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Abstract

Objectives—to evaluate the degree of cad-
mium induced glomerular impairment
and to assess the dose-response relation
between cadmium dose and the preva-
lence of glomerular dysfunction.
Methods—A comparison of glomerular
filtration rates (GFR) assessed by Cr-
EDTA clearance was made in 42 solderers
previously exposed to cadmium for at
least five years. Blood and urine data
were collected at health examinations in
1984, 1989, and 1993. Individual doses of
cadmium were estimated by analysing
cadmium in blood.

Results—Glomerular lesions induced by
cadmium are irreversible and the GFR
decreases with the degree of tubular dam-
age. The GFR also decreases with cad-
mium dose and there is a dose-response
relation between blood cadmium and
prevalence of glomerular damage with
3:4% prevalence at blood cadmium con-
centrations below 50 nmol/l, 33% at blood
cadmium concentrations between 50 and
75nmol/l and 100% prevalence of
glomerular damage when cadmium in
blood exceeds 75 nmol/l.
Conclusions—The kidney lesions induced
by cadmium are irreversible and the
prevalence of those lesions are dose
dependent. There is also evidence of a
dose related decrease in GFR even a long
time after the end of exposure. Exposure
to cadmium should therefore be min-
imised and workers exposed to cadmium
should be examined regularly for many
years after the end of exposure.

(Occup Environ Med 1995;52:818-822)
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Chronic exposure to cadmium causes kidney
injury.! The first sign of a renal lesion is a tubu-
lar dysfunction, characterised by an increased
excretion of proteins with low molecular
weight such as f,-microglobulin.2? Dose-
response curves between exposure to cadmium
and the prevalence of tubular proteinuria have
been well established and form the basis for
occupational and environmental threshold val-
ues.! In almost all cases the proteinuria
induced by cadmium is irreversible even if
exposure has ended.?*° Research on health

effects of cadmium has focused on renal tubular
injury. As well as the tubular proteinuria an
increased prevalence of proteinuria from larger
proteins such as albumin has been noticed in
workers exposed to cadmium.”® The interpre-
tation of the albuminuria has been debated.
Does it indicate a primary glomerular damage
with increased permeability of larger proteins
through the glomerulus® or is the albuminuria
secondary to a decreased tubular reabsorption
of the small amount of albumin normally fil-
tered through the glomerulus?? !

Glomerular damage with a decreased
glomerular filtration rate (GFR) is clinically
more important than an increased permeability
of larger proteins. Already in 1950 Friberg
reported that battery workers exposed to cad-
mium, as well as having proteinuria, had
decreased GFR measured by inulin clear-
ance.!" This was confirmed by Adams ez al'
who measured creatinine clearance in cad-
mium battery workers, and more recently by
other authors® > who used the serum concen-
tration of creatinine as the estimate of
glomerular function. Roels ez al® used serum
Br-microglobulin and Jirup et al'* used 5'Cr-
EDTA clearance to measure the GFR in work-
ers with previous exposure to cadmium.
Japanese data show that people environmen-
tally exposed to cadmium may also develop a
decreased GFR."

The quantitative relation between cadmium
exposure and glomerular dysfunction has, as
yet, not been well characterised and more
research in this field has been asked for.! The
aim of the present study was therefore to study
the relation between cadmium dose and GFR
as the estimate of glomerular function.

Subjects and methods

SUBJECTS

A factory producing heat exchangers, coolers,
and radiators used solders containing cadmium
until 1978, when new soldering procedures
were adopted. Before 1978, 68 workers had
been employed at the plant for more than five
years. All of them were asked to participate in
the initial investigation in 1984 and
60 workers accepted.® Of these workers 24 had
tubular proteinuria (f,-microglobulin > 34
pg/mmol creatinine) and 17 workers notable
tubular proteinuria (fB,-microglobulin > 60
pug/mmol creatinine). In this group of 17 work-
ers the GFR was also measured. Of these 17
workers, 16 participated in a follow up health
examination in 1989.'¢
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In 1993, six of the initial 60 workers were
dead and, for practical reasons, two workers
more than 80 years old were excluded. The
remaining 52 workers were asked to partici-
pate in a new follow up performed in the same
way as the previous investigations. The invita-
tion was accepted by 46 workers (92%), but
four of them did not complete the GFR mea-
surements. Thus, 42 workers participated in
the complete investigation. The present study
included 13 of the 16 workers who partici-
pated in the 1989 investigation. One of the
three workers excluded had died and the other
two were over 80 in 1993. Data from the 1989
investigation about the workers who did not
take part in the present study are included in
the analyses of the relations between relative
clearance of f,-microglobulin, blood cad-
mium, and GFR.

