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ABSTRACT

Portable systems for the in vivo measurement of the toxic heavy elements,
cadmium and lead are described. The cadmium concentration in either the
liver or left kidney is determined using a technique of thermal neutron
capture gamma-ray analysis. X-ray fluorescence analysis is used to measure
lead within the bone of the second phalanx of the index finger. Each of
the measurements is used as an index of long term exposure to the element
and applied to screening of exposed industrial workers. The results of
these industrial health applications are presented. Clinical application
of the measurements to the study of the involvement of these elements in
renal disease is described in brief.

1. INTRODUCTION

Work in the area of in vivo elemental analysis of man commenced in our
Institute in 1978. Our principal interest in this field has been the
development and application of systems for the in vivo analysis of the toxic
heavy elements, cadmium (Cd) and lead (Pb). The systems utilize the
techniques of neutron capture gamma-ray analysis for Cd and x-ray
fluorescence analysis for Pb.

The systems are portable and permit a measurement of Cd in the liver
and/or kidneys and Pb in a small volume of the skeleton. These
measurements are used to screen exposed industrial workers for long term
absorption/retention of the elements. The measurements have also been
employed in studies of the possible Involvement of these elements in renal
and other diseases.

Measurement of liver/kidney uptake ratios of radiocadmium (109Cd) in
mice have been used to investigate the possibility that this ratio might
provide an alternative, readily available, method of assessing previous
exposure.

2. IN VIVO MEASUREMENT OF TISSUE CADMIUM LEVELS

2.1 Design Features

The system measures liver/kidney concentrations of Cd by the now well
established technique of thermal neutron capture gamma-ray analysis. The
design features and performance characteristics of the system have been
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reported in the literature1.
1.

The system is shown schematically in Figure
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Figure 1.

Designed with portability as an important consideration the system is
similar to the Birmingham system2'3. The sensitivity is adequate for
screening of industrial workers or for the measurement of elevated levels
experienced in certain disease states. However, it does not permit
measurement of levels in the normal range.

The most significant design difference between our system and similar
systems reported in the literature is the geometrical arrangement of the
source, subject and detector which results in differences in the spatial
variations in sensitivity compared with these other systems. These
variations in sp^^ial sensitivity are important contributions to the
uncertainty of measurement3.

In this respect the advantages of the geometry employed in our system
are -

(a) less variation in detection efficiency along the x-axis (see Figure 1
for definition of co-ordinates);

(b) that the variation in detection efficiency in the y-direction can be
readily improved should a second detector be available.

The disadvantage is the greater variation in sensitivity with depth in
tissue (z-direction). In this direction, the positioning of the detector(s)
in the Birmingham (and Brookhaven1*) systems provides some compensation for
the decrease with depth of the thermal neutron flux.

The lower limit of detection of Cd concentration is basically
determined by the dose delivered which with a fixed neutron output involves
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a variation in the time of measurement. We have selected a 600 s
irradiation to permit a reasonable throughput of subjects and a lower limit
of detection adequate for screening in the industrial health area. This
provides a lower limit of detection of approximately 20 p.p.m. in a
measurement of liver Cd levels.

2.2 Applications and Discussion

2.2.1 Industrial Health. In the industrial area one important
consideration is that the screening of personnel should involve minimum
disruption to the work force. This factor suggests a minimum measurement
time commensurate with the collection of adequate information. The
measurement of both liver and kidney concentrations obviously increases the
dose as well as the time involved for each individual.

The kidney, although the target organ for damage, is a more difficult
site for measurement than the liver; errors in an individual measurement
of kidney Cd concentration rising to ± 30%. Al Haddad et al3 have
discussed the relative merits of liver and kidney measurements and commented
on the possibility of -

(a) ambiguity in the interpretation of kidney concentration, and
(b) the relative ease of the liver measurement.

In considering all the factors above, we decided on the measurement of
liver concentration for screening of industrial workers. The measurement
is considered to provide an index of long term exposure. To date we have
completed the monitoring of approximately 100 exposed personnel from three
industrial sites. One of these sites was involved in the smelting and
refining of Cd while the other two sites employed welders using Cd doped
welding materials.

A summary of the results of these measurements is given in Table 1.

The results indicate that -

(a) relatively few (< 5%) of the exposed workers had significantly elevated
liver Cd levels (> 30 p.p.m.).

(b) the mean liver Cd levels of these exposed workers tends to be lower than
similar groups monitored in the United Kingdom and Europe. This we
believe is in part due to the more open aspect of the factories in
Australia as well as the more transient nature of the Australian work
force.

(c) in most cases (~ 80%) the levels of Cd in the individual was below
detectable limits (~ 15 p.p.m.).

The mean value of liver Cd concentration of exposed groups correlated
well with estimated exposure (nature of work and time of employment).
(See Table 1)
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Table 1: Liver Cd concentrations in exposed workers

Site

1

2

3

Nature of Exposure

Smelting and
refining

Welding materials
and electroplating

Welding

Exposure
Category

(a)
(b)
(c)

(a)
(b)
(c)

(a)
(b)
(c)

Number of
Personnel

23
11
11

13
12
8

9
14
10

Number
> 30
p.p.m.

