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Objectives This study tested a simple model of the relationship between the lead concentration in bone
(bone-Pb), exposure time, and lead in plasma (P-Pb) and whole blood (B-Pb) to make it possible to use bonePb as a retrospective exposure index.
Methods Seventy-seven active lead workers and 24 referents were studied. The bone-Pb in tibia (T-Pb) and
calcaneus (C-Pb) was measured by in vivo X-ray fluorescence. P-Pb was calculated from B-Pb by use of the
nonlinear relationship between these variables. Cumulative B-Pb (cumB-Pb) and P-Pb (cumP-Pb) were
calculated to the time of the bone-Pb measurements. In addition, cum*-Pb was adjusted by applying varying
rate constants for the transfer of lead from bone to plasma.
Results There were close linear associations between the lead concentrations in tibia (proportion of variance
explained, R2=0.78) and calcaneus (R2= 0.80), on one hand and the cumB-Pb on the other. The best fit of bonePb to the adjusted cumP-Pb (0.79 for T-Pb; 0.82 for C-Pb) was obtained for the terminal phase half-times of
13 and 12 years, respectively.
C O ~ C ~ U S The
~ O ~combined
S
data on bone-Pb and exposure time make it possible to estimate previous mean
P-Pb and B-Pb. Such estimates will be valuable in studies of toxic effects on long-term exposed lead workers
when data on the intensity of previous exposure are lacking. The use of P-Pb in modeling bone-Pb kinetics is
physiologically relevant, but the use of adjusted cumP-Pb, as compared with cumB-Pb, did not significantly
change the variance in the relation to bone-Pb.
Key tf3t'mS blood, calcaneus, tibia, occupational exposure, plasma, plasma lead.

Exposure to inorganic lead is a considerable toxicologic
problem in the work and general environments in many areas
of the world (1). Hence, there is a great need for reliable indicators of exposure and risk. The lead concentration in
whole blood (B-Pb) is currently the most commonly used
index, but, due to its rather fast turnover (2,3), it mainly
indicates recent exposure.
More than 90% of the body burden of lead is in the skeleton, where the turnover is slow. For fingerbone, half-times
of 7-16 years have been found (4,5), and for tibia and calcaneus the corresponding value is 27 and 16 years, respectively (6). The concentration of lead in bone (bone-Pb) thus

1

reflects long-term exposure (7,8). Bone-Pb may be determined in vivo by X-ray fluorescence techniques. Mainly, the
concentrations in fingerbone (4,5,7-lo), tibia (T-Pb), calcaneus (C-Pb), and patella (6, 11-1 8), have been studied.
However, most of the knowledge about lead toxicity is
based on B-Pb. Thus the relationship with other exposure
markers (eg, B-Pb) must be known before bone-Pb data can
be evaluated. Therefore modeling on the basis of data from
lead-exposed humans is required (19).
Bone-Pb has been shown to correlate well with simple,
time-integrated cumulative B-Pb (cumB-Pb) (6-8, 12, 15,
16,20,21). The correlation is somewhat surprising in that it
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would mean that lead is stored in bone, but never released.
Therefore, Borjesson et a1 (8) calculated an adjusted
cumB-Pb with respect to the turnover rate of lead in the skeleton. It gave a somewhat better prediction of bone-Pb than
the unadjusted cumB-Pb.
The assumption of a rectilinear relationship between
bone-Pb and cumB-Pb or adjusted cumB-Pb is, however,
hard to justify, since there is recent, strong evidence of a
markedly nonlinear, close association between B-Pb and the
lead concentration in plasma (P-Pb), the magnitude of which
is only 11100 of B-Pb levels (22,23). The nonlinear relation
between B-Pb and P-Pb is probably an effect of gradual
saturation of the strongest binding sites for lead in the red
cells, localized on the enzyme 6-aminolevulinic acid
dehydratase (24,25). Accordingly, P-Pb is probably better
than B-Pb (mainly reflecting lead in blood cells) as a
predictor of the lead deposition rate into the skeleton.
The use of true P-Pb data in metabolic models has hitherto not been possible due to analytical problems at low lead
levels. This has recently changed in that determinations of
P-Pb by inductively coupled plasma mass spectrometry
(ICP-MS) can be performed precisely and probably also
accurately, and contamination and hemolysis seem to be no
serious obstacles (22). It should also be possible to use PPb values calculated from historical B-Pb values by use of
the close relation between B-Pb and P-Pb establishedrecently
(23).
The aim of the present study was to test a model for the
relationship between lead in tibia and calcaneus and the
historic B-Pb, with focus on P-Pb as the estimate of
exposure. In addition, we present information on the kinetics
of lead in the skeleton.

