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1. Introduction 

Measurements of metal levels in blood and urine have long been used for biological 
monitoring of exposure and risk in connection with heavy metal exposure. However, such 
measurements have limitations, as the results do not directly, in a simple way, reflect neither 
exposure nor risk. The interpretation of measurements of metal levels in blood and/or urine 
requires knowledge of body stores and the turnover of the element of interest. "Mobilization 
tests" represent an alternative, which have been employed to estimate the body burden of 
certain metals; e.g. lead, aluminium and inorganic mercury. Here a chelating agent is given 
and the excretion of the metal in question in the urine is determined. However, also 
mobilization tests seem to have limitations; they may not reflect neither the body burden, nor 
levels in various organs. The organ first suffering adverse effects at exposure is often denoted 
the critical organ and it is of particular value to estimatelevels in that organ. Biopsy sampling 
can be used in order to directly measure the metal concentration in the critical organ. Taking 
biopsies is usually not practical and therefore it does not lend itself to large-sample surveys. 
Furthermore, biopsy samples are limited to very small tissue volumes, which are not 
necessarily representative for the whole organ. 

So, there is a real need for reliable non-invasive in vivo methods to directly measure the 
elemental composition in the tissue of interest. Non-invasive in vivo methods can also be used 
to perform repeated measurements on the same tissue volume and longitudinal studies are 
hereby possible. In the same way, the cumulated exposure over a long time period may be 
estimated from the level in a body pool with a slow turnover rate. 

In the last two decades, non-invasive in vivo techniques for assessment of the concentration of 
metals in organs have been developed. Photon induced X-ray fluorescence (XRF) analysis and 
neutron activation analysis (NAA) are the two methods that have acquired the most 
widespread interest for in vivo elemental analysis in occupational and environmental medicine 
(Scott and Chettle 1986). 

This study focus on in vivo XRF analysis of two toxic metals: cadmium (Cd) and lead (Pb). 
Both metals represent a problem in many occupational settings, where the exposure levels are 
relatively high. In recent years, the interest has also focused upon exposure at low levels, 
which are present in the general environment and in the general population. XRF analysis has 
to this point mainly been used for in vivo measurements of cadmium and lead at relatively 
high concentrations in connection with occupational exposure. Such measurements play an 
important role in defining relationships between metal concentrations in organs, or tissues, 
and conventionally used monitoring parameters, such as concentrations in blood and urine 
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samples. The much lower concentrations of cadmium and lead, expected to be found among 
non-occupationally exposed persons, require a development of existing XRF techniques to a 
much higher degree of sensitivity, i.e. the detection limit has to be considerably lowered. 

As the skeleton contains more than 90% of the body burden of lead and a similar behaviour of 
lead and calcium might be expected, there is also an interest to develop a simple and reliable 
method for "simultaneous" bone mineral and lead measurements. Therefore, a technique for 
the estimation of bone mineral concentration using photon scattering has been included in this 
study. 

The purpose of this study was: 

1) to improve an XRF technique for in vivo determination of cadmium in the human kidney 
cortex and to apply this technique to measurements at the low cadmium concentrations 
found among non-occupationally exposed persons 

2) to compare two different XRF techniques for the in vivo measurement of lead in bone at 
different sites in the skeleton; to study the potential of lead mobilization tests for the 
estimation of lead body burden; and to apply the XRF technique in a prolonged 
longitudinal study of retired occupationally exposed workers 

3) to develop and evaluate a non-invasive technique for in vivo analysis of skeletal mineral 
content with a high degree of reproducibility 
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2. Cadmium in human kidney cortex 

2.1 Background 

Beside being an issue at certain work-places (nowadays a limited number in Sweden), 
cadmium contamination of the environment is an increasing problem in many areas (WHO 
1992a). For the general population, the main routes of exposure are via food and tobacco 
smoking (Elinder 1985a; WHO 1992b; Nordberg 1993). Occupational exposure, where the 
main intake of cadmium normally is via inhalation, exceeds that of the general public by 
several orders of magnitude. 

After absorption of cadmium, the metal is distributed by the blood to other parts of the body 
where it is efficiently retained and accumulated over the whole life-time, particularly in 
kidney, liver and muscle, showing biological half-times of decades (WHO 1992b; Nordberg 
1993). The kidneys and liver contain the highest concentrations of cadmium in the body and 
as much as 50% of the body burden may be found in these organs. Concentrations of 20-40 
ug/g in the kidney cortex and about 1.5 ug/g in the liver are usually found in autopsy samples 
from non-occupationally exposed middle-aged persons in Europe (Elinder 1985b). This 
concentration is influenced by age, smoking habits and residency. 

At long-term exposure, the kidney is the critical organ and kidney dysfunction may result if an 
excessively high level of cadmium (about 200 ug/g) is reached in the cortex (Kjellström 
1986). Adverse effects have long been recognised in occupational exposure and in populations 
with extremely high exposure through foodstuff. Recently, slight effects have been reported in 
groups of persons from the general population that had not received any additional exposure 
(Buchet et al. 1990). This has focused the interest on much lower exposures than those earlier 
studied. 

