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NILSSON U, SKERFVING 8. In vivo X-ray fluorescence measurements of cadmium and lead. Scand
J Work Environ Health 1993;19:54—8. Information about the body burden of a metal is important
in the evaluation of both exposure and risk. In vivo methods for determining cadmium and lead have
become available in the last 20 years. Thus cadmium in kidney can be assessed by neutron activation
or X-ray fluorescence analysis. The X-ray fluorescence technique allows kidney cadmium determina-
tions even in subjects without occupational exposure. The level reflects the burden, long-term expo-
sure, and the risk of toxic effects. Furthermore, in vivo determination of lead in finger bone, tibia, or
calcaneus by X-ray fluorescence indicates long-term exposure and should become a valuable tool in

epidemiologic studies, especially of chronic effects.
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Knowledge of the body content of a metal is useful
in the assessment of exposure to the concerned metal
and the associated risk. Exposure evaluation by
means of biological samples has several advantages
since it takes into account exposures from different
sources and through different routes (1). Exposure
over a long period can be estimated from the level
in a body pool with a slow turnover rate. The first
organ to suffer adverse toxic effects from exposure
is often referred to as the critical organ, and it is ob-
viously particularly valuable to be able to determine
the concentration in that organ.

Metal levels in blood and urine have long been
used for the biological monitoring of exposure and
risk (1). However, blood and urine have certain lim-
itations. Thus the levels of, for example, cadmium
(2) or lead (3, 4) in blood do not, in a simple way,
reflect either exposure or risk. Levels of cadmium
in urine (5) can be an index of the kidney load, which
constitutes a major part of the body burden. This pos-
sibility is of particular interest, since the kidney
is the critical organ for cadmium exposure. However,
not even in this case does the urinary level always
adequately predict the concentration in the critical
organ, the kidney (2).

As an alternative, various mobilization tests have
been used to estimate body burden. In such tests, a
chelating agent is administered, and the excretion of
the metal in the urine is assessed, a method that has
been widely used for lead (6, 7). However, mobili-
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zation tests also have limitations; they may not re-
flect the body burden (3, 4, 6, 7).

Other methods have been developed over the last
20 years, for example, neutron activation and X-ray
fluorescence analysis for the in vivo measurement of
cadmium and lead levels in organs. These techniques
are briefly discussed in this communication. In ad-
dition, in vivo assessment of mercury levels in bone
has been reported (8). However, it is doubtful wheth-
er this procedure is feasible, even in subjects occu-
pationally exposed to elemental mercury vapor or to
methylmercury as a result of the consumption of con-
taminated fish (9). Mercury determinations will
therefore not be discussed further.

In vivo determination of cadmium

Cadmium exposure and effects

Cadmium is a problem in many occupational settings
and, in some areas of the world, also in the general
environment (2). After absorption, the metal is bound
to metallothionein in the liver and deposited in the
kidney, where the turnover is very slow, with a bio-
logical half-time of decades. For long-term exposure,
the critical organ is the kidney. The effects of cad-
mium have long been recognized in occupational
exposure and in populations with extremely high ex-
posure through food. Recently, slight effects have
been reported in sections of the general population
not subject to any particular exposure (10). As a re-
sult, interest has been focused on much lower expo-
sures.

Methods

During the 1970s and 1980s, several groups used
neutron activation analysis to measure cadmium in
liver and total kidney (11—17). The method is based



on the fact that neutrons are absorbed by cadmium,
causing emission of gamma rays of characteristic
energy. Suitably calibrated measurement of these
gamma rays enables the amount of cadmium in the
organ to be determined.

In 1981, Ahlgren & Mattsson (18) showed that it
was possible to determine cadmium in vivo in kid-
ney cortex by means of an X-ray fluorescence tech-
nique in which a **americium source was used to
produce the characteristic K X-rays of cadmium.
Since then, the X-ray fluorescence technique has
been developed and improved. A partly plane-polar-
ized X-ray spectrum is now used for excitation, the
detector collimator has been modified, and a sili-
con(lithium) detector is used (figure 1) (19—21). The
X-ray fluorescence technique has several advantages.
It has a significantly lower effective dose equivalent
than neutron activation analysis, the detection limit
is better or comparable (22), and the measurements
are restricted to the toxicologically relevant part of
the kidney, the cortex. The duration of measurement
is 30 min. A drawback of the X-ray fluorescence
technique is that the detection limit is strongly de-
pendent upon the distance between the skin and the
kidney, which is determined by an ultrasonic tech-
nique. The detection limit is approximately 10—
15 pg - g' at a “normal” kidney depth of 50—60 mm
(Nilsson et al, unpublished manuscript). This detec-
tion limit is sufficient to measure levels in subjects
in the general population not subject to any particu-
lar cadmium exposure. The precision, as determined
by repeated measurements in 11 cadmium workers,
is about 20 (1 SD)% (20). The accuracy has been
checked by parallel measurements of five horse kid-
neys with the use of X—ray fluorescence (the kidneys
were placed in a water tank during measurement) and
atomic absorption spectrometry (20). X-ray fluores-
cence gave slightly higher values than those obtained
by atomic absorption spectrometry, but the mean dif-
ference was only 3 pug - g'.