HEALTH EXAMINATION

All 46 participants completed a questionnaire
that included questions about present and pre-
vious health, drug use, and smoking habits. A
routine physical examination was performed
by two of the authors (LJ and BP). Calcium,
creatinine, albumin, alkaline phosphatase,
parathyroid hormone, and B,-microglobulin
were analysed in serum, cadmium was
analysed in blood, and B,-microglobulin, crea-
tinine, calcium, cadmium, o,-microglobulin,
and N-acetyl-f-glucosaminidase (NAG) were
analysed in urine. a;,-Microglobulin and NAG
were analysed for 45 of the 46 workers.

To prevent the degradation of f;-
microglobulin occurring in acidic urine (pH
< 5-6) each worker had 4 g of sodium bicar-
bonate dissolved in water the night before the
morning urine was collected for protein analy-
ses. Urine was sampled in carefully washed
polyethylene bottles. Venous blood samples
were collected in 10 ml evacuated test tubes
with heparin for the whole blood analyses and
without additives for the analyses of serum
samples. Blood and urine samples were kept at
a temperature close to 0° C until frozen.

EXPOSURE AND DOSE

Solders containing cadmium were used at the
plant from 1955 to 1978. During the entire
period, the production hall was heavily conta-
minated with cadmium due to a deficient ven-
tilation system. Measurements performed in
1976 showed air concentrations ranging from
10 to 2000 ug cadmium/m3.The work envi-
ronment was not improved until the cadmium
containing solders were abandoned in 1978.
Individual estimates of exposure concentra-
tions were made for each worker, classifying
the exposure as low, medium, or high.® The
average air cadmium concentrations in these
categories were 50, 150, and 500 ug/m?,
respectively. Individual cumulative exposure
estimates were computed by multiplying the
air concentrations by the number of years
spent at each exposure level.

Cadmium in urine is considered to mirror
mainly long term exposure and is thus an esti-
mate of the body burden.'?!* Cadmium in
blood is supposed to mainly reflect recent

819

exposure, but it has also been shown that there
is a component in the blood with a long half
life (seven to 16 years).!” Since the half life of
the fast component is around three months,
the blood cadmium concentration is propor-
tional to the body burden a few years after
exposure has stopped. Cadmium in blood was
not measured in 1984 (due to shortage of
funding), but was measured in 1989 (16 work-
ers) and for all participating 46 workers in the
present investigation.

METHODS

The 5'Cr-EDTA analyses were performed at
the Department of Clinical Chemistry,
University of Linképing, which also performed
the standard chemical analyses. The spe-
cialised chemical analyses (mainly cadmium)
were performed at the Department of
Occupational  Medicine, University  of
Link6ping. B,-Microglobulin and creatinine
were measured in serum and urine, and cad-
mium was measured in whole blood and urine
by atomic absorption spectrophotometry.'®
The laboratory at the Department of
Occupational Medicine participates in quality
control programmes and is approved by the
Swedish Board of Occupational Safety and
Health. Further details of the quality control
procedures can be obtained from the authors
on request.

B-Microglobulin was measured by a
radioimmunoassay (Phadebas, Pharmacia,
Sweden). Creatinine was measured with a col-
orimetric method and a reaction rate analyser.
The relative clearance of B,-microglobulin was
estimated according to this formula:

Clearance U-B, *
B, serum creatinine
(%) =100 ——

Clearance S-B, *
creatinine urinary creatinine

The GFR was measured in 1984, 1989, and
1993 with a 5'Cr-EDTA plasma clearance
technique as described by Brochner-
Mortensen."” The body weights and thus the
body surfaces changed significantly (P =
0-004) from 1984 (mean = 75-8) to 1993
(mean = 78-5). The 5'Cr-EDTA clearance
was corrected to a body surface area of 1-73
m? based on the height and body weight of the
subjects and previously published reference
values for the GFR.?* Granerus and Aurell
calculated that the GFR decreases at 0-4
ml/min/year before 50 years of age and at 1
ml/min/year thereafter, in otherwise healthy
people. Throughout the study the ratios
between the observed and the reference GFRs
were computed and used as the estimates of
GFR.

