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Longitudinal studies of exposure to cadmium

R Armstrong, D R Chettle,M C Scott, M Blindt, H J Mason

Abstract
Measurements of urinary proteins, blood and
urinary cadmium, and in vivo kidney and liver
cadmium have been made for a group of
workers at several times between 1981 and
1990. The possibility of the introduction of
measurement artifacts due to the use of dif-
ferent in vivo measurement systems has been
assessed and is considered to be small. Changes
in cadmium body burden with time have been
studied in relation to kidney function. The
results suggest several interesting patterns,
although more data are needed to elucidate
these further. They do, however, show the
effectiveness ofgood hygiene in the workplace.

The toxic effects of cadmium have been acknow-
ledged for decades.' Of special interest in chronic
occupational exposure are its nephrotoxic effects,'
particularly tubular damage that is characterised by
the excess excretion oflow molecular weight proteins
such as P,-microglobulin and retinol binding
protein.' Cadmium accumulates mainly in the kid-
neys and the liver, these organs alone accounting for
roughly 70% of the total body burden.8 In vivo
measurement of concentrations in these organs
therefore provides a good estimate of body burden.
These, along with biochemical measurements such as
urinary proteins and blood and urinary cadmium
concentrations may then be used to assess the health
of the worker with respect to cadmium. Many such
studies of the accumulation and toxicology of cad-
mium have been reported. These have mainly been of
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a cross sectional nature (at one point in time),>" with
few studies including measurements over a period.'4
The last are of particular interest as they provide
information on changes in cadmium stores, and relate
these to the onset of toxic effects in some members of
the workforce.
The opportunity has been provided to make

additional in vivo and biochemical measurements on
a group of workers exposed to cadmium fume in the
process of producing cadmium silver alloy. Previous
measurements on these workers have already been
reported."516 In this paper we present further con-
clusions from this longitudinal study.

Subjects and methods
In the overall study, four sets of measurements have
been carried out to date. The initial measurements
were made in December 1981, with subsequent
measurements in March 1983, January 1986, and
April 1990. At each survey, with the exception of
1983, measurements were made of urinary proteins,
blood cadmium and urinary cadmium concentrations
and in vivo kidney and liver cadmium burdens. In
1983, no in vivo data were collected. The original
study group consisted of 37 male workers who were
exposed to cadmium and silver fumes, along with, to
a lesser extent, other metal fumes such as those of
lead, zinc, copper, and arsenic for various periods.
Twenty eight of these presented for further
measurements in 1983, 21 in 1986 (although only 16
kidney measurements were available for analysis),
and 18 in 1990. Ofthose measured in 1986, all but five
had blood and urinary measurements made in 1983
and, ofthose in 1990, four were notmeasured in 1983
and two were not measured in 1986. The table shows
the measurement pattern.
Throughout the study, urinary f,-microglobulin

concentration was measured with a commercial
immunoassay." Retinol binding protein was
measured with an assay developed by the Health and
Safety Executive.'8 Blood cadmium and urinary
cadmium concentrations were measured using gra-
phite furnace atomic absorption spectrometry.'9"'
The in vivo measurements were made by prompt y-
ray neutron activation analysis,2' using different ver-
sions of transportable kidney and liver measurement
systems.
As the measurement systems have been repeatedly
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In vivo measurement pattern for workers

Subject December March January April Subject December March January April
Number 1981 1983 1986 1990 Number 1981 1983 1986 1990

1 1 201
2 21 1
3 1 1 1* v 22 1 1* 1
141231

15 1 1* 1 24 1 1 16 1 1 25 1 1
1 26 11118 1 127 111
1 28 111110 1 1 1 129 111
I 1 3012 31 1111

13 3
15 131161 11 35 111
17 136 11
18 1 * 137 1111
19 11

*Indicates those workers with no 1986 measurements of kidney cadmium.