Study population
The study comprised 77 male workers from a secondary lead
smelter founded in 1942. Scrap lead from telephone cables
and lead storage batteries forms the largest single group of
raw material. In addition, various types of lead-antimony and
lead-tin alloys, as well as unalloyed lead, are handled. The
workers have been followed by regular B-Pb monitoring
since 1968, with up to 6 determinations per year. The B-Pb
levels have gradually decreased through the years. For most
of the follow-up period, the work force comprised 150 to
160 workers. Due to the introduction of new technology, it
has been reduced during the last few years to about 100.
Furthennore, 24 male referents, occupationally unexposed to
lead, were included. The B-Pb values of the referents were
determined once, at the same time as the bone-Pb concentsation was measured. All the bone-Pb measurements were performed in September 1986 (13). Table 1 presents characteristics of the subjects.
All the subjects gave their written consent to participate
in the study, and the project was approved by the Ethical
Committee of the Lund University.

Methods
Bone lead
The bone-Pb concentrations at the midpoint of the left tibia
(T-Pb) and the lower rear portion of the left calcaneus (CPb) were determined simultaneously in vivo by X-ray
fluorescence, using a method described in detail elsewhere
(26). Gamma rays from an annular '09Cdsource were used
to excite lead K X-rays. By normalizing the signal for the
lead X-ray peak to that of the coherent peak, the mass of lead
was related to that of the bone mineral in which it was
incorporated. The measurement time was 30 minutes (live
time) in both cases. The accuracy has been ascertained by
the intercomparison of results obtained by X-ray fluorescence
and atomic absorption spectrometry (AAS) (27). The
precision (expressed as the standard deviation) for tibial and
calcaneal measurements ranged from + 6 to +I1 and from
k 12 to + 30 pglg bone mineral, respectively.
At low levels of bone-Pb, negative estimates of the bonePb can be obtained, due to the nature of the registration
method. We have consistently included values below the
minimum detectable concentration (a bone-Pb with a
magnitude equal to twice its overall uncertainty, allowing for
variance in both peak and background) as well as negative
estimates of bone-Pb levels in the analyses in order to be
able to calculate means without introducing systematic errors
(18).
Table 1. Characteristics of the 77 workers from a secondary lead

smelter and 24 referents. The determinations of bone lead (bonePb) were made in 1986.
Variable

Median

Range

Lower Upper
quartile quart~le

First year of employment
Exposed workers
Age (years) at start
of employment
Exposed workers
Year of first blood lead
measurement
Exposed workers
Referents
Age (years) at bone-Pb
measurement
Exposed workers
Referents
Observed blood lead (pgll)
at bone-Pb measurement
Exposed workers
Referents
Estimated plasma lead (pgll)
at bone-Pb measurement
Exposed workers
Referents
Lead in tibial bone (pglg)
Exposed workers
Referents
Lead in calcaneal bone (pglg)
Exposed workers
Referents
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Whole blood lead
For the determination of B-Pb, different methods have been
used throughout the years. The details have been reported
elsewhere (8). The laboratories involved participated regularly in a governmental quality control program.