2
3

—

—

Mean
Value
p.p.m.

13
19
3

12
4
5

14
8
2

Maximum
Value
p. p.m.

56
34

29

24
20

V
. \

Category (a) most exposed
(b) limited exposure
(c) very little or nil exposure

This demonstrates the dual use of in vivo liver (or kidney) Cd
measurements since they can identify -

(a) individuals with excessive and possibly harmful exposure, and
(b) exposed groups within a work force.

2.2.2 Cadmium and chronic renal failure. There have been reports

•d

an

indicating that Cd nephropathy may be mistaken for Pb nephropathy . Cd and
Pb often occur together and both were used in the manufacture of household
paints. There is a high incidence of Pb nephropathy diagnosed in Queensland
as a result of contamination from paint used on the traditional wooden
Queensland houses.

In vivo liver Cd estimations were performed for 40 undialysed patients
attending the Renal Clinic at the Royal Brisbane Hospital to determine
whether Cd might have played a role in the causation of their renal disease.
Twenty-one of these patients were diagnosed as suffering from Pb nephropathy.
Diagnosis for the remaining patients included analgesic abuse, chronic
pyelonephritis, polycystic kidney disease and hypertensive nephrosclerosis.

No correlation was noted between liver Cd concentration and cause of
renal failure. However, the mean liver Cd concentration of these uraemic
patients was elevated compared with that obtained for a control group. The
mean values were 16 p.p.m. and 3 p.p.m. for the uraemic patients and control
group respectively. These results agree with a much larger, but similar
study of liver Cd concentrations obtained by x-ray fluorescence analysis of
samples taken post mortem.
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3. RADIOCADMIUM INVESTIGATIONS

The ratio of the liver/kidney concentrations of Cd is expected to
change with the degree of exposure. This expectation suggests the
possibility that a measurement of liver/kidney uptake of a radioactive
isotope of Cd (e.g. 109Cd) might provide a suitable index of previous
exposure. We have performed a preliminary investigation of this possibility.

Mice and guinea pigs were chosen for the study. The animals were
first injected subcutaneously with a solution of stable CdC£2• Subsequently
a trace amount of 109Cd was injected subcutaneously. Five days later the
animals were sacrificed and the ratio liver/kidney uptake of ths
radioisotope measured.

In a series of such experiments the quantity of stable CdCE.2 injected
was varied between 0.6 Jig to 6000 ug and the time interval between injection
of the stable CdC-£.2 and radiocadmium varied between one week and 20 weeks.
Animals not' previously injected with stable CdCti were also tested.

The liver/kidney Cd ratio decreased in response to the previously
injected stable CdC^2 reflecting increased uptake by the kidney. The
remarkable feature of the results was that the ratio tended to be constant,
that is, independent of the amount of stable CdC£.2 first injected.

The results of these experiments are given in Table 2 and Figure 2.

Table 2: Effect of the time interval between the injection
of stable CdC£2 and radiocadmium (

109Cd)

Stable CdC£2 injected

id
1 week earlier
5 weeks earlier
9 weeks earlier
20 weeks earlier

Ratio 109Cd uptake liver/kidney

1.6 ± 0.8
2.7
1.8
1.8

The fact that the ratio remains constant following any level of
exposure suggests that the relationship of total liver to kidney Cd
concentrations is also constant and thus supports the ide? of using liver Cd
concentration as an index of both life long exposure and possibly an
indirect assessment of kidney Cd levels. It is surprising that the ratio
remained constant even at the very high levels of exposure since these were
considerably in excess of levels necessary to produce renal dysfunction.
However, no assessment of renal function nor stable CdC^2 levels were made
in the course of these experiments.

A greater variability was observed in the ratio for animals not injected
with stable CiClz compared to the exposed animals. Tin's may reflect
previous low level exposure from food and/or water.
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2. Liver/kidney uptake of 109Cd in (a) mice and (b) guinea
pigs following injection of stable CdC£2. Results
indicated (x) are those for animals not first injected
with stable Cdc£2.
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4. IN VIVO DETECTION OF BONE LEAD

4.1 Design Features

The system6 for the in vivo detection of skeletal Pb relies on
detection of characteristic x-rays excited by 122 keV photons emitted from
5 7,Co sources. The in vivo technique was first described by Ahlgren and
Mattsson

57rOur system uses two 740 mBq 3'Co sources, W collimation (with Cd
inserts) and a 13.5% Ge(Li) detector. The geometry adopted is shown
schematically in Figure 3. The basic design features are similar to those
reported in the literature by Ahlgren and Mattsson . The principal
difference is the use of the 13.5% Ge(Li) detector in our system in place of
the more ideal LEP detector.