modified over the years, it is important to eliminate
the possibility of artifacts due to differences in the
systems. Although some features have changed, the
basic design and geometry of the systems have
remained the same. The main differences lie in the
type of material used as a neutron shield and as a
neutron reflector. In 1981, neutrons from the "CPu/Be
sources (used in all measurements) were shielded
with borated water filled tanks, and reflected forward
towards the subject by graphite used as the source
holder, in both the kidney and liver systems.22 The
lower limit of detection (LLD) (2 SDs of the peak
area) obtained was 8 mg for the kidney system, and
20 ug/g for the liver. In 1986 the neutron shielding
was changed to boric oxide powder and the neutron
sources were placed in an iron holder, again for both
systems," giving detection limits of 6-4 mg and
6-5 Mg/g.24 In 1990 the kidney system alone had been
redesigned changing the neutron shielding to iron
and polythene.25 An LLD of 4-8 mg was obtained.
The liver system used in these measurements was the
same as that used in 1986. The LLD for both kidney
and liver measurements has decreased for each new
system introduced, reflecting the increased precision
of the measurements arising from the improvement
in counting statistics. The precision of the
measurements also depends on any error introduced
due to mispositioning ofthe subject. In all the kidney
measurements and the last two sets of liver
measurements, ultrasound was used to locate the
organ, with an estimated measurement uncertainty of
+ 5 mm. In practice, the reproducibility of kidney
depth estimates for subjects with repeated
measurements was + 5 5 mmeven over this nine year
interval, supporting the estimated precision. This
5 mm uncertainty in the kidney depth results in a
cadmium measurement uncertainty of the order of

7%. For the liver measurements, the corresponding
uncertainty is less than 1%.

In each survey, extensive phantom measurements
have been carried out. The method of making the
phantoms has not changed throughout the
measurement period and the same phantoms were
used in 1986 as in 1990. The error introduced in
mispositioning any phantom is well within 5% but,
in any case, in each survey, sets of phantom results
were used for calibration, decreasing the importance
of mispositioning any individual phantom. The
above factors would seem to suggest that the likeli-
hood of the introduction of appreciable artifacts is
small.

Results
In reporting the original results taken in 1981, the
population was divided into groups according to
their duration of exposure to cadmium at that time.
The first group had been exposed for periods ofup to
10 years. Of these workers nine had complete in vivo
measurements made in both 1986 and 1990 (subjects
15, 16, 21, 24, 26, 28, 31, 35, and 37), from which
body burden was calculated as:

body burden = 1-8 x liver Cd + 2 x kidney Cdmg0-16 +0-53 m

For this subgroup, the inverse variance weighted
mean and associated error of the body burden fell
from 115-1 + 9-48 mg in 1981, to 108-8 + 7-35 mg
in 1986, to 81-5 + 4 05 mg in 1990. Four of these
workers retired between 1983 and 1984; their body
burdens fell from 110-3 + 14-45 mg in 1981 to
68-0 + 10-94 mg in 1986, and to 66-3 + 5-89 mg in
1990. The other five workers are still employed in the
cadmium melting shop in the factory. Their inverse
variance weighted mean body burdens changed from
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118 6 + 12-57 mg in 1981 to 142-5 + 9-93 mg in
1986 and to 79-4 + 5 59 mg in 1990. This, at first
sight, indicates an increase in exposure from 1981 to
1986. One subject in this group, however, had a
substantial increase in body burden in 1986,
and when the weighted means of the other four
workers who are still employed were calculated
they gave values of 123-0 + 13-52 mg in 1981,
96-4 + 10-94mg in 1986, and 90 3 + 5-98 mg in
1990.
The one subject in this group (24) who exhibited

an unusual pattem in accumulation ofcadmiumhad a
dramatic increase in body burden in 1986 to a value of
358-7 + 23-7 mg from 91-0 + 15-7 mg in 1981. In
1990, the body burden had fallen to
128 4 + 15-7 mg. This pattern is mimicked, alth-
ough not to the same extent, in the blood and urinary
cadmium measurements, which were slightly raised
in 1983 and 1986. The liver and kidney cadmium
levels in 1986 were 56-4 + 4-3 ig/g and
73-0 + 7-2 mg.