Plasma lead
For each B-Pb result (expressed in ygll), a corresponding
P-Pb (in ygll) was calculated from the function: ln(P-Pb) =
0.0052 . B-Pb - 1.33 (1 pmolll = 207 pgll). This function
was derived from the relationship observed in another study,
comprising 110 male lead smelter workers and 35 referents
(23). The B-Pb levels in that study ranged from 9 to
930 pgll, and the P-Pb concentrations from 0.20 to
37 ygll. Most of the workers (N = 90) were from the present
smelter; 36 of these had participated in the present study a
few years earlier. To obtain a better estimate of the function,
20 workers at another secondary lead smelter, with higher
exposure, were included in that study (crucial, because of the
higher exposure earlier in the present smelter). The function
above was derived as the linear regression line after
logarithmic transformation of P-Pb (R2= 0.94) (23). The
P-Pb determinations had been made by ICP-MS after
dilution (22), B-Pb by electrothermal atomization AAS.

Annual whole blood and plasma lead
For each person, the annual mean P-Pb and B-Pb levels
were estimated from 17 years of age until the date of the
bone-Pb measurement. These P-Pb and B-Pb values were
time-integrated, forming cumP-Pb and cumB-Pb. If B-Pb
observations were missing for a calendar year after the
commencement of employment, the annual mean P-Pb and
B-Pb were set equal to that of the next year for which B-Pb
observations were available. In particular, this procedure
implies that the P-Pb and B-Pb of the workers employed
before 1968 were extrapolated as constant levels back to the
beginning of their employment.

( 1. soft tissues 1

+

1

2. Skeleton

1

Figure 1. A 2-compartment model with the skeleton, represented
by tibia (T-Pb) and calcaneus (C-Pb), as 1 pool, and all other tissues
represented by plasma lead (P-Pb) as the central pool. The arrows
represent flows which, with the exception of "IN", can be modeled
as a rate constant (k) and the lead content in the pool (m).
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The 77 active workers generated 786 person-years from
the start of employment until the bone-Pb measurement in
1986; information on B-Pb was available from 724 personyears. A dominating fraction of the 62 person-years with no
information on B-Pb were from before 1968.
So that the B-Pb and P-Pb concentrations of the workers
from 17 years of age to the start of employment, or to the
time of bone-Pb measurement for the referents, could be taken into account, annual "background" B-Pb values were estimated (8) on the basis of data from studies of B-Pb in 2441
children during 1978-1 994 (28) and 166 occupationally unexposed Swedish adult men in 1984 (29).

Model
A linear Zcompatment model was adopted with the skeleton
as 1 pool and plasma and all other tissues as the central pool
(figure 1). The lead content in the skeletal pool was assumed
to be proportional to either T-Pb or C-Pb; in the other tissues to P-Pb as calculated from B-Pb.
In the model, we have assumed that (i) the amount of
lead deposited in the bone during a year is proportional to
the mean P-Pb for the same year and (ii) at the time of the
bone-Pb measurement this amount had decreased according
to the rate constant k2,,which is related to a "bone-to-plasma
half-time". (See the appendix.) Consequently, at the time of
the bone-Pb measurement, the amount of lead remaining
from a particular year should be proportional to the mean PPb for the same year after adjustment according to the boneto-plasma half-time. Moreover, the total amount of lead
remaining in the bone should be proportional to the sum of
these adjusted annual mean P-Pb values.
To determine which bone-to-plasma half-time was most
consistent with our data, we calculated several adjusted
cumP-Pb values for each person with various such half-times
being applied. For each half-time, a linear regression analysis
of measured bone-Pb versus adjusted cumP-Pb was
performed. The value which gave the best fit was selected;
the fraction of explained variance (R2)was used as the goodness-of-fit statistic. The same procedure was used for the adjusted cumB-Pb value.
The use of R2for evaluating goodness-of-fit may raise
concern due to the scewed distribution of the variables. It
would be impossible to adjust for the scewed distribution by
a logarithmic conversion of any of the variables since this
procedure would violate the model (figure 1). However, the
crucial assumptions are that there is a linear relation between
the response and predictor variables, and, for each value of
the predictor (eg, adjusted cumP-Pb), the values of the response variable (bone-Pb) should have a normal distribution
(30). Therefore, the choice of R2is justified.
Note that the bone-to-plasma half-time represents the halftime for bone-Pb if P-Pb were suddenly to drop to 0. However, in reality, P-Pb decreases gradually after lead exposure
ceases, and thus a fraction of lead released from the skeleton
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is redeposited into the skeleton (as a part of the flow represented by k,,*m,) (figure 1).
It has been proposed, that the impact of a certain amount
of lead on the serum-lead level (and consequently on P-Pb)
is larger when it is released from bone, as compared with
when the same amount of lead is newly absorbed from
external sources (3 1). However, other data contradict this
proposal (32), and therefore no correction for such a
difference has been included in the model.

