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The aim of the study was to compare bone lead concentrations in cortical and trabecular 

bones in long-term exposed primary copper and lead smelter workers, and to relate the 

measured concentrations to the previous lead exposure of the workers. 

 

Lead concentrations in seven bones (trabecular: sternum, vertebrae, iliac crest, rib; 

cortical: femur, left forefinger, and temporal bone) were determined by electrothermal 

atomic absorption spectrometry in 32 male, long-term exposed copper and lead smelter 

workers, and compared with levels in ten male occupationally unexposed referents. A 

time-integrated blood lead index (CBLI) was calculated for each worker.  

 

The lead levels in the seven studied bones were all significantly higher in active and 

retired lead workers as compared with the reference group (p≤0.003). The highest lead 

concentrations among the workers were observed in finger bone (median 106 ppm), 

followed in order by vertebrae, iliac crest and sternum. The highest quotients between 

median bone lead concentrations of workers vs referents were observed for trabecular 

bones (sternum 12.3, iliac crest 11.8, rib 8.8 and vertebrae 8.5). In retired workers, 

strong positive correlations were noted between lead levels in sternum and iliac crest 

(rs=0.91; p<0.001) and femur and temporal bone (rs=0.88, p<0.001). Neither CBLI nor 

exposure-time was related to the bone lead concentrations in any of the studied groups. 

 

The findings indicate similarities in the metabolism for bones with the same basic 

structure. The highest lead concentrations were found in finger bone, which can be used 

for retrospective exposure evaluations in lead exposed populations, e.g. through XRF-

measurements. 

 

Key-words: Cortical and trabecular bones, smelter workers, lead exposure 
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INTRODUCTION 
 
The skeleton is the main depot of inorganic lead, harboring more than 90 % of the body 

burden (1). The skeletal content in a long-term exposed lead worker can exceed 1 g (2). 

The biological half-time in bone varies considerably in different types of cortical 

(makes up about 80 % of the skeleton) and trabecular bones (20 % of the skeleton). The 

half-time in trabecular bones is usually shorter than in cortical bones, and may vary 

from a few years in vertebrae (3) and up to 16 years in calcaneus (4). Half-times in 

cortical bones are often in the range of 5-15 years (5-10), but may exceed 25 years (4).  

 

In retired lead workers, the endogenous exposure from skeletal lead will influence the 

blood lead concentrations. The skeletal influx and efflux of lead in active and retired 

workers are related to the plasma lead concentrations and are influenced by several 

factors, e.g. nutritional status, calcium metabolism and hormones such as 1,25 

dihydrocholecalciferol, oestrogens, parathyroid hormone, calcitonin, growth hormone, 

prolactin and thyrotropins (11).  

 

Several methods have been discussed for retrospective exposure estimations in lead 

exposed populations when studying chronic effects. One option is a time-integrated 

blood lead index, if the subjects have been regularly monitored for a long time period. 

Often, however, there is lack of consistent long-term data, which hampers this type of 

calculations. An alternative may be in vivo measurements of lead in bone, which in 

some studies have shown good correlations to time-integrated blood lead indices (4, 9). 

Such measurements may be of value in epidemiological studies of adverse health 

effects in lead exposed populations, for whom data on previous blood lead levels are 

lacking (9).  
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The aim of the present study was to compare bone lead concentrations in different types 

of cortical and trabecular bones in deceased, long-term exposed smelter workers. This 

skeletal lead pattern may be valuable to elucidate which bone/bones that can be 

appropriate for exposure estimations by in vivo bone lead determinations. The lead 

concentrations determined were also related to more commonly used exposure indices 

such as exposure time, time-integrated blood lead index and period of retirement. 
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MATERIALS AND METHODS 

 

Lead concentrations in bone were determined in 32 male, long-term lead-exposed 

workers at a primary copper and lead smelter in northern Sweden. Comparison was 

made with 10 deceased male subjects from the city of Skellefteå, about 17 km from the 

smelter, and from two rural areas about 50 km from the smelter.  

 

Lead samples were collected from the upper part of sternum (manubrium), from femur, 

about 1 dm above the knee-region, from the middle phalanx of the left forefinger, from 

the spinal processes of the vertebrae in the L1-L2-region, from the right iliac crest, from 

the 3rd rib, about 1 dm to the right of sternum, and from the right temporal bone.  All 

samples were collected with a circular sawing machine and stored in acid-washed 

polyethene-vessels at -20oC, in a freezing-room at the department of Environmental 

Medicine, University of Umeå. 

