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Objectives This investigation attempted to follow the tubular function of 46 workers initially examined in 
1984 and heavily exposed to cadmium from 1955 to 1978 and the occulrence of renal stones among these 
workers. Three different markers of tubular dysfunction were also studied, and blood cadmium was evaluated as 
an estimate of dose after the cessation of cadmium exposure. 
Methods Cadmium in blood (B-Cd) and urine (U-Cd) and the urinary excretion of P,-microglobulin (U-P,- 
microglobulin), protein HC (a,-microglobulin) and N-Acetyl-P-D-glucosaminidase (NAG) were detennined. 
Results Although cadmium exposure ceased in 1978,40% of the workers showed signs of tubular dysfunction 
both in 1984 and in 1993. The current B-Cd was the best dose indicator. Dose-response relationships were found 
for B-Cd and various tubular markers (U-0,-microglobulin, protein HC and NAG). Protein HC appeared to be 
the most sensitive, as well as an early, indicator of cadmium-induced tubular dysfunction. The levels of U-Cd 
had an average decrease of 48% for persons with a normal tubular function, 56% for those with slight tubular 
dysfunction, and 62% for workers with severe tubular damage. A history of renal stones was significantly more 
common for workers with high B-Cd levels. 
C O ~ C ~ U S ~ O ~ S  Cadmium-induced tubular dysfunction is irreversible and best assessed in an analysis of protein 
HC (a,-microglobulin) in urine. B-Cd is the best dose estimate several years after the cessation of exposure, 
whereas U-Cd is less suitable for dose assessment in follow-up studies of persons with persistent tubular 
damage. 

Key terms blood cadmium, N-Acetyl-0-D-glucosaminidase, protein a,-microglobulin, renal stones, tubular 
dysfunction, al-microglobulin, P2-microglobulin. 

Cadmium is a well known environmental and occupa- 
tional hazard (1). The critical organs in long-term expo- 
sure are the kidneys, and the first sign of toxicity is 
tubular damage with an increased urinary excretion of 
small proteins (2). Excessive or prolonged exposure caus- 
es more severe renal effects with pronounced proteinu- 
ria, a decrease in the glomerular filtration rate, and sec- 
ondary effects on the mineral and calcium metabolism 
(1-3). 

Dose-response relationships are well established for 
cadmium and tubular proteinuria. Different dose esti- 
mates have been used: cumulative inhaled (4) or ingested 
(4) amount of cadmium, current (5) or cumulative (6) 
blood cadmium (B-Cd) level, and urinary excretion of 
cadmium (4, 5 ,  7-9). In general, blood cadmium is 
regarded as an estimate of present or recent exposure, 
whereas urinary cadmium (U-Cd) is said to reflect the 

kidney or body burden (10, 11). Therefore, U-Cd has 
been frequently used as the dose estimate. 

Different indicators of early tubular dysfunction have 
also been suggested, for example, P,-microglobulin (4), 
retinol binding protein (12), and, in more recent years, 
also protein HC [human complex-forming glycoprotein 
(=a,-microglobulin)] (13) and apolipoprotein D (14). 
These compounds are all small serum proteins that are 
filtered through the glomeruli and reabsorbed by the 
tubular cells. Monitoring the concentration of these pro- 
teins in urine allows the early detection of small reab- 
sorptive defects in the tubuli (1 5 ,  16). Several other mark- 
ers of nephrotoxicity have also been used (17), for exam- 
ple, N-Acetyl-P-D-glucosaminidase (NAG), an enzyme 
localized in lysosomes of the tubular cells. Increased 
activity of NAG in urine (U-NAG) has been related to 
persons with cadmium-induced tubular dysfunction (17). 
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6-Cd as a dose indicator after cessation of exposure 

The objective of the present study was to use 3 differ- 
ent markers of tubular dysfunction to evaluate B-Cd as 
an estimate of dose in the assessment of tubular function 
among workers previously exposed to cadmium. 