I7Co SOURCE

,Cd INSERT

FINGER
OR PHANTOM

Ge(Li) DETECTOR

STEEL SHIELD

'TUNGSTEN
BLOCKS 5 cm

57Co SOURCE

Figure 3.

Our measurement involves a 600 s irradiation of the middle phalanx of
the index finger. The incident excitation photon beam is collimated to
0.8 cm and the detector views the irradiated volume through a 1.3 cm
aperture in a W collimator. The concentration of bone Pb in the irradiated
region is estimated by comparison with doped finger like phantoms with a
correction made to allow for a variation in count rate with finger size.

The efficiency (counts/p.p.m. Pb) increases by approximately a factor
of two as the bone diameter increases from 8 to 12 mm. Like Ahlgren and
Mattsson we measure both bone and soft tissue diameters using a conventional
x-radiograph. The measured Pb concentration is then modified by a factor
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obtained from measurement of doped finger phantoms of different diameters.
The effect of finger size still remains a significant source of error as
the cylindrical phantoms are not truly representative of the shape of the
middle phalanx.

Further difficulties in the application of the technique are associated
with -

(a) attenuation in tissue of both the excitation photons and characteristic
x-radiation, and

(b) background in the region of the characteristic Pb x-radiation due to
Compton scatter from the relatively bulk object.

The first two difficulties were discussed in some detail by Ahlgren and
Mattsson7. Their second publication9 describes a system similar to ours
in which two 57Co sources are used in a bilateral irradiation of the middle
phalanx of the index finger. The use of two sources reduces the variation
in spatial sensitivity throughout the irradiated volume. This variation
could be further reduced by rotating the finger through 180° at the mid
point of the measurement although the ensuing position would be less
comfortable for the patient.

The detection limit is approximately 25 p.p.m.
result of -

The limitation is a

(a) background due to multiple scatter of the incident 122 keV photons,

(b) the relative inefficiency of fluorescence, which using 122 keV photons
is more than a factor of two less than the maximum possible, and

(c) limitations on time (and dose) associated with the measurement.

We are investigating the use of a polarized photon source which may
result in some advantages in respect to (a) and (b) above.

The 122 keV photons from the 57Co source are first scattered through
90° using a low Z scatterer. This produces a polarised beam of 98 keV
photons. This beam is used to fluoresce the sample. The detector is
placed orthogonal to the plane defined by the primary beam and polarised
beam. With this orthogonal arrangement the polarised beam cannot be
scattered towards the detector. Total rejection of scatter is possible
only when the angle is exactly 90°. However, for an angle near 90°, the
intensity of scattered photons is still reduced using a polarised beam
compared with an unpolarised beam. Preliminary measurements show that the
ratio of fluorescent x-rays to scattered radiation is increased by about a
factor of three. One significant difficulty is that the production of the
polarised photons by scattering reduces the intensity of the beam incident
on the phantom. Stronger sources must therefore be used to compensate
for this reduction and transmission through the collimators becomes a major
problem. We have yet to investigate the efficacy of the technique with a
source suitable for in vivo measurement.



4.2 Application of Measurements

We have recently completed in vivo Pb determination on forty-five
patients attending the Renal Clinic, Royal Brisbane. Hospital. Fifteen of
these were diagnosed as suffering from lead nephropathy. The remainder
were divided between two groups of fifteen. The two groups represented
patients diagnosed as suffering from renal failure due to analgesic abuse
and other causes.

Individuals within the three groups were matched for age and sex.

Preliminary analysis of the data indicates that a significant number of
patients with diagnosed Pb nephropathy have elevated bone Pb levels.

Mean bone Pb levels in tha diagnosed Pb nephropathy patients was
elevated at 47 p.p.m. compared with 14 p.p.m. and 18 p.p.m. respectively in
the other two groups. The results have yet to be correlated with other
parameters measured in this study. Of particular interest is the
result of an E.D.T.A. Pb chelation test performed on each of the Pb
nephropathy patients.

It is perhaps interesting that the bone Pb levels as measured are in
fact a dilution of the levels associated with an acute exposure occurring
some forty years previously and in childhood. The dilution results from
natural skeletal growth and biological excretion.

Measurements of bone Pb in recently exposed industrial workers have
been performed on four subjects. The results of these measurements were
130, 120, 103 and 125 p.p.m. Errors in these measurments are estimated
as approximately ± 15 p.p.m. (1 S.D.). At elevated levels this uncertainty
results from inadequacies of the phantoms used for calibration while at
lower levels the statistical uncertainty in the observed counts is more
important.

5. FUTURE WORK

We plan to continue the programme of screening industrial workers
exposed to Cd and Pb and to study other disease states in which these
elements, particulary Pb, may be involved. A group of normal subjects
will also be studied to enable a better understanding of the significance
of levels encountered in the exposed workers.

We are attempting to increase the sensitivity of the system for the in
vivo measurement of Pb by the use of a polarized source and by replacing the
large volume Ge(Li) detector with a planar germanium low energy photon
detector (LEPD).
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