During the last decades, cadmium levels in blood and urine have been used for biological 
monitoring of exposure and risk. The levels of cadmium in blood do not, in a simple way, 
reflect neither exposure, nor risk (Friberg et al. 1986; Christoffersson et al. 1987). Levels of 
cadmium in urine may be useful as an index of kidney load. However, at high exposures, the 
excretion of cadmium may be quite high, reflecting more recent uptake. Moreover, when 
kidney dysfunction has occurred, there is an increase in urinary excretion of cadmium (Friberg 
et al. 1986). Measurements of cadmium in urine should, therefore, be supplemented by 
quantitative measurements of the urinary excretion of low molecular-weight proteins, such as 
P2-microglobulin and retinol binding proteins (Kjellström 1986), in order to test early changes 
in the kidney function. 

Considering the slow biological turnover (a half-time of the order of decades), concentrations 
in the kidney give valuable information on long-term exposure, which is valuable in e.g. 

7 



epidemiological studies. Moreover, the level in kidney cortex reflect the risk of nephrotoxic 
effects. 

2.2 XRF techniques for in vivo analysis of cadmium 

Cadmium has relatively high energy of the characteristic X-rays (AT a 1,2= 23.1 keV) and a 
high fluorescence yield (OIK=0.84) and is therefore suited for in vivo XRF analysis. 
The possibility of using XRF for in vivo determination of cadmium concentrations in the 
human kidney cortex was first shown by Ahlgren and Mattsson (1981). They used a 241 Am 
source (principal photon energy 59.5 keV) for the excitation of the cadmium atoms, and ihe 
characteristic X-rays of cadmium were subsequently detected at an angle of 110°, relative to 
the incoming radiation, using a Ge(Li) detector. However, this technique showed a relatively 
high detection limit, e.g. at a kidney depth1 of 50 mm the minimum detectable concentration 
(MDC), corresponding to three standard deviations (SD) above the background, was 
approximately 100 ng/g for a counting time (live) of 30 minutes. Among workers, 
occupationally exposed to cadmium, the concentration in the kidney cortex may reach 300 
ug/g (Christoffersson et al. 1987), or even higher, whereas the concentration among non-
occupationally exposed middle-aged persons in Sweden is about 10-20 ug/g (Elinder et al. 
1976) as measured on autopsy samples. Thus, this XRF technique was not sensitive enough 
for in vivo analysis of cadmium in the kidney cortex among non-occupationally exposed 
members of the Swedish public. 

A considerable improvement in sensitivity for the in vivo analysis of cadmium in man was 
achieved by using partly plane polarised X-rays for excitation (Christoffersson and Mattsson 
1983). At a 50 mm kidney depth, the MDC was improved to about 30 u.g/g. The primary X-
ray beam from an x-ray therapy tube was scattered through 90° in a polymethyl methacrylate 
(PMMA) disk to produce a partly plane polarised beam and the characteristic X-rays of 
cadmium produced in the subject were measured at an angle of 90° to the incident beam using 
a Ge detector, since the plane polarised X-rays will not scatter through 90° (Fig. 2.1). In spite 
of a large scattering volume in the subject and the interval of scattering angles around 90° 
used, the degree of polarisation was estimated to be 57%. It was concluded that the major part 
of the depolarisation was due to multiple scattering in the object studied (Christoffersson 
1986). The XRF technique was further refined by using a flexible detector collimator 
(Christoffersson et al. 1987). Using this collimator the field of view of the detector could be 
optimised and kept constant, with respect to the kidney, regardless of the kidney depth. 

Kidney depth: the distance between the skin and the surface of the kidney 
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2.3 The present XRF technique 

In this work a Si(Li) detector, instead of a Ge detector, was used for detection of the 
characteristic X-rays of cadmium. At a 50 mm kidney depth, the MDC was improved to about 
10 ug/g for a counting time (live) of 30 minutes (paper I). It was concluded that the main 
reason for the reduction of the background under the characteristic X-ray peaks of cadmium, 
and consequently, an improvement in the MDC of cadmium, was the significant reduction in 
detection efficiency for Si, compared to Ge, at photon energies above about 30 keV. The 
experimental results indicated that the main source of the background under the characteristic 
X-ray peaks may be related to incomplete charge collection or other effects of the detector in 
question and that the contribution from multiple scattering of photons in the object was of less 
importance (paper I). Another feature, by using a Si(Li) detector, was that the dead time of the 
counting electronics was considerably reduced, from about 14% to 2%. For a counting time 
(live) of 30 minutes, this resulted in a reduction in the total irradiation time, and consequently 
the radiation dose given to the persons studied was reduced, by approximately 10%. The use 
of a faster analogue-to-digital converter operating at a fixed dead time (1.5 us, paper II), as 
compared to a 80 MHz Wilkinson analogue-to-digital converter (paper I), did not significantly 
improve the detectability (MDC) of the counting system any further. 