 

Analysis 

After transferring the samples to the laboratory at the dept of Occupational and 

Environmental Medicine, University Hospital, Lund, Sweden, samples with a wet 

weight of 0.2 – 0.5 g were obtained by use of a diamond cutting wheel, and transferred 

into acid-washed glass tubes. The dry weight was determined after drying at 110 oC for 

16 hours in an oven.  Thereafter, a combined wet and dry ashing procedure took place: 

0.20 mL concentrated nitric acid (Merck Suprapur) was added and the glass tubes were 

heated for 1.5 hours at 120 oC in a heating block. After cooling, another 0.20 mL of 

nitric acid was added and the heating procedure was repeated. Again, after cooling, 

0.20 mL of an acid mixture (95 % nitric acid, 5 % perchloric acid) was added and the 



 8

samples were heated gradually up to 430 oC during two hours. The salt residue was 

dissolved in 0.20 mL concentrated nitric acid and 9.8 mL deionised water. In each 

series of 24 samples, 4-6 blanks were included.  

 

The lead content was analysed by electrothermal atomic absorption spectrometry 

(Perkin-Elmer AAS 5000; HGA 500/AS 40/PRS-10), using the method of standard 

addition. Sample aliquots of 0.50 mL were mixed with 0.60 mL 2 % nitric acid 

including 0.050 µg lead standard in one of the samples. Twenty µL was injected and 

dried at 100 oC (ramp 15 s; hold 10 s), ashed at 600 oC (ramp 10 s; hold 15 s), and 

atomized at 2 300 oC (10 s; miniflow 50 mL Ar/min). The absorbance was measured at 

283.3 nm. Deuterium background correction was undertaken. Calcium was determined 

by flame AAS after dilution 100 times with 2 % nitric acid containing 1 % lanthanum. 

The detection limit for lead was about 0.01 µg per sample, corresponding to about 1 

µg/g wet weight and 10 µg/g Ca. The CV of the lead and calcium determinations (dry 

weight) was 18 and 16 %, respectively. No relevant human bone lead materials with 

certified reference values were available at the time of the study. Thus, the 

accuracy of the method was tested by analysing 12 samples taken at autopsy from a 

subject without known lead exposure. Into six of the samples , 0.5 µg of lead was added 

before ashing. The average recovery was 105 % (SD 6.2; range 98-114) after correction 

for the lead originally present in the six samples without lead addition (mean 3; SD 0.9; 

range 2.0-4.4 µg/g dry weight).  
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Work history 

Detailed information about employment-period and work-sites at the smelter was 

gained from the Company. 

 

Blood lead register 

The results from the biological monitoring of lead in blood and from the air lead 

measurements have been stored in a data-base at the company. Regular measurements 

of lead in blood at the smelter started in 1950. From the database it has been possible to 

calculate a time-integrated blood lead index (CBLI; summation of annual mean blood 

lead values; µmol/L), reflecting the previous lead exposure. This index has been related 

to measured lead concentrations in cortical and trabecular bones. 

 

In the reference group a mean blood lead value of approximately 0.4 µmol/L can 

be estimated during the study period. Assuming a follow-up period of 30 years, the 

same as the mean exposure time among the workers, the corresponding baseline 

CBLI for the referents would be approximately 12 µmol/L (c.f. Table 1).  

 

 

STATISTICS 

Parametric statistical methods (Student’s t-test) were used for variables such as age, 

exposure time and period of retirement, which showed a normal distribution (checked 

by Normal Probability Plots). As the bone lead concentrations showed skewed 

distributions, nonparametric statistical processing was applied (Mann-Whitney U-test, 

Spearman’s correlation coefficients). P-values < 0.05 were regarded as statistically 

significant. Calculations were performed using the Statistical Package for the Social 

Sciences (SPSS version 12.0). 
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RESULTS 

 

Age, time of exposure, period of retirement 

Mean values and standard deviations for age, time of exposure and period of retirement 

among lead workers and referents are presented in table 1. The age was about the same 

in both groups. 

 

Lead in bone 

Median values and ranges for lead concentrations in sternum, femur, finger-bone, 

vertebrae (spinal process), iliac crest, rib and temporal bone as well as for cumulative 

blood lead index (CBLI) for lead workers and controls are presented in table 1. The 

lead concentrations in the seven studied bones were all significantly higher (p<0.001) 

among exposed workers compared to referents. This was the case for both active 

(p<0.001) and retired (p≤0.003) workers. No significant differences in bone lead 

concentrations were, however, noted when comparing active and retired lead workers.  

 

In active lead workers, the highest bone lead concentrations were observed in finger-

bone (mainly cortical), followed in order by more trabecular bones such as iliac crest, 

vertebra, sternum and rib. The pattern was very similar among retired lead workers. The 

referents, however, showed a somewhat different pattern with the highest bone lead 

concentrations in three, mainly cortical bones, temporal bone, finger bone and femur. 