UNITS

Cadmium in blood is given in nmol/l (1 ug/l
= 89 nmol/l)) and cadmium in urine is given
in nmol/mmol creatinine (1 ug/g creatinine =
1:0 nmol/mmol creatinine). f,-Microglobulin
in urine is shown as pug/mmol creatinine (1
ug/g creatinine = 0-112 ug/mmol creatinine).
B.-Microglobulin in serum is given in mg/l and
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serum creatinine in umol/l (1 mg/100 ml =
88-4 umol/l).

STATISTICAL METHODS

Data were analysed with standard regression
methods. Multivariate analyses were per-
formed with stepwise regression, including all
relevant terms. Analysis of variance was per-
formed to assess variable differences in out-
come between subgroups of study subjects.
Variables with a skewed distribution were loga-
rithmically transformed to better approximate
to the normal distribution necessary for the
regression analyses. The limit for significance
was set at 0-05.

Results

In the present investigation 17 of the 46 work-
ers (37%) showed signs of tubular proteinuria
(excreting more than 34 ug B,-micoglobulin/
mmol creatinine). In 1984, 19 of the 46 work-
ers had tubular proteinuria. A few (n = 5)
workers with raised urinary fB,-microglobulin
in 1984 had normal excretion in 1993. On the
other hand, three workers who were within the
normal limit in 1984 now had tubular protein-
uria.

The 46 workers were divided into three
groups according to their tubular function.
Relative f,-microblobulin clearance of less
than 0-1% were classified as normal, relative
B-microglobulin clearance of more than 0-1%
but less than 2:5% would indicate a slightly
decreased reabsorption, and relative f,-clear-
ance of 2:5% or more was considered to be an
indicator of highly decreased tubular reabsorp-
tion.

Table 1 presents results from the three sub-
groups with no, slight, and pronounced
increase in relative clearance of f,-microglobu-
lin. An increased urinary excretion of cad-
mium, NAG, and o,-microglobulin paralleled
that of fB,-microglobulin whereas serum and
urinary calcium, serum alkaline phosphatase,
and serum parathyroid hormone remained
unchanged, and the GFR decreased. Analysis
of variance showed significant differences in

Table 1 Analyses of blood, serum, and urine in 46 solderers exposed to cadmium: tubular
Sfunction assessed by B,-microglobulin clearance (values are mean (SD))

Normal Slightly decreased Highly decreased
tubular function tubular function tubular function
PB.-clearance (0-1% < B,-clearance (B~clearance
1% < 2:5%) >2:5%)
(m=23) m=14) n=9)
Age 51-4 (10-4) 61-9 (9-9) 60-2 (13-0)
Smokers 12 (52%) 10 (71%) 6 (67%)
Weight 78-7 (13-4) 76-4 (10-3) 80-9 (8:6)
B-Cd nmol/l 246 (11:3) 39-4 (20-7) 72-8 (32°1)
U-Cd nmol/mmol
creatinine 2:2(1'1) 40 (1-7) 7-1 (44)
U-a,-microglobulin* 0-6 (0-4) 1-9 (1-6) 59 (4-2)
U-NAG U/mmol
creatinine' 0-26 (0-11) 0-42 (0-13) 0-65 (0-32)
GFR ml/min/1-73 m*t 102-5 (198-8) 81-7 (13-6) 74-6 (20-3)
GFR % of referencet 1075 (18:9) 91-8 (10-0) 80-4 (19-3)
S-Ca 2:33 (0:09) 2:29 (0-07) 2-34 (0-08)
U-Ca 49 (2'5) 47 (2°'1) 43 (1-4)
S-ALP 2:9 (0-7) 3-1 (07 34 (1 0)
S-PTH 33-0 (14-2) 35-4 (13-7) 26-0 (5-6)
*n=451tn=

42.
B-Cd = blood cadmium; U-Cd = urinary cadmium; S-Ca = serum calcium; U-Ca = urinary
culcium; S-ALP = serum alkaline phosphatase; S-PTH = serum parathyroid hormone.
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Figure 1 Box plot in three groups of workers. Group 1
includes workers with normal tubular function, group 2
conmsists of workers with slightly decreased tubular function
(Br-clearance > 0-1 % but < 2-5 %), and group 3 includes
workers with severe tubular dysfunction (B.-clearance
>2:5%).