PMMA scatterer 

Figure 2.1. Experimental arrangement for the determination of cadmium in the kidney cortex using 
XRF analysis. 

The in vivo measurements were made with the person in a sitting position (Fig. 2.1) and the 
position of the kidney was carefully determined using an ultrasound technique, before and 
after the XRF measurement. The cadmium concentration in the kidney cortex was determined 
by measuring the count rate of the characteristic X-rays of cadmium and comparing it with the 
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count rates obtained using a kidney-simulating cylindrical phantom, containing a cadmium 

solution of known concentration, placed in a water-filled tank, as described in paper II. 

The pronounced variation of sensitivity with depth in tissue is a drawback when determining 

the cadmium concentration for very deeply situated kidneys. However, at the same time this 

means that the cadmium concentration is determined essentially within a depth of 

approximately 15 mm within the kidney (Christoffersson and Mattsson 1983). The cadmium 

concentration is thus measured primarily in the cortex, the critical part of the kidney, and a 

careful determination of the kidney depth is essential. Furthermore, comparison with literature 

data is made easier since biopsies are normally taken in the cortex. 

Dosimetry 

By using a Si(Li) detector for registration (paper I), the maximum absorbed dose to the skin 

and the mean absorbed dose to the kidney were decreased by about 10% (due to the reduced 

dead time of the counting electronics) to 9 mGy and 1.6 mGy, respectively, compared with the 

use of a Ge detector (Christoffersson and Mattsson 1983). The energy imparted was of the 

order of 0.2 mJ, giving a mean whole body equivalent dose of approximately 3 p.Sv. 

Reproducibility and accuracy 

The in vivo reproducibility of the technique has been reported to be 23% (1 SD) based on 

repeated measurements on 11 subjects (Christoffersson et al. 1987). The accuracy was good: 

comparative measurements of the cadmium concentration in horse kidneys using the in vivo 

XRF technique, with the horse kidney placed in a water-filled tank, and atomic absorption 

spectrophotometry (AAS), resulted in a mean difference of 3 ug/g; the range of concentrations 

was about 10 to 50 ug/g (Christoffersson et al. 1987). 

Table 2.1. Estimated uncertainty at in vivo measurement of cadmium in the kidney cortex (a normal 
kidney depth of 50 mm has been assumed and all uncertainties stated correspond to 1 SD) 

Source Uncertainty (1 SD) 
cone, level 20 fxg/g cone, level 200 u.g/g 

In vivo measurement (counting statistics) ± 25% ± 4% 

(kidney depth) a ± 9% ± 9% 

Calibration measurement (counting statistics) ± 4% ± 4% 

Calibration phantom (cadmium concentration) <± 1% <± 1% 
Total: ±27% ±11% 
a) due to the uncertainty in determining the kidney depth in connection with the in vivo measurement 

(paper II) 
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At a normal kidney depth (50 mm) and a cadmium concentration of about 20 jig/g in the 
kidney cortex, the total uncertainty at an in vivo determination is of the order of 30% (1 SD), 
mainly due to counting statistical variations at the in vivo measurement, whereas at a level of 
200 ug/g the total uncertainty reduces to about 10% (Table 2.1). 

2.4 In vivo measurements on non-occupationally exposed persons 

Cadmium in the kidney cortex of an urban Swedish population 
Using the XRF technique described, in vivo measurements of cadmium in the kidney cortex 
have been made in a Swedish urban population showing no occupational exposure to 
cadmium (paper II). A total of 20 persons (males and females) having different smoking 
habits were studied. The range in age was 26-65 years with a median of 42 years. 
The measured mean concentration of cadmium in the kidney cortex was 10 ug/g in non-
smokers and 26 u.g/g in active smokers (Fig. 2.2). These values are in agreement with the 
levels found in the kidney cortex, at autopsy, in another population in Sweden (Elinder et al. 
1976). Furthermore, the findings support the suggestion that tobacco smoking is a major 
source of cadmium exposure to the general Swedish population. Also, the results show that 
smoking may more than double the cadmium concentration in the kidney cortex. 
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Figure 2.2. Mean cadmium concentrations in the kidney cortex in the three groups of non-smokers, 
smokers and farmers. Vertical bars denote ±1 standard deviation. 

Cadmium in the kidney cortex among Swedish farmers 
In order to study the effects of long-term low level environmental exposure to cadmium, the 
levels in the kidney cortex was studied in 40 male farmers from the south of Sweden. The 
range in age was 25-71 years with a median of 57 years. All subjects were non-smokers and 
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had earlier participated in a study on retention and excretion of metals among a total of 238 

subjects with varying acidity of their drinking water (Bensryd et al, to be published). In the 

present study, the ten farmers with the lowest and the ten farmers with the highest cadmium 

concentration in blood were included, together with the ten farmers with the highest and the 

ten with the lowest acidity of their drinking water, respectively. 