 

The largest difference in lead concentrations when comparing all lead workers and 

referents was noted for trabecular bones (quotients between median values: sternum 

12.3, iliac crest 11.8, rib 8.8 and vertebra 8.5). The corresponding quotients for the 
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mainly cortical bones were somewhat lower (finger-bone 7.5, femur 4.3 and temporal 

bone 3.9). The relationships between lead concentrations in a mainly cortical bone 

such as finger bone versus lead concentrations in mainly trabecular bones (e.g. 

sternum and vertebrae) are shown in table 2.  

 

Correlation coefficients 

Among retired lead workers, the strongest positive correlations were observed between 

lead concentrations in sternum and iliac crest (rs = 0.91, p<0.001), femur and temporal 

bone (rs = 0.88, p<0.001), finger bone and rib (rs = 0.85, p<0.001), and sternum and rib 

(rs = 0.81, p=0.001).  Among the active lead workers no significant positive correlations  

were observed between the seven bones. In neither group, age, employment-time, 

period of retirement (for retired workers) or cumulative blood lead index (CBLI) were 

significantly associated with any of the bone lead concentrations. 

 

In the reference group strong positive correlations were noted between the mainly 

cortical bones femur and temporal bone (rs=0.96, p < 0.001), and finger bone and 

temporal bone (rs=0.80, p=0.017). Significant positive correlations were also observed 

between finger bone and sternum (rs=0.83, p=0.010), and finger bone and iliac crest 

(rs=0.82, p=0.012). Age was not related to any of the bone lead concentrations. 
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DISCUSSION 

The active and retired lead workers in this study have had a long-term and fairly high 

lead exposure at a primary smelter, which is visualized by the cumulative blood lead 

index (c.f. table 1). The lead exposure, however, have gradually declined with time over 

the years because of reconstruction and modernization, improved ventilation and 

increased use of personal protective devices (12). When the regular blood lead 

monitoring program started in 1950, the mean blood lead level among the lead workers 

at the smelter was about 3 µmol/L, compared with about 1.6 µmol/L in 1987, when the 

collection of the material ended. The long-term lead exposure has caused a considerable 

bone lead accumulation in the exposed workers. As evident from table 1, the median 

values of the lead concentrations in the seven studied bones are about 4 - 12 times 

higher in lead workers as compared with the levels in the reference group. 

 

In this study the quotients between median lead concentrations in finger bone, 

which is a mainly a cortical bone, and median lead levels in mainly trabecular 

bones such as sternum and vertebrae, in general varied between 1.2 and 1.4 (c.f. 

Table 2). Several factors will have an impact on the biological half-time of lead in 

bone. The half-time is often shorter in trabecular than in cortical bone. A biological 

half-time of a few years in the trabecular bone of the spinal processes of the lumbar 

vertebrae has been reported by Schütz et al (3). Longer half-times of about 5-15 years 

have been estimated in mainly cortical finger-bone (5-9). Accordingly, measurements 

in finger-bone (mainly cortical) in active lead workers, probably reflects somewhat 

more of the trabecular component of the skeleton, as compared with measurements in 

retired lead workers Also, the proportion between trabecular and cortical bone differs in 

different parts of the skeleton. Thus, the measurement depth is of importance for the 

lead pool. There may also be individual differences in the proportion between cortical 
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and trabecular bone within the same part of the skeleton. Furthermore, there are 

individual age-dependent differences regarding the turn-over rate in different skeletal 

parts. A recent study by Brito et al (13) reported a shorter half-life for the lead release 

from tibia for lead workers with an age less than 40 y, as compared with older workers. 

Similar results have been reported in a study of about 800 lead exposed Korean workers 

(10), indicating that tibia lead concentrations and stores are less bioavailable in older 

workers. Furthermore, workers with a low intensity of lead exposure (B-Pb < 1.2 

µmol/L) showed a higher tibia lead clearance rate than workers with a more intense 

exposure (T1/2 6.2 y vs 14.7 y). A recent study indicates a non-linear relationship 

between tibia lead and blood lead (14). The release of lead in bone, e g from patella, 

into the circulation is influenced by bone resorption (15). Also other factors like age, 

race, smoking and education may influence bone lead accumulation  (16). Accordingly, 

considerable differences have been reported in different studies of biological half-times 

in cortical and trabecular bones. 