Results
The median T-Pb and C-Pb levels were 25 and 52 pglg,
respectively, for the lead workers, and 10 and 11 pglg for
the referents (table 1). There was a strong association
between T-Pb and C-Pb levels (R2= 0.79) (figure 2).
Both the T-Pb (figure 3) and C-Pb levels increased with
exposure time (data not shown). Moreover, for a given
exposure time, the bone-Pb concentration tended to rise with
the increasing current B-Pb level.
There were close linear associations between both T-Pb
[R2= 0.78 (figure 4)] and C-Pb [R2= 0.80 (data not shown)]
on one hand, and cumB-Pb on the other. The strength of the
associations decreased when cumB-Pb was exchanged for
cumP-Pb [R2= 0.66 (figure 5 ) and R2=0.63 (data not
shown), respectively].
In the linear regression analyses of T-Pb (figure 6) and
C-Pb (data not shown) versus adjusted cumP-Pb, the best
fits (R2= 0.79 and 0.82, respectively) were obtained for
bone-to-plasma half-times of 9 and 8 years, respectively
(table 2). When the subject with the highest exposure was
excluded, the half-times giving the best fits increased to 16
and 13 years, respectively.

Figure 2. Lead concentrations in tibial (T-Pb)and calcaneal (C-Pb)

bone.

We also considered T-Pb and C-Pb in relation to the adjusted c u d - P b . However, the cossesponding linear associations were not noticeably improved by the application of
varying bone-to-blood half-times (R2became 0.79 for T-Pb
and 0.82 for C-Pb; the best fits were obtained for half-times
of about 30 years).

Discussion
This study shows close associations between bone-Pb and
c u d - P b , in accordance with earlier obse~vations(6--8,12,
15, 16,20).However, the correlation,between bone-Pb and
c u d - P b , did not improve significantly when the latter was
exchanged for adjusted cumP-Pb.

-.

Exposure time (years)

Figure 3. Lead concentrations in blood (B-Pb) and tibial bone (TPb) versus exposure time. The plotted B-Pb value were measured

on the same occasion as the bone-lead measurement. (circles =
workers, squares = referents)

Figure 4. Lead concentrations in tibial bone (T-Pb) versus
accumulated blood lead (curnB-Pb),the latter based on the annual
mean blood-lead concentration. (open circles = workers, closed
squares = referents)
Scand J Work Environ Health 1998, "0124, no 1
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Table 2. Variance explained (R2) by the linear regression of bonePb (pglg) on an exposure index (adjusted CumP-Pb), calculated
under different assumptions of the half-time of the annual
amount of lead incorporated into bone (transfer from bone t o
plasma, see figure 1).
--

Bone-to-plasma
half-time (years)

Figure 5. Lead concentrations in tibial bone (T-Pb) versus accumulated plasma lead (cumP-Pb), the latter based on the annual mean
calculated plasma-lead concentration. (open circles = workers,
closed squares = referents)

Adjusted cumP-Pb (pg/l.years)
Figure 6. Lead concentrations in tibial bone (T-Pb) versus
accumulated lead exposure based on adjusted annual plasma lead
concentrations (cumP-Pb), calculated under the assumption of a
9-year bone-to-plasma half-time (open circles = workers, closed
squares = referents).