160

= o o
® O N b
© O o o

Glomerular
filtration rate (% of reference)

D
o

T il

}nul sl

IS
o

10 100 1000 10 000

fo-microglobulin in urine
(ug/mmol creatinine)

Figure 2 Glomerular filtration rate (GFR) as a function of
urinary [,-microglobulin. Unfilled circles represent data
from the present study. Filled circles represent two workers
from the 1989 study that did not participate in the present
study. The regression equation is: GFR = 117:6 — 5-58 *
In(urinary B.-microglobulin), (P = 0-000053).

cadmium in blood and urine, in o;-microglob-
ulin and NAG in urine, and in GFR between
subgroups of f,-microglobulin clearance. No
significant associations were found between
B,-microglobulin clearance and the other vari-
ables analysed (serum cadmium, urinary cal-
cium, serum alkaline phosphatase, and serum
parathyroid hormone).

There was a correlation between the degree
of tubular dysfunction and decreased
glomerular filtration rate (fig 1). The median
values of GFR as a percentage of the age spe-
cific reference values were 110-0, 88-1, and
77-4 respectively in the three different groups
of fB,-microglobulin clearance. The relation
between the GFR and relative clearance of §3,-
microglobulin was computed, yielding the
regression line:

GFR = 87-93 — 5:71 * In(f;-microglobu-
lin clearance), P = 0-000081.

Figure 2 shows the relation between the
GFR and urinary f,-microglobulin.

There was a significant correlation between
cumulative exposure to cadmium in work
room air and the excretion of cadmium in
urine with the regression equation:
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Figure 3 Glomerular filtration rate (GFR) as a function of
blood cadmium. Unfilled circles represent data from the pre-
sent study. Filled circles represent two workers from the
1989 study that did not participate in the present study.
The regression equation 1s: GFR = 1550 — 167 * In
cadmium in blood, P = 0-000015).

Table 2 Dose-response relation between cadmium in
blood and workers with decreased GFR (defined as GFR
< 80% of reference)

Cases
Bilood cadmium GFR < 80% Response
(nmolll) of reference Total (%)
<50 1 29 34
50-< 75 3 9 333
=75 4 4 100-0

*

In(urinary cadmium) = 0-70 + 0-51
In(cumulative exposure), r = 054, P =
0-0001.

There was a also a good correlation between
cumulative exposure to cadmium in work
room air and blood cadmium as evident from
the regression equation:

In(blood cadmium) = 3-18 — 0-36 *
In(cumulative exposure), r = 044, P =
0-002.

To assess the relation between cumulative
exposure to cadmium and the GFR we first
used the estimates of cumulative cadmium in
air and the resulting regression equation was:

GFR = 1023 — 694 * In(cumulative
exposure), r = 0-29, P = 0-061 (with GFR as
a percentage of reference value).

We then used blood cadmium as the dose
estimate, and fig 3 shows the relation between
cadmium in blood and GFR (as a percentage
of reference value).

Setting 80% of the reference value as the
cut off point for decreased GFR there was an
apparent dose-response pattern between blood
cadmium and glomerular dysfunction (table
2).

We also used the measured values of GFR
(ml/min/1-73 m?) adding age to the multiple
regression with similar results to when the ref-
erence values were used for age adjustment.
The addition of smoking to the regression
equations did not change the results signifi-
cantly.

Discussion

The critical effect of exposure to cadmium is
renal tubular dysfunction, which has been
thoroughly studied by several authors. The
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clinically more important glomerular damage
has been much less examined and dose-
response data are very limited. On two previ-
ous occasions a subgroup of workers (17 and
16) from the same population was studied.’ ¢

In the initial investigation in 1984, 24 of the
60 workers (40%) had tubular proteniuria (f,-
microglobulin > 34 ug/mmol creatinine) and
17 of these 24 workers had pronounced tubular
proteinuria (f,-microglobulin > 60 ug/mmol
creatinine). In the present study, five of these
24 workers had normal urinary excretion of f,-
microglobulin. In the group with notable
tubular proteinuria (fB,-microglobulin > 60
Hg/mmol creatinine) in 1984, only one worker
had a normal value in 1989 (and in 1993).
The tubular proteinuria in these five workers
was most likely due to other causes than cad-
mium. The remaining workers still showed
signs of tubular proteinuria and another three
workers had developed tubular dysfunction
since the previous examination. Thus, 17 of
46 workers (37%) excreted more than 34 ug
Br-microglobulin/mmol creatinine in this study
confirming earlier studies that have shown that
the tubular damage induced by cadmium was
irreversible in most cases. A more detailed dis-
cussion of the tubular damage including other
markers of tubular dysfunction (a;,-microglob-
ulin and NAG) will be presented elsewhere.