 

The bone lead concentrations in cortical and trabecular bones in our study is 

comparable to earlier reported bone lead concentrations from XRF-measurements in 

lead-exposed subjects and occupationally unexposed groups in Sweden (4-6, 8-9, 17-

19). As earlier discussed, the environmental lead exposure from air, food, and water 

varies considerably in different parts of the world. Thus, bone lead concentrations in 

active lead workers in Scandinavia have been comparable to values in occupationally 

unexposed subjects in some regions in e.g. the US and UK with a higher environmental 

lead exposure from e.g. lead in drinking water, lead-based paint and emissions from 

lead industries (4). 
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No significant correlations between the lead concentrations in any of the studied 7 

bones and CBLI were evident in active lead workers. In this group, the daily intake 

from inhalational exposure from lead in air will have a stronger impact on lead in blood 

than the endogenous exposure from lead that is released from the skeletal pool. For 

retired lead workers, however, the inhalational exposure has ceased and accordingly the 

skeletal pool will more strongly influence the blood lead concentrations, often giving 

positive correlation coefficients (4-5). In this study, however, this pattern was not 

observed, probably partly dependent on the limited study population and a wide range 

of periods of retirement (3-20 years).  

 

As earlier reported (20) and as also found in this study, strong positive correlations 

have been observed between lead concentrations in different types of cortical bones 

(Figure 1), especially for retired lead workers. Similarly, strong positive correlations 

were observed between lead levels in some trabecular bones (Figure 2). These findings 

indicate similarities in the metabolism for bones with the same basic structure. 

 

Early XRF-measurements of lead exposed subjects were performed by Ahlgren et al 

(17-18). Thereafter, the technique has gradually been developed and used for studies of 

lead exposed workers (5-6, 8). The last three decades, in vivo measurements with XRF 

have been used to estimate the previous lead exposure in lead exposed populations (4-5, 

8-10, 13, 21). The XRF-technique has also been used for lead determinations in 

occupationally unexposed subjects in Australia (7) and to evaluate the effect of 

chelation therapy on bone lead concentrations in lead exposed workers (19, 22-23).  

 

As the highest bone lead concentrations were observed in finger bone in active and 

retired workers as well as in referents (c.f. Table 1), the XRF-technique can be 
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used to determine the lead concentration in the second phalanx of the left index 

fingerbone (24). The combined data on bone lead concentrations and exposure 

time may be used to estimate a mean blood lead value during previous exposure 

periods. Such estimates can be valuable tools in epidemiological studies of adverse 

health effects in lead exposed subjects, for whom data on previous blood lead 

levels are lacking (24). 
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Table 1. Mean values (±SD) for age (y), exposure time (y), cumulative blood lead index 

(CBLI; µmol/L) and period of retirement (y) in active and retired lead workers. Median 

values and ranges are given for lead concentrations in sternum, femur, finger-bone, 

vertebrae, iliac crest, rib and temporal-bone. The figures after the parentheses denote 

the number of bone lead samples which were analysed in each subgroup. All bone lead 

values in ppm (µg/g dry weight).  

 

Variables All workers 

N = 32 

Retired workers 

N = 23 

Active workers 

N = 9 

Referents 

N = 10 

Age 67.4 ± 9.5 72.0 ± 5.1 55.7 ± 7.8 70.6 ± 8.7 

Exposure time 31.4 ± 8.7 32.0 ± 9.0 29.7 ± 7.9 - 

CBLI 66.4 ± 23.8 70.6 ± 25.1 55.7 ± 16.9 - 

Period of ret - 9.0 ± 4.2  - - 

Sternum 74 (23-358) 31 68 ( 23-358) 22 82 ( 38-210) 9 6 (4-35) 10 

Femur 56 (15-155) 28 68 ( 15-155) 19 50 ( 21-99) 9 13 (7-22) 9 

Finger bone 106 (56-216) 18 97 ( 56-216) 13 106 ( 72-134) 5 14 (8-28) 8 

Vertebrae 85 (13-151) 17 78 ( 13-151) 12 89 ( 69-97) 5 10 (6-16) 8 

Iliac crest 83 (18-180) 18 71 (18-180) 13 95 ( 54-146) 5 7 (3-10) 8 

Rib 70 (34-211) 18 66 ( 34-172) 13 75 (35-211) 5 8 (2-19) 8 

Temporal bone 59 (23-203) 18 61 ( 33-151) 13 45 (23-203) 5 15 ( 10-26) 8 
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Table 2. Relationships (median quotients) between lead concentrations in finger 

bone (mainly cortical) and lead levels in sternum and vertebrae (mainly 

trabecular). 

 

Variables All workers 
N=32 

Retired 
workers 
N=23 

Active 
workers 
N=9 

Referents 
N=10 

Fingerbone/Sternum 1.4 1.4 1.3 2.3 

Fingerbone/Vertebrae 1.2 1.2 1.2 1.4 
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FIGURE LEGENDS 

 

Figure 1. 3-D plot of lead concentrations (µg/g dry weight) in femur and finger bone vs 

cumulative blood lead index (CBLI; µmol/L) in lead workers. 

 

Figure 2. 3-D plot of lead concentrations (µg/g dry weight) in sternum and vertebrae vs 

cumulative blood lead index (CBLI; µmol/L) in lead workers. 

 

 

  

 