No significant difference in kidney cadmium was found between the four groups of farmers. 

The mean cadmium concentration in the kidney cortex, for all 40 subjects, was found to be 18 

ug/g (Fig. 2.2). 

2.5 Comparison with in vivo neutron activation analysis 

Neutron activation analysis (NAA) is the only alternative method available today for non

invasive in vivo analysis of cadmium. This method has been used by several laboratories 

during the last decade (Scott and Chettle 1986; Chettle et al. 1987). Cadmium is measured in 

vivo using the ' 13Cd(n, y)l '^Cd reaction; twelve per cent (by weight) of all cadmium is 1 l3Cd, 

which has a high probability for capture of thermal neutrons. The prompt gamma rays at 559 

keV is detected simultaneously to the neutron irradiation using high resolution germanium 

detectors. The most frequently used neutron sources are 252Cf and 238Pu-Be. 

The NAA method has been used for determination of the cadmium concentration in the liver 

and for determination of the cadmium content in the whole kidney. Due to problems of 

collimation and to the need of as high count rates as possible, the whole kidney has to be 

included. To convert the total kidney cadmium content to renal cortex concentration, 

assumptions have to be made regarding the distribution of cadmium in the kidney as well as 

the kidney weight. This conversion introduces additional uncertainties in the reported 

concentration values. 

The XRF technique has a more pronounced variation in sensitivity with tissue depth, but in 

spite of this, the XRF technique has a detection limit, which is significantly lower than for the 

neutron based systems, also for deeply lying kidneys (Table 2.2). Furthermore, by using the 

XRF technique, a much lower equivalent dose to the subject is obtained (Table 2.2). This is 

due to the fact that a larger tissue volume is irradiated, using the NAA techniques, together 

with the fact that the radiation weighting factor, WR (ICRP 1990), is higher for neutrons 

compared with photons. 

The low energy photons, used in connection with the XRF technique, are easily collimated 

and shielded. In contrast, the use of radioactive neutron sources, in connection with the NAA 
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techniques, requires extensive amounts of material in order to shield the source. Also, the 

detectors have to be carefully shielded from the neutrons. 

Table 2.2. Detection limits and equivalent doses for in vivo measurements of kidney cadmium using 
XRF and NAA techniques 

Method 

Detection limit 

Mean whole body 
equivalent dose 

distance: skin -
kidney surface 
(mm) 
30 
40 
50 
60 
70 

XRF 

kidney i 
(ug/g) 

3 
6 
11 
19 
34 

3uSv 

cortex a 

at "average" 
kidney depths 

NAA 
different 
laboratories 
total kidney b 

(mg) 

3.1-5.2 

(27-45ug/g)c 

60 - 400 uSv d 

a) paper I, corresponding to 3 SD of the background 
b) Scott and Chettle (1986), Chettle et al. (1990); the detection limit is defined as twice the error on 

the net peak area, which corresponds to approximately 2.8 SD of the background (Mattsson et 
al. 1987) 

c) the total kidney levels have been converted to renal cortex concentrations, assuming a ratio of 1.25 
between cortex and whole kidney concentrations (Elinder 1985b) and a kidney weight of 145 g 

d) values given by Scott and Chettle (1986) have been transformed using a WR-factor of 20 for "fast" 
neutrons (compare ICRP 1990) 

2.6 Conclusion 

The in vivo XRF technique used has been shown to be a useful tool in estimating the 

cadmium concentration in the kidney cortex even at the low levels found in the general 

population. 

The cadmium concentration in the renal cortex, which is the critical part of the kidney, is 

measured directly, and no conversions, which may introduce additional uncertainties, from 

measured total cadmium content in the whole kidney to kidney cortex concentrations are 

therefore necessary. 

The equivalent dose to the subject at an XRP in vivo measurement is low, significantly lower 

than for the NAA method, and the detection limit is also significantly lower. 
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The XRF method was successfully applied for measuring cadmium levels on non
occupational^ exposed persons. The persons studied were divided into principally three 
groups; smokers, non-smokers and farmers. The results show that the method worked well for 
the purpose and that distinct differences between smokers and non-smokers could be found. 

3. Lead in finger bone 

3.1 Background 

Occupational exposure to lead is a common problem in many industries (Skerfving 1993). In 
addition, there is a considerable exposure of the general population, mainly through leaded 
gasoline, industrial emissions, paint and water (Schiitz et al. 1989). 

In the blood, 99% of the lead content is found in the blood cells and only about 1% in the 
plasma (Manton and Cook 1984). From the blood plasma, the absorbed lead is distributed to 
other soft tissues, as the liver and the kidneys (Barry 1975). Lead is also distributed to the 
bone marrow. The levels at that site seem to be similar to those in blood (Skerfving et al. 
1983). 