Subjects and methods 

The subjects included 46 solderers (44 men and 2 wom- 
en) highly exposed to cadmium until 1978, when cad- 
mium-containing solders were abandoned. 

Measurements performed in 1976 revealed air con- 
centrations ranging from 10 to 2000 pg/m3 (18). The 
work environment was not improved until the cadmium- 
containing solders were abandoned in 1978. Individual 
estimates of exposure levels 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 pg/m3. Individual cumulative ex- 
posure estimates were computed by multiplying the air 
concentrations by the number of years spent at each 
exposure level. 

Most of the workers (N = 60) participated in a thor- 
ough health examination in 1983 (18-20). In 1989, 16 
workers with pronounced tubular dysfunction in 1984 
took part in a follow-up examination (21). The original 
60 workers were invited in 1993 to a comprehensive 
examination of their renal function, including measure- 
ments of urinary proteins and the determination of the 
glomerular filtration rate (3). Six of the initially invited 
workers were deceased, 2 were more than 80 years old 
and excluded for practical reasons, and 6 refused to par- 
ticipate. Finally, 46 persons took part in the present in- 
vestigation, and more details are given in previous re- 
ports (3, 18, 19). 

Morning urine samples were collected in polyethyl- 
ene bottles. In order to prevent degradation of P2-mi- 
croglobulin due to acidic urine (pH<5.6) each subject 
was instructed to ingest 4 g of sodium bicarbonate (Sa- 
marina) the night before the sampling. p,-Microglobulin 
in urine was measured by a radio im~nunoassay method 
(Phadebas kit, Pharmacia, Sweden). Protein HC (a,-mi- 
croglobulin) was measured by a zone immunoelectro- 
phoresis assay (14). The U-NAG was measured using a 
fluorometric method (22). The U-Cd and B-Cd were 
measured by atomic absorption spectrophotometry (23). 
The cadmium analyses were carried out at the Depart- 
ment of Occupational and Environmental Medicine in 
Linkoping, which participates in external quality control 
exercises and is approved by the Swedish Board of Oc- 
cupational Safety and Health. B-Cd was not measured in 
1984 (due to a shortage of funding). 

All the uritlmy measures were adjusted to creatinine. 
This procedure was crucial as the urine concentrations 

were used for the assessment of both dose and effect (eg, 
correlating U-Cd to U-NAG) (1 1). 

For U-P,-microglobulin, the 95th percentile (34 pgl 
ininol creatinine) in a standard reference population was 
used as the cut-off level for tubular proteinuria (24). For 
NAG, it has been suggested that 2.7 U/g creatinine 
(0.31 Ulmmol creatinine) (25) or 3.6 Ul24 h (approxi- 
mately 0.3 Ulmmol creatinine) (26) should be used as 
the cut-off point. Other authors have proposed 4.0 Ulg 
creatinine (0.45 Ulmmol creatinine) (27). In this study, 
0.5 Ulmmol creatinine was chosen as the cut-off limit for 
tubular dysfunction. No published reference material is 
available for protein HC (a,-microglobulin). In an un- 
published study from the south of Sweden, the 95th per- 
centile for a healthy working population was 1.0 mgl 
mmol creatinine (A Grubb, personal communication). 
This level was thus chosen as the cut-off point. 

Statistical methods 

The data were analyzed using linear and logistic single 
and multiple regression models. Dependent variables that 
displayed a skewed distribution (P2-microglobulin, pro- 
tein HC and U-NAG) were logarithmically transfor~ned 
whenever appropriate before the regression analysis. 
Age-adjusted dose-response curves were computed using 
the group mean age (55 years) as the standard. The statis- 
tical packages StatViewa 4.02 and JMP@ 3.1 for Macin- 
tosh, as well as Statisticaa for Windows, were used for 
the statistical analyses. 

Results 

A co~nparison between the individual urinary excretio~ls 
of P2-microglobulin in 1984 and 1993 is shown in fig- 
ure 1. It is evident that the P2-microglobulinuria is irre- 
versible in most cases. 