The use of plasma lead
The use of P-Pb instead of B-Pb for the calculation of cumulative exposure increases the impact of high exposure,
while the adjustment for a half-time decreases the impact of
exposure long ago (which was generally higher than the
more recent one). The adjustment for half-time (for which
explained variance, R2,was employed as the goodness-of-fit
statistics) results in an approximately rectilinear association
between bone-Pb and adjusted cumP-Pb (figure 6).
Surprisingly enough, the exchange of cumB-Pb for adjusted
cumP-Pb did not enhance the correlation to bone-Pb
noticeably. Moreover, the relation between bone-Pb and
cumB-Pb was rectilinear, although it is reasonable to assume
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that neither does B-Pb (of which about 99% is in blood cells)
predict the amount of lead incorporated into the skeleton, nor
does the lead, once deposited, stay there forever. The latter
rectilinear relation is probably explained by the fact that the
amount of lead incorporated into the skeleton is underestimated at high B-Pb values when cumB-Pb is used; this underestimate is counteracted by not taking into account the
half-time of the lead in the skeleton.
We did not determine P-Pb among the workers. In fact, a
precise determination of the low concentrations in plasma has
only recently become possible (22). Instead, we calculated
the P-Pb levels from the B-Pb concentrations by use of the
relationship between B-Pb and P-Pb derived from another
study of lead workers, most of whom were from the same
smelter as those in the present study. We believe this is a
good way to generate information on P-Pb in studies where
it cannot actually be measured. There is no reason to believe
that this relationship is not valid for recalculation of "historic"
B-Pb into P-Pb. It must, however, be stressed that the
recalculations did not take into account any interindividual
variation in the relation between B-Pb and P-Pb. Therefore,
the P-Pb concentrations used are only substitutes for the tme
P-Pb values. An interindividual variation by a factor of up to
2 may well be compatible with the variance in the relation
between B-Pb and P-Pb. We made an attempt to adjust for
that difference among the 36 workers who participated both
in this study and in the study of the relation between B-Pb
and P-Pb (23). The variance in the relation between bone-Pb
and adjusted cumP-Pb did, however, not decrease when their
cumP-Pb values were adjusted for the ratio between the individuals' determined P-Pb and the P-Pb that could be calculated from the B-Pb.

Skeletal half-time
In the calculations of the cumulative exposure indices, we
made assumptions regarding the B-Pb levels during employment periods before 1968, as well as background B-Pb level
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before the start of employment. This assumption may not be
correct; for example, it is probable that the B-Pb levels before 1968 were higher than we assumed. However, this difference would affect the half-times only slightly (8).
The half-times obtained in the present study were point
estimates,based on the best fit to a linear correlation. The R2
value changed only marginally when different half-times
were applied. Furthermore, the best fit is largely influenced
by one single subject having higher lead levels than the other
ones (figures 3-6). When this subject was excluded, the
bone-to-plasma half-times increased considerably. Taken
together with the marginal difference in R2between different
half-times, this finding illustrates the uncertainty in the
estimate of the bone-to-plasma half-times.
To describe the relation between bone-Pb, on the one
hand and exposure time and P-Pb on the other, a 3dimensional approach can be used under certain assumptions. Figure 7 illustrates the relation to T-Pb, obtained under
the assumptions of a constant P-Pb during the occupational
exposure time (assumed to start at 18 years of age), and a
tibia-to-plasma half-time of 9 yeass. The worker will always
start at time = 0 and P-Pb = 0.3 kg11 (assumed value; see
reference 29 and figure I); he will then have a T-Pb of
6 pglg. (See the intercept in figure 6). Initially, the P-Pb
concentration can rise very rapidly, while bone-Pb increases
only slowly. Depending on the P-Pb, different workers will
move along varying paths on the plane. The assumption of a
constant P-Pb level makes it possible to use the present model without further assumptions regarding, for example, the
size of the pools. (See the following discussion.)
We estimated the distribution rate constant for lead from
bone to plasma. There is an impostant difference between the
bone-to-plasma half-time and the terminal phase half-time
estimated by repeated measurements in lead workers after
exposure ceases. As there is a reincorporation of lead into
the skeleton, the terminal phase half-time is longer than the
bone-to-plasma one. However, an estimation of the impact of
the reincorporation can be made by applying several
assumptions to the model.
Under steady-state conditions (ie, after many years of
lead exposure) the fractions of lead contained in the bone on
the one hand and the blood and soft tissue on the other have
been estimated to be about 92% and 8%, respectively (3).
Furthermore, in experiments with radiolabeled isotopes, 912% of a single dose of lead was incorporated into bone
between day 2 and day 20, while excretion was assessed to
be 14--15% through urine, and another 7-8% was excreted
through feces (33). From this information, the reincorporation of lead into bone can be estimated to be 32 (range 2836)% of the lead leaving the nonskeletal pool. To calculate
the terminal phase half-time, these 2 assumptions were used.
(See the appendix.)
Given the rapid excretion of lead from the blood [halftime 1 month (3)] and soft tissues (half-time 3 months, which
is a reasonable value, resulting from the present model with