A large proportion of the absorbed lead is incorporated into the skeleton (Gusserow 1861; 
Barry 1975). The skeleton contains more than 90% of the body burden of lead. In exposed 
workers, that fraction may be even higher (Barry 1975; Skerfving et al. 1983). Thus, 
concentrations of lead in bone is very useful for biological monitoring. The turnover of 
skeletal lead is usually assumed to be slow, and the level of lead in bone, therefore, reflect the 
time-integrated exposure over a long period. The lead content in the skeleton in subjects 
without occupational exposure varies between different countries and geographical areas. The 
amounts found in Scandinavians is about 10 mg (Grandjean and Holma 1973), corresponding 
to a concentration of approximately 2 ug/g in cortical bone, whereas the skeletal burden in the 
U.K. (Barry 1975) and the U.S.A. (Gross et al. 1975) is considerably higher, about 100 mg, 
corresponding to approximately 20 ng/g in cortical bone. In Swedish lead workers, 
concentrations in Cortical bone of up to about 120 |ig/g have been measured (Ahlgren et al. 
1980; Christofi'ersson et al. 1984), corresponding to a skeletal burden of the order of one 
gram. 

Exposure to lead may, if sufficiently intense and prolonged, adversely affect several organs. 
The critical organs are the central nervous system and the kidney (Skerfving 1993). Slight 
adverse effects in adults are considered to develop at an exposure corresponding to prolonged 
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blood-lead levels (B-Pb) of about 1.5 umol/1 (300 p.g/1) or higher (Skerfving 1993). Effects in 
infants probably occur at even lower levels. Lead may also cause fetal damage. 

Lead in whole blood is currently the most widely used index of exposure and risk (Skerfving 
1993). It has many advantages. Samples are easy to obtain and the analysis is straightforward, 
at least at experienced laboratories. But there are several limitations, which must be carefully 
considered when B-Pb levels are interpreted. One problem is the non-linear relationship 
between B-Pb and lead exposure and uptake, for both inhalation and gastrointestinal exposure 
(Skerfving 1993). Further, the B-Pb reflects both short and long-term exposure. Other options, 
such as lead concentrations in plasma and urine are also difficult to use (Skerfving 1993). 

There is thus a need for good indices of long-term exposure and risk. Therefore, over the last 
20 years, a method for monitoring of lead in calcified tissues has been developed, namely the 
non-invasive in vivo XRF analysis of lead in bone. 

3.2 XRF techniques for in vivo analysis of lead in bone 

Lead is well suited for in vivo XRF analysis, because the energy of the characteristic X-rays is 
high (Kai= 75.0, Kot2=72.8 keV) and so is the fluorescence yield (G>K=0.97). 

Two basic types of systems have been developed for in vivo studies in humans. One is based 
on the detection of the characteristic K X-rays of lead, using various radiation sources for 
excitation of the lead atoms, and various source-sample-detector geometries. The other is 
based on the detection of the characteristic L X-rays of lead, having an energy of about 11 
keV. 

The first in vivo measurements of lead in the human skeleton were made by Ahlgren et al. 
(1976). They used a 57Co source, emitting gamma rays of 122 keV (87%) and 136 keV (10%), 
to analyse lead in finger bone and tibia. The characteristic Ka X-rays of lead were detected at 
90° to the incident beam. With this geometry the characteristic Ka X-rays of lead are found 
below the main Compton scatter peak, which is situated at about 98 keV. In order to obtain 
the absolute lead concentration, comparisons with phantom measurements were made. 
An alternative technique was later developed by Somervaille et al. (1985), who used an 
annular l09Cd source, emitting gamma rays of 88.04 keV, to irradiate the tibia. The detector 
was placed co-axial with, and behind the source, giving a mean scattering angle of 153°. With 
this arrangement the main Compton scatter peak, at about 66 keV, is found below the 
characteristic Ka X-rays of lead. The two K X-ray techniques are both using high resolution 
Ge detectors for the detection of the characteristic X-rays of lead. 
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Several applications of the K X-ray techniques, to other bone sites than the ones mentioned 

above, have been reported (Hu et al. 1989). The 57Co technique has been applied mainly to 

the finger phalanxes, but also to teeth in situ (Bloch et al. 1976) and to the ulna and temporal 

bone (Sokas et al. 1990). The 109Cd technique has primarily been used for the analysis of tibia 

(Somervaille et al. 1985), but also for calcaneus (Somervaille et al. 1987), as well as ulna and 

sternum (Erkkilä et al. 1992). 

As mentioned earlier, the characteristic L X-rays have also been used for measurements of 

lead in the tibia by using l09Cd or a partly plane polarised X-ray beam for excitation 

(Wielopolski et al. 1986,1989). While the K X-ray techniques are able to measure lead in a 

larger volume of the bone, L X-ray techniques mainly assess superficially located lead. 