Results

We studied cadmium levels in kidney cortex in
Swedes with different smoking habits (Nilsson et al,
unpublished manuscript). The average cadmium level
in kidney cortex was 5.8 (g - g™! in nonsmokers and
26 g - g in smokers (figure 2). These values are
in agreement with the levels found in kidneys ob-
tained at autopsy (23), and also with the assumption
that smoking is a major source of cadmium exposure
in the general population. Cadmium levels in blood
and urine, as determined by atomic absorption spec-
trometry (5), also depended on smoking (24).

Subjects occupationally exposed to cadmium in a
nickel-cadmium battery factory had much higher lev-
els, on the average 150 (range 47—320) ug - g (20)
(figure 2).

The application of neutron activation analysis in
studies of cadmium workers has been very useful in
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Figure 1. Arrangement for the determination of cadmium in
kidney by X-ray fluorescence analysis with polarized pho-
tons. Modified from reference 19. (Si = silicon, Li = lithium)
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Figure 2. Cadmium (Cd) levels (means, bars indicate ranges)
in kidney cortex of eight nonsmoking (NS) and ten smoking
(S) Swedes without occupational exposure (Nilsson et al,
unpublished manuscript) and in 20 workers in a nickel-cad-
mium battery factory (20).

estimating the critical concentration in kidney cor-
tex (ie, the concentration at which dysfunction oc-
curs) (12, 15). This level may be as low as about
50 pug - g (10).

In vivo determination of lead in bone

Lead exposure and effects

Occupational exposure to lead is a common problem
in many industries (3). In addition, in many coun-
tries, there is considerable exposure of the general
population, mainly through paint, water, gasoline,
and industrial emissions (25). After absorption, the
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metal is primarily transferred to the skeleton, which
accounts for about 90% of the body burden. The crit-
ical organs are the central nervous system and the
kidney (3). Slight effects occur at exposures accepted
in most countries. In recent years, much of the in-
terest has focused on effects on fetuses or infants
exposed at the levels present in the general environ-
ment in many countries. There is thus a need for
good indices of exposure and risk.

Methods

The first in vivo determination of lead in the skele-
ton was made by an X-ray fluorescence technique
and published by Ahlgren et al in 1976 (26).

Since then, other X-ray fluorescence techniques
and several applications have been reported (16, 27).
In principle, they either use a *’cobalt (*’Co) (6, 7,
26, 28—37) or a '®cadmium ('®Cd) (7, 14, 37—41)
source to excite the lead; the characteristic K X-rays
of lead are then measured.

The ¥'Co technique has been applied mainly to
the finger phalanx, but also to the ulna and tempo-

Ge detector

57Co source
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Figure 3. Arrangement for the determination of lead in fin-
ger bone by X-ray fluorescence analysis. The radiation
shield, two 5’Co sources, and the detector collimator with its
tantalum-covered opening and perspex holder for the finger
are shown. (Ge = germanium, Co = cobalt, Cu = copper, Sn =
tin, Ta = tantalum) Taken from reference 31.
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Figure 4. Relationship between bone lead levels in finger
and tibia (N =112, T = 0.58F+5.5, r = 0.68, P<0.001). Data
taken from reference 37.
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ral bone (36). The '®Cd technique has primarily been
used for the analysis of tibia (7, 37), but also for cal-
caneus (7, 37), ulna and sternum (39). In addition,
L X-rays can be measured after the excitation of lead
in the tibia by 'Piodine or '®Cd (16, 27). A partly
plane-polarized spectrum from a low-energy X-ray
generator has also been used for the production of
L X-rays (42). While the K techniques measure lead
up to a considerable depth in the bone, L techniques
mainly assess superficially located lead. Therefore
the results obtained by the two techniques may not
be directly comparable.

We have used the ¥’Co K technique for the deter-
mination of lead in finger phalanx (figure 3). The
duration of measurement was 30 min, and the detec-
tion limit about 20 pg - g', which is sufficient for
the determination of skeletal lead in lead workers,
but too high for determining levels in the general
population in most areas of the world. The precision,
as measured by repeated measurements in 16 indi-
viduals, is 15 (1 SD)% (28, 31). The accuracy has
been checked by comparisons of in vivo determina-
tions using X-ray fluorescence with postmortem de-
terminations by atomic absorption spectrometry. In
two subjects, the lead levels measured in vivo were
98 and 27 ug - g'; the postmortem analysis gave 91
and 36 pug - g' (28, 31).

Results

In studies of smelter workers, the lead level of fin-
ger bone increased with increasing duration of em-
ployment and time-integrated exposure, as estimat-
ed from the blood lead levels over time (28, 37). The
levels found in the smelter workers were much higher
than those present in Swedish men without occupa-
tional exposure (1—3 pg - g™') (6, 31).

Studies on lead levels in finger bone of the same
smelter workers and on the concentrations in tibia
and calcaneus by means of the 'Cd K method
showed significant associations between the levels
at the different bone sites (figure 4) (37). Similar
levels in tibia and calcaneus have been found in
workers in another Swedish smelter (40, 41).

Finger-bone lead decreases after employment has
ceased (29). We have now followed retired workers
for up to 18 years (31), when they displayed an av-
erage biological half-time of 16 years, which shows
the slow turnover of lead in bone.

Skeletal lead should be a useful index of risk, es-
pecially for the chronic effects of lead exposure.
However, little has yet been done in this promising
field.
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