-Exposure tlme (years)

35

40

Figure 7. Theoretical relation between lead concentrations in tibia1

bone (T-Pb) and plasma (P-Pb) with respect to exposure time,
under the assumptions that each worker's P-Pb is constant during
exposure and the tibia-to-plasmahalf-time equals 9 years. It is further
assumed that the exposure time starts at the age of 18 years and
that the P-Pb of an occupationally unexposed person is 0.3 ~gll.

the aforegiven assumptions, the model predicts that 97% of
the body burden of lead would be in the skeleton and 3% in
other tissues about 1 year after end of exposure (ie, during
the te~minalphase), which is also reasonable (34). Under the
assumptions in the appendix, the terminal half-times ase 13
years for tibia and 12 years for calcaneus (24 and 19 years)
when the extreme values of one subject is disregarded).
The half-times of 13-24 years for tibia and 12-19
years for calcaneus are in reasonably good agreement with
earlier estimates of 27 and 16, respectively, on the basis of
the accumulation in bone with time (6). In addition, they fit
the 16 years observed for fingerbone of retired lead workers
(5). Furthermore, they are in accordance with the 19 years
for fingerbone estimated by an identical B-Pb model (8).
That figure would, however, be expected to be lower if P-Pb
had been used. In view of the several assumptions and
simplificationsmade in the model, and the fact that the study
was made with subjects with some "background" lead exposure, this agreement is satisfactory.
It is, however, surprising that the estimated half-times do
not differ more. The skeleton contains 2 types of bone tissue, trabecular and cortical bone, which represent 2 kinetically different metabolic compastments. The tibia shaft contains almost entirely costical bone, while the calcaneus is almost entirely trabecular. Studies of lead in vertebra (20),
which is one of the most typical trabecular bones, indicate a
very rapid turnover (on the order of 1 year). In the present
model, the sum of the flows of lead from both trabecular and
cortical bone to plasma should determine the half-time resulting in an estimate between that for the 2 types of bone
tissue. Perhaps the present model for calculating half-times
is too dependent on a few heavily exposed subjects to give
Scand J Work Environ Health 1998, "0124, no 1
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exact figures for the half-times. Another possible explanation for the similarity of the half-times in the present study is
that the calcaneus, due to its carrying of the body weight,
has a metabolism that differs from that of other trabecular
bones.

Extension of the model
Considering the imprecision of bone-Pb measurements and
the extremely simplified model (figure 2), it may not be very
fruitful to extend the modeling to include more complicated
exposure histories than a histo~yof constant P-Pb (figure 7).
However, from the two-compartment model (figure 2) and
the assumptions given in the appendix, it is possible to
establish the relation between P-Pb, bone-Pb, and exposure
time with a certain exposure history. At the start of exposure,
one has to assume a P-Pb level (eg, 0.3 pgll) and bone-Pb
level (eg, T-Pb = 6 pglg). By considering sufficiently fine
subintervals of the total exposure time, then at each interval
the lead incorporated into the central pool (due to external
exposure), the transfer between the pools, and the excretion
of lead can be assessed. Consequently, the P-Pblbone-Pb
time course follows from stepwise numerical calculations.
Thus, in practice, when a worker's bone-Pb and corresponding exposure time are known, his or her likely P-Pb
can be assessed retrospectively if the exposure history is
relatively plausible (eg, 10% decrease during a particular
calender year).
In conclusion, information on bone-Pb and exposure
time can be used to assess past mean levels of P-Pb and
B-Pb. Such assessments may be of particular value in
retrospective epidemiologic studies of long-term toxic effects. The present study gives information on how bone-Pb
is related to B-Pb, P-Pb, and exposure time.
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