Therefore, the results obtained by the two techniques are not directly comparable. 

3.3 The present XRF technique 

In this study we have used the 57Co technique for the determination of lead in the midpart 

second phalanx of the left fore-finger (paper III, IV, V). The experimental arrangement has 

been described in detail in paper III and V. The sensitivity, which mainly depends on the 

diameter of the finger bone, has been determined using measurements on finger like 

calibration phantoms (of various diameters) with a known lead concentration in the bone part 

(Ahlgren and Mattsson 1979). To estimate the dimensions of the phalanx studied in vivo, two 

radiographs of the finger phalanx, in orthogonal directions, were used. 

The duration of measurement was 30 minutes (live time) and the MDC, corresponding to 

three standard deviations above the background, was typically about 20 |ig/g wet bone. This 

sensitivity is sufficient for determination of skeletal lead levels in exposed workers 

(approximately up to 100 ug/g in cortical bone), but too low for determining levels in the 

general population in most areas of the world (approximately 1-5 ug/g in cortical bone). 

Dosimetry 

The absorbed dose to the skin and to the centre of the fore finger was 3 and 1 mGy, 

respectively. The energy imparted was of the order of 0.01 mJ, giving a mean whole body 

equivalent dose of approximately 0.1 uSv. These figures have been estimated from data given 

by Ahlgren et al. (1980), who measured the absorbed dose using LiF dosemeters. 

Reproducibility and accuracy 

The reproducibility as determined from paired in vivo measurements has been reported to be 

10 ug/g (SD of differences, 15% of the mean, n=16; Christoffersson et al. 1984). This was 
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confirmed by paired measurements on six subjects (paper III), where the reproducibility was 
found to be 11 ug/g (SD of differences, 21% of the mean). 
The accuracy of the technique has been verified by post mortem analysis of the second 
phalanx of the left fore finger from two subjects who had previously been measured in vivo. 
The lead concentrations measured in vivo were 98 and 27 ug/g; the/705/ mortem analysis, 
using AAS, gave 91 and 36 ug/g, respectively (Christoffersson et al. 1984; paper V). 

3.4 In vivo measurements on occupationally exposed workers 

Cross-sectional study 

The two K X-ray techniques were compared in a collaborative study performed at a Swedish 
smelter, where mainly lead is handled (paper III). Finger bone lead was measured using the 
57Co technique (section 3.3), whilst tibia and calcaneus were measured using the l°9Cd 
technique (Somervaille et al. 1985; 1987). 
A total of 120 persons were studied and measurements at all three bone sites (finger bone, 
tibia and calcaneus) were made on 112 of these; 74 active workers, 16 retired workers and 22 
non-occupationally exposed referents (Fig. 3.1). 
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Figure 3.1. Mean lead concentration at the three bone sites studied (paper III). Vertical bars denote ±1 
standard deviation. 

The lead levels found in finger bone, among the smelter workers, were in agreement with the 
findings in an earlier study at the same smelter (Christoffersson et al. 1984). The levels found 
in tibia and calcaneus were similar to those found in workers at another Swedish smelter 
(Gerhardsson et al. 1992). 
Significant associations were found between lead levels in different bones, i.e. finger bone, 
tibia and calcaneus, when measured in vivo using the 5?Co and l09Cd K X-ray XRF 
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techniques. Also, all in vivo bone lead measurements correlated strongly with measures of 

cumulative exposure (duration of exposure and cumulative blood lead index). 

Longitudinal study 

Using the 57Co K X-ray XRF technique, we have now followed a group of retired exposed 

workers for up to 21 years. For a period up to 18 years an "average" biological half-time of 16 

years was found for lead in the finger bone (mainly cortical), (paper V). A simultaneous 

follow-up of blood levels displayed a decrease, which could be described by a tri-exponential 

retention model with group half-times of 34 days, 1.2 years and 13 years, respectively. The 

slowest of these components represented the skeleton (probably mainly cortical bone), as did 

mainly probably also the intermediate one (trabecular bone). There was a considerable 

variation in the individual estimates for the half-times of bone and blood lead. This is an 

important observation, since it implies that some individuals, at a certain degree of exposure 

to lead, may be at higher risk than others. 

The results of this study show the rather slow turnover of lead in the skeleton, the usefulness 

of in vivo skeletal lead measurements as a long-term exposure index and the importance of 

bone lead as a source of "endogenous" exposure. 

140 -. 

~ 120 

100 

O) 

3 

a> 
u. 
s> a. 

• a> c o 
ja 
i— <o 
O) 

c 

80 

60 

40 

20 

i T 

--

£,-^s 
-L 

r 

T * 

T 

\ ; 

' 

T -i 

-t r < 

\ / 

>-
>». 