Significant associations were found between the cu- 
mulative air cadmium levels and all the parameters used 
to indicate tubular proteinuria [U-P2-microglobulin, 
protein HC (U-a,-microglobulin) and U-NAG]. Similar- 
ly, significant associations were found when current 
U-Cd or current B-Cd were used as dose estimates. The 
strongest dose-response relationships were found when 
the current B-Cd level was used as the dose variable. 

In table 1 the prevalence of elevated excretion of the 
three tubular markers in 4 B-Cd dose categories is pre- 
sented. Figure 2 shows the corresponding dose-response 
curves for U-P2 and U-a,  (adjusted to age, ie, 55 years). 
The regression coefficient for B-Cd changed only mar- 
ginally when a smoking habit variable was added to the 
model. 

Table 2 shows the relations between U-Cd and the 
3 tubular markers. Age-adjusted (age 55 years) dose- 
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Figure 1. Comparison between the excess urinary excretion of 
p,-microglob~lin (> 34 yg/mmol creatinine) in 1983 and 1993 among 
46 solderers highly exposed to cadmium before 1978. 

Table 1. Prevalence of elevated urinary excretion of P,- 
microglobul in, protein HC (a,-microglobulin) and N-Acetyl- 
0-glucosaminidase (NAG) in relation to  current (1993) blood-cad- 
mium (B-Cd) levels. 

B-Cd Total p, microglobulin Protein HC NAG 
(nmolll) number of > 34 ~ I m r n o l  >1 mg/mmol > 0.5 Ulmmol 

workers creatinine creatinine creatinine 
(%) (%) (%) 

B-Cd nmolll 

Figure 2. Probability of elevated P,-microglobulin in urine (>34 mg/ 
mmol creatinine, broken line) and protein HC (> 1 yg/mrnol creatinine, 
solid line) in relation to current blood cadmium levels (adjusted to age 
of 55 years). 

Table 2. Prevalence of elevated urinary excretion of P,- 
microglobulin, protein HC (a,-microglobulin) and N-Acetyl-P- 
glucosaminidase (NAG) in relation to current (1993) urinary cad- 
mium (U-Cd) levels. 

U-Cd Total number U-p, Protein HC NAG 
(nmollmmol) of workers >34 pglmmol > I  mglmmol >O.5 Ulmmol 
creatinine) creatinine creatinine creatinine 

("/.) ("/.) ("/o) 

U-Cd nmollmmol creatinine 

Figure 3. Probability of elevated p,-microglobulin in urine (>34 kg/ 
mmol creatinine) in relation to current (1993, solid line) and past (1 984, 
broken line) urinary cadmium (U-Cd) levels (adjusted toageof 55 years). 

response curves for U-P2-microglobulin are shown in 
figure 3 in relation to past (1984) and current (1993) 
U-Cd. 

The U-Cd excretions in 1993 are presented in figure 
4 in relation to those in 1984. Different symbols are used 
for persons with normal (<0.1%), slight (0.1% - 
< 2.5%) and highly (2 2.5%) decreased tubular reabsorp- 
tion of P,-microglobulin. The group mean U-Cd was 
much lower in 1993 (3.7 nmol/inmol creatinine) than in 
1984 (8.6 nmollmmol creatinine)(decrease of 57%). 
Among the subjects with a normal tubular function the 
urinary excretion had decreased from 4.2 to 2.2 nmoll 
mmol creatinine (48%), on the average, whereas for those 
with slight or pronounced tubular dysfunction the mean 
decrease was from 9.1 to 4.0 (56%) and from 18.5 to 
7.1 nmol/mmol creatinine (62%), respectively. On the 
basis of these data the biological half-times for U-Cd 
were graphically estimated to be 9.5, 8.0 and 7.2 years, 
respectively. 