The 1984 investigation showed a weak but
significant correlation between loss of tubular
reabsorption (estimated by fB,-microglobulin
clearance) and GFR (P < 0-05, r = —0-47).
In the 1989 follow up the regression slope was
less pronounced and the correlation was not
significant (r = —0-30). In the present study,
the regression slope was again more pro-
nounced and clearly significant (P = 0-0049,
r= —0-43). The relation was further
strengthened when f,-microglobulin clearance
was logarithmically transformed (P =
0-00081). This finding is in agreement with
previous studies that have shown a correlation
between loss of tubular function and glomeru-
lar damage as measured by endogenous creati-
nine clearance.?’ Controlling for age, the
regression slope f,-microglobulin changed
only marginally and the correlation remained
significant (P = 0-00031).

Table 1 shows that men with slightly and
highly decreased tubular function (increased
B.-microglobulin clearance) had decreased
GFR and increased urinary concentrations of
cadmium, NAG, and a,-microglobulin com-
pared with those with a normal clearance.
Figure 1 also shows the trend in decreasing
GFR with increasing f,-microglobulin clear-
ance. There is a significant decrease in GFR
between the group with normal f,-microglobu-
lin clearance and the group with a slight tubu-
lar dysfunction. The difference between the
workers with a slight dysfunction and the
group with a highly decreased function does
not reach significance at the 95% level and is
barely siginificant at the 90% level (P =
0-092, confidence interval 0:29 to 22-6)).
Figure 2 shows the relation between urinary
B.-microglobulin and GFR, where data for
two workers from the 1989 investigation, who
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did not participate in the present study, have
been added to enhance the analysis. There was
a clear and significant relation (P =
0-000053) between f,-microglobulin in urine
and GFR.

There was, however, no evidence of a
decreased GFR in the group of workers with
normal tubular function, even though a few
people in this group were below the reference
value, which is to be expected for statistical
reasons.

Cadmium accumulation in the kidney is
likely to be the cause of tubular damage with
proteinuria (B,-microglobulinuria and o;-
microglobulinuria), enzymuria (NAG), and
decreased GFR. On the other hand there was
no evidence of effects from cadmium on the
calcium and bone metabolism as urinary cal-
cium, serum calcium, serum parathyroid hor-
mone and serum alkaline phosphatase could
not be significantly related to tubular damage
or cumulative cadmium dose. In 12 workers
the GFRs have been measured on three occa-
tions (1984, 1989, and 1993). No significant
changes in the GFR were found over time,
also after adjustment for age. No improvement
of the glomerular function could thus be
found even several years after cadmium expo-
sure had stopped. The drop in GFR caused by
cadmium therefore seems to be irreversible.

Cumulative exposure to cadmium in air is
often used as an estimation of dose in occupa-
tional epidemiology. The internal cadmium
dose, however, may vary considerably between
people with different personal habits, absorp-
tion capacity, or metabolic functions.
Therefore it is preferable to use internal dose
estimates when feasible. It has previously been
shown that there is a good correlation between
cumulative cadmium in work room air and
urinary cadmium excretion?? and this was con-
firmed in the present study. Urinary cadmium
values of workers with tubular dysfunction is,
however, often higher than predicted from the
regression line and this may lead to an altered
dose-response relation.?? Cadmium in blood,
on the other hand, is not affected by the tubu-
lar function and blood measurements made
many years after the end of exposure are there-
fore most likely to be good estimates of the
cadmium body burden.

There was a clear dose-effect relation
between blood cadmium and decreasing
glomerular filtration rate (fig 3). At a blood
cadmium concentration of 100 nmol/l there
was a decrease in GFR to 80% of the reference
concentration. Furthermore, there was an
apparent dose-response relation between
blood cadmium and the prevalence of
decreased GFR (defined as less than 80% of
the reference value, table 2). Although the
numbers are fairly small, the indication of an
increase in prevalence is obvious.

In a previous investigation of the present
study group it was reported that men with high
urinary cadmium (> 6-3 nmol/mmol creati-
nine) more often had a history of renal stones
than less exposed workers.® In a study of bat-
tery workers exposed to cadmium we have
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shown that there is a dose dependent increase
in incidence of renal stones.?* A reanalysis of
the incidence of renal stones in the present
study group is ongoing and will be presented
elsewhere.

In conclusion, the tubular and glomerular
kidney lesions induced by cadmium are irre-
versible. The prevalence of these lesions are
dose dependent.

The study has been carried out with funding from the Swedish
Work Environment Fund. We thank Ms Sylwia Flato for per-
forming the NAG analyses.
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