1 [ 
t" 

• -

-r 

X, / ^ 

1 1 1 

10 15 20 

Time after end of exposure (years) 

Figure 3.2. Decrease of finger bone lead levels after end of occupational exposure. The symbols 
indicate mean values, vertical bars ± 1 standard deviation. The result is based on a total of 175 
measurements on 14 subjects (paper V). 

Mobilization tests 

Being an alternative to the in vivo measurement of lead in bone, mobilization tests have been 

used to estimate the body burden. The tests involve administering a chelating agent and then 

determining the lead excreated in the urine (chelated lead). 
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Twenty smelter workers were given calcium disodium edetate (CaNa2-EDTA) intravenously, 
followed by quantitative urine collection for 24 hours (paper IV). There was a close 
correlation between chelated lead and B-Pb. The bone lead levels in finger, tibia and 
calcaneus showed poor associations with chelated lead. Furthermore, chelation produced no 
significant change in the lead level in either tibia or calcaneus. Only about 20% of the 
chelated lead could be explained by the skeletal burden, as shown by multivariate analysis. 
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 result is different from that arrived by other authors, who used either L X-ray 
fluorescence techniques, and thus determined the small pool of superficial subendosteal lead 
(Rosen et al. 1991), v/hich is probably much more metabolically active, or K X-ray 
fluorescence techniques, which also assess more deeply situated lead (Batuman et al. 1989; 
Sokas et al. 1990). However, they do not seem to have considered the relationship between 
the soft tissue and bone pools, v/hich depend on the relationship between recent and earlier 
exposures. 

Furthermore, as an index of the soft tissue pool, which probably reflects the metabolically 
active and thus toxicologically interesting pool, chelated lead does not, at least for adults, 
offer a clearcut advantage over B-Pb or U-Pb before chelation. 

3.5 Conclusion 

X-ray fluorescence analysis is the only known method for quantitative in vivo determination 
of lead in the skeleton. In vivo measurements of lead in finger bone, using the 57Co XRF 
technique, were found to correlate strongly to the measures of cumulative exposure (duration 
of exposure and cumulative blood lead index) as well as to the lead levels in tibia and heel 
bone when measured in the same individuals using the l°9Cd based XRF technique. It was 
concluded that these two in vivo XRF techniques can be regarded as established for 
measurements on occupationally exposed persons. 

The usefulness of the 57Co XRF technique was also demonstrated in a longitudinal study of 
retired lead workers. The results showed the importance of bone as a source of "endogenous" 
lead exposure, due to the slow turnover of lead in the skeleton. For the group of workers 
studied, a biological half-time for lead in finger bone of 16 years was found. This half-time 
corresponds to an average turnover rate of about 3% per year in the mainly cortical finger 
bone. 
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Using the 57Co and the I09cd XRF technique it was concluded that chelatable lead, in 
connection with mobilization tests, 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. 

Determinations of skeletal lead, using the in vivo 57Co XRF technique, provide an index of 
long-term exposure and should be a useful index of risk, especially for the chronic effects of 
lead exposure. 

4. Bone mineral 

4.1 Background 

Measurements of bone mineral have emerged as the most reliable means of assessing fracture 
risk and of documenting the rate of bone loss or gain. Such measurements have also 
contributed to the recognition of osteoporosis as a complex disorder. 

Several non-invasive in vivo methods for the determination of bone mineral are available. 
Most of these are based on measurements of photon transmission; e.g. single photon 
absorptiometry (SPA), dual photon absorptiometry (DPA), radiography and quantitative 
computed tomography (QCT). Other methods include neutron activation analysis (NAA) and 
ultra sound (Tothill 1989). However, in this work we have for obvious reasons chosen to use 
the combined coherent-to-Compton scattering method. 

Our interest in developing such a technique has arisen from our longitudinal study on bone 
lead concentrations. Since lead is mainly confined to the bone matrix, it is of course of interest 
to assess the metabolism of the bone tissue itself. 

4.2 Coherent-to-Compton scattering technique 

Methods 

The sensitivity of a technique based on the ratio of coherently and Compton scattered photons 
for determination of bone mineral concentration (BMC) has been examined theoretically and 
experimentally (paper VI). 
The influence on sensitivity, i.e. the change in the coherent-to-Compton ratio for a given 
change in bone mineral concentration, of scattering angles between 30° and 150° and photon 
energies of 60, 81 and 141 keV, was theoretically studied. To confirm these results, the 
change in sensitivity was studied experimentally by varying the scattering angle (between 40° 
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and 145°). The 60 keV photons from a 241 Am source were scattered in bone simulating 
cylindrical phantoms, based on an epoxy resin, and the scattered radiation was detected using 
a high resolution Ge detector. 
Subsequently, an in vivo experimental arrangement composed of two 241 Am sources, with 
oppositely directed collimators, measuring the trabecular BMC in the heel bone at a scattering 
angle of 90° (using a Ge detector) v,as developed and its characteristics were investigated. 
Further, this experimental set up was used for five repeated in vivo measurements on each of 
two volunteers. Measurements on epoxy based heel bone simulating phantoms were used to 
convert the measured coherent-to-Compton ratio to BMC. 