There was a good col~elation (r2 = 0.63, P<0.0001) 
between B-Cd and U-Cd, as shown in figure 5. The two 
outliers had marked proteinuria (P,-microglobulin 1975 
pglmol creatinine for one and 10 090 pglmmol creati- 
nine for the other). 
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U-Cd nmollmmol creatinine, 1984 

Figure 4. Comparison between the  urinary excretion of cadmium 
(U-Cd) in 1984 and 1993. Different symbols have been used forthe men 
with normal (0,-microglobulin clearance t0.1,  filled circles) tubular 
function and those with slightly (0.1 < 0,-microglobulin clearance<2.5, 
unfilled squares) and highly (p,-microglobulin clearance2 2.5, unfilled 
circles) decreased tubular function. 

Figure 5. Comparison between cadmium in blood (6-Cd) and urine 
(U-Cd) in 1993. Different symbols have been used for the  men with 
normal tubular function (filled circles) and tubular dysfunction 
(0,-microglobulin >34 ~lglmrnol creatinine, unfilled circles). The two 
outliers (filled triangles) represent workers with marked tubular pro- 
teinuria (p,-microglobulin >34 ~glmmol creatinine). 

Table 3. Occurrence of renal stones in 46 cadmium-exposed sol- 
derers in relation to current (1993) levels of cadmium in blood 
(B-Cd). 

8-Cd N u m b e r  of subjects Total number of Prevalence of renal 
(nmolll) with renal stones subjects stones 

("/.) 

Ten men reported a history of renal stones confirmed 
in medical records. The prevalence of renal stone history 
in 2 dose categories are shown in table 3. The difference 

in prevalence between the two groups was statistically 
significant (P = 0.04). 

Discussion 

Our most interesting finding is that B-Cd is a useful 
indicator of dose. The main arguments against the use of 
B-Cd for dose assessment have been that B-Cd is mark- 
edly influenced by recent exposure and by smoking. Very 
high B-Cd levels are frequently seen already a few weeks 
after the start of exposure (7, 10, 28). In case of a short 
exposure period, a relatively small amount of cadmium 
accumulates in the kidneys, and no signs of toxicity 
develop. When exposure stops B-Cd decreases relatively 
fast with a half-time of about 3 to 4 months (29). If 
exposure continues, which is typical in occupational set- 
tings, the B-Cd remains relatively stable, but the U-Cd 
increases slowly because of the increasing body and kid- 
ney burden (30, 31). A cumulative estimate of B-Cd 
dose, based on the average annual B-Cd level during the 
exposure period, has been shown to be useful. On the 
basis of data from the regular monitoring of B-Cd in a 
cadmium battery plant, it was estimated that an average 
B-Cd level of 89 nmolll (10 pgll) would result in a 14% 
prevalence of P,-microglobulinuria after 20 years of ex- 
posure (6). 

One compartment of B-Cd is related to the body 
burden of cadmium (10, 29). If exposure to cadmium 
ceases, cadmium will remain elevated in blood for many 
years. The long-term half-time of B-Cd is similar to that 
of the kidneys or the total body burden, and several years 
after cessation of exposure B-Cd thus reflects the body 
burden (28, 29). The dose-response curves (figure 2 and 
table 1) were highly significant when current B-Cd was 
used as the dose estimate. 

However, in most other studies, U-Cd has been used 
as an estimate of the individual biological dose (4, 7, 8, 
9, 17, 32), the major reason being the close relation 
between the cadmium concentration in the urine and the 
kidney (2,10). Initially cadmium-induced kidney dam- 
age causes an increased urinary excretion of cadmium, 
but after some time the urinary excretion of cadmium 
then decreases due to losses of cadmium from the kid- 
neys (2,lO). In the case of concomitant tubular damage 
the use of U-Cd as a dose estimate may thus be trouble- 
some (3 1, 33). Our reexamination of previously exposed 
solderers showed that the U-Cd had decreased after 
10 years considerably more (62%) among the subjects 
with pronounced tubular damage than among those with 
normal tubular function (48%). 