It should be noted that, in determining body
burden from the in vivo measurements, the liver
cadmium concentration was calculated assuming a
standard liver size of 1 8 kg,26 and both kidneys were
assumed to have the same content of cadmium. The
denominator in the equation indicates the fractional
body burden attributed to each organ: 0-16 for the
liver and 0 53 for the kidneys.8

In 1983 six members ofthe group with the shortest
exposure (subjects 3, 4, 5, 26, 28, and 31) were
identified as having sufficiently high body burdens to
suggest that kidney damage, although not present at
that time, might well occur. In 1983, all the subjects
were remeasured, in 1986, three were remeasured,
and in 1990 five were remeasured. At no time was
there evidence from the biochemical data that renal
damage had occurred. The weighted mean body
burdens for the three subjects who had complete in
vivo measurement records fell from 265-5 +
16-90 mg in 1981, to 137-2 + 12-19 mg in 1986, and
to 117-2 + 7-41 mgin 1990.
Two workers (10 and 13), who have complete in

vivo records, can be identified from the beginning of
the study, as having kidney damage as assessed by
urinary excretion of the low molecular weight
proteins f,-microglobulin and retinol binding
protein. Both showed similar patterns ofdistribution
of cadmium between the liver and kidney during the
time period studied. The liver cadmium concentra-
tions appeared to decrease in 1986 only to rise again
in 1990. The kidney cadmium burdens, however,
showed the opposite trend, increasing in 1986 and
falling in 1990. The body burdens, within errors, did
not change appreciably.

Discussion
Although the workers studied in these surveys have

had exposure to toxic metal fumes other than cad-
mium, this exposure has been well within current
safety limits.' It therefore seems reasonable to
attribute the changes in renal function found in some
of the workers to cadmium alone.
For the subgroup of nine workers, body burden

decreased significantly between 1981 and 1990, for
both the retired workers and the workers still
employed. This suggests a decrease in accumulation
ofcadmium in this period, compared with that before
1981. This is easily explained for the retired workers,
assuming environmental cadmium levels to be less
than occupational levels. The decreased accumula-
tion in the workers still employed is substantiated by
factory records, which indicate a decrease in
exposure to cadmium due to the use ofmore effective
extraction techniques, and to the decrease in cad-
mium content of the alloys produced by the factory;
these measures having been introduced after the
initial measurements in 1981.
The one worker who had a large increase in body

burden in 1986 has not, according to factory records,
increased his exposure significantly in the study
period and, indeed, is considered to be a very careful
worker. This large increase is not believed to be a
result ofmeasurement error, and no explanation of it
can be offered at this time. It should be noted,
however, that despite this increase in body burden,
especially the large kidney cadmium level, this
worker does not, from the biochemical
measurements, appear to have developed cadmium
induced nephropathy.
The liver and kidney cadmium levels in the two

workers with signs of kidney damage exhibit an
interesting yet puzzling pattem of redistribution.
Unfortunately, the numbers do not make it possible
to study this in depth, but this pattern has been seen
in similar workers from another factory.
An important finding of the original study on this

population,'5 was the existence of a group of workers
with a short period of exposure and increased body
burdens who had not developed cadmium induced
nephropathy. From subsequent biochemical
measurements it is evident that this is still the case.
Of this group, three had retired in 1983; the others
are still employed to date in the melting shop. All
subjects (apart from one, for whom only one set of in
vivo measurements was available) showed the same
change in cadmium distribution from 1981 to 1990-
namely a decrease in liver cadmium, an increase in
kidney cadmium and an overall decrease in body
burden. It is also interesting that the mean decrease
in body burden from 1981 to 1990 for the retired
workers was 200 8 + 21-90 mg and for those still
employed was 119-3 + 18 82 mg suggesting that
although exposure to cadmium in the factory has
been appreciably reduced, it is, not surprisingly, still
greater than that found in the environment. The
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important point to note from this group is, however,
that despite their large initial body burdens, they
have not developed kidney damage. One interpreta-
tion of this is that the accumulation of cadmium in
the kidneys, resulting from transfer from the liver,
has not at any time been sufficient to cause renal
damage. A decrease in exposure such as has
happened in this factory may, therefore, be beneficial
in preventing renal effects by limiting the accumula-
tion in these organs.
This longitudinal study has brought to light

several interesting patterns of change of cadmium
body burden. Despite the large number of workers
measured during this longitudinal study, it has been
difficult to follow more than a few throughout the
entire study period. This limits the interpretation of
the data, and the conclusions which can be drawn,
and supports the case for collaboration between
researchers with similar data. Nevertheless, in this
factory, the results indicate the importance and
beneficial effects of good occupational hygiene prac-
tice.
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