Results 
The theoretical studies on the influence of scattering angle and photon energy, showed that a 
scattering angle of 90° and a photon energy of 60 keV gave optimal results regarding the 
sensitivity. The results of the subsequent experimental investigation were in good agreement 
with theory. 

The two in vivo studies made on volunteers gave a mean BMC of 22 and 15 % by weight, 
respectively. The preliminary results indicate that the system should be capable of measuring 
the trabecular BMC in the heel bone with an in vivo reproducibility of 1% (coefficient of 
variation) at a local absorbed dose that is below 1 mGy for a measurement time of 15 minutes. 

This theoretical and experimental investigation indicates that the technique should be useful 
also at cortical bone sites, such as the finger bone, with a similar sensitivity. Thus, it should be 
possible to monitor the bone mineral content as well as the lead content within the same 
volume of bone tissue (e.g. finger bone or heel bone) by combining the 241 Am based 
coherent-to-Compton ratio scattering technique and the 57Co XRF technique. 

4.3 Comparison with other techniques for bone mineral determination 

A comparison with other techniques for bone mineral determination is given in table 4.1. 
The characteristics of the present coherent-to-Compton ratio scattering technique is 
comparable to those of the other techniques. However, it should be noted that the reported 
precision of the coherent-to-Compton scattering technique is based on a limited material 
(paper VI). 
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Table 4.1. Comparison of techniques for bone mineral determination (Wanner et al. 1994) 

Technique3 

Coherent-to-
Compton 
(paper VI) 

SPA 

Site 

Calcaneus 

Distal radius 
midradius 
calcaneus 

Bone type 
measured 

Trabecular 

Integral 

Precision^ 
(%) 

1 

1-3 

Accuracy 
(%) 

<5C 

5-8 

DPA Spine Integral 2 4-8 
Hip 2-4 4-8 

DXA Spine Integral 0.8-1.5 4-6 
Hip L5-3 

QCT Spine Trabecular, 2-6 5-15 
cortical 

a) SPA= single photon absorptiometry, DPA= dual photon absorptiometry, DXA= dual energy X-ray 
absorptiometry, QCT= quantitative computed tomography. 
b) Coefficient of variation 
c) Estimated 

4.4 Conclusion 

The investigated in vivo arrangement using the coherent-to-Compton ratio scattering 

technique measures the trabecular BMC in the heel bone with a high degree of reproducibility 

and with low absorbed dose to the patient. The equipment is very compact and could be a 

useful alternative to other techniques as a tool for longitudinal studies of the same individual. 

The technique should be useful also for measurements at cortical bone sites, as the finger 

bone. Thus, it should be possible to measure the bone mineral and lead content within the 

same bone volume, by combining the coherent-to-Compton ratio scattering technique and the 

57Co XRF technique. 
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5. General summary and conclusions 

Cadmium 
The XRF technique for in vivo measurements of cadmium in the human kidney cortex has 
been significantly improved and the detection limit is now about 10 ug/g at a normal kidney 
depth of 50 mm. This level allows measurements on the general population to be made. 
The effective dose to the subject at an in vivo XRF measurement is low, significantly lower 
than for the NAA method, which is the only alternative in vivo method for analysis of kidney 
cadmium. Furthermore, the detection limit is significantly lower or comparable with the NAA 
technique, even for deeply situated kidneys. The XRF technique for determination of 
cadmium has been successfully applied on a group of non-occupationally exposed persons. 
The results showed that frequent tobacco smoking gave a significant contribution to kidney 
cadmium. The present XRF technique should now be the method of choice for in vivo 
measurements of cadmium. 

Lead 
Measurements of lead in finger bone using the 57Co technique were compared to 
measurements in tibia and the heel bone using a lO Ĉd based technique. A total of 112 
subjects were studied, and the measured lead concentrations showed good correlation between 
the three different bone sites as well as to cumulative exposure index. 

Chelation is not an alternative to in vivo XRF measurements for estimation of the body burden 
of lead, since the chelated lead could not be correlated to measured bone lead levels. 

The elimination of lead from the skeleton, as studied for almost twenty years in a group of 
retired lead workers, could be described by a biological half-life of 16 years. This result 
clearly shows the slow turnover of lead in bone, also indicating that bone lead may constitute 
a significant endogenous source. 

Bone mineral 
The coherent-to-Compton ratio scattering technique is a useful technique for high precision 
bone mineral measurements in the trabecular heel bone. It is of particular value for 
longitudinal studies in the same individual. Furthermore, the technique should be useful also 
for measurements at cortical bone sites, such as the finger bone. Thus, it should be possible to 
measure the bone mineral and lead content within the same bone volume, by combining the 
241 Am based coherent-to-Compton ratio scattering technique and the 57Co XRF technique. 
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