U-Cd was thus a less useful indicator of dose in this 
long-term follow-up. The dose-response relation using 
U-Cd as a dose estimate (table 2, figure 3) was less 
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evident than that for B-Cd. One major reason was the 
increased excretion of U-Cd that takes place in persons 
with cadmium-induced tubular damage (2). It should be 
noted, however, that, in almost all of the workers, the 
tubular damage had occurred before 1984 (when the 
initial investigation was made). Figure 3 illustrates some 
of the problems using U-Cd as a dose estimate. In the 
recent (1993) follow-up, more than 10 years had elapsed 
since the kidney damage developed. Since then the prev- 
alence of P2-microglobulinuria has remained unchanged, 
whereas the U-Cd levels have decreased by about 50% 
(figure 4). Consequently the dose-response curve from 
1993 appeared to be moved to the left, when compared 
with the one based on data from 1984. The most appro- 
priate would have been to measure U-Cd at the time 
when the tubular dysfunction first occurred. Such mea- 
surements were, however, not taken, and are, unfortu- 
nately, rarely feasible. 

It is evident from figure 3 that dose-response data 
from long-term follow-up studies cannot readily be ap- 
plied to populations with recent or on-going cadmium 
exposure. This is also true for dose-response curves based 
on B-Cd measured a long time after the cessation of 
exposure, as in figure 2. 

In a previous study we found a 10% prevalence of 
tubular proteinuria at a U-Cd level as low as 1.5 nmoll 
mmol creatinine in older workers (mean age 68.4 years), 
whereas this response level was reached at 5 nmol/mmol 
creatinine in younger workers (mean age 44.6 years) (9). 
In our present study, the corresponding age-adjusted 
prevalence of 10% was found at U-Cd levels of 2.6 and 
3.5 nmol/mmol creatinine, respectively, which is well in 
agreement with the former results. 

An increased occurrence of elevated protein HC (a , -  
microglobulin) appears to be the earliest and most rapid- 
ly increasing marker of tubular dysfunction. Moreover, 
protein HC (a,-microglobulin) appears to be a more sen- 
sitive indicator of cadmium-induced renal damage than 
P,-microglobulin (figure 2 and table 1). Protein HC 
(a,-microglobulin), in contrast to P,-microglobulin, is 
stable at a low pH in urine and is nowadays easy to 
analyze (13, 34). A disadvantage, however, is the lack 
of established reference data for protein HC (a,-mi- 
croglobulin). Nevertheless, protein HC (a,-microglobu- 
lin) seems to be preferable to P2-microglobulin for the 
assessment of early tubular dysfunction. 

The dose-response curve for NAG was shallower, 
with less evidence of a threshold. This phenomenon has 
also been observed by Bernard et a1 (35), who deter- 
mined the activity of 2 isoenzymes of NAG (NAG-A and 
NAG-B) in 56 cadmium-exposed workers and 20 refer- 
ents. NAG-B correlated well with U-Cd and showed a 
linear increase even in the range of 0.1 to 2 nmollmmol 
creatinine, which is the usual range of U-Cd for persons 
not occupationally exposed to cadmium. The authors 

suggested that the correlation between cadmium and 
NAG-B in urine is possibly indicative of parallel excre- 
tion rather than a sign of tubular dysfunction. Tubular 
apoptotic cell death could possibly produce a simultane- 
ous loss of intracellular cadmium and NAG to the urine. 

The increased risk of renal stones among men with 
elevated B-Cd levels agrees with previous observations 
from cadmium-exposed men in Sweden (36) and empha- 
sizes the clinical relevance of tubular dysfunction. In 
addition several of the men had a decreased glomerular 
filtration rate (3). 

Concluding remarks 
This study shows that B-Cd is a useful indicator of dose 
several years after exposure has ceased. Furthermore, 
protein HC (a,-microglobulin) was found to be the most 
sensitive and earliest indicator of cadmium-induced tu- 
bular damage. 
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