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ABSTRACT To assess the quantitative relation between exposure to airborne cadmium and various
markers ofrenal tubular and glomerular function, 45 male workers employed at a plant that recovers
cadmium from industrial waste and 32 male hospital workers ofsimilar age and geographical location
were examined. Cumulative external exposure to airborne cadmium (dose) was estimated from
historical air sampling data, adjusted for respirator use. Increasing cadmium dose was associated
with multiple renal tubular functional abnormalities, including reduced reabsorption of beta-2-
microglobulin (f,-2), retinol binding protein (RBP), calcium, and phosphate. Serum creatinine
concentration also increased with cadmium dose, suggesting impaired glomerular function. Mean
systolic and diastolic blood pressures were higher in the cadmium workers than in the unexposed (134
v 120 mm Hg and 80 v 73 mm Hg respectively), but only systolic blood pressure was significantly
associated with cadmium dose in multivariate analyses. Cadmium dose remained the most i-mportant
predictor of serum creatinine concentration after controlling for age, blood pressure, body size, and
other extraneous factors. Logistic regression to model the probability (prevalence) of various renal
abnormalities with increasing dose of cadmium was used. The probability of multiple tubular
abnormalities and raised serum creatinine concentration increased sharply at cumulative cadmium
exposures exceeding 