic study in metal workers. Ind
Health 1986;24:129—38.

Bert JL, van Dusen LJ, Grace JR. A generalized model
for the prediction of lead body burdens. Environ Res
1989;48:117—27.

O‘Flaherty EJ. Physiologically based models for bone-
seeking elements: II. human skeletal bone growth.
Toxicol Appl Pharmacol 1991;111:313—31.
Rabinowitz MB. Toxicokinetics of bone lead. Envi-
ron Health Perspect 1991;91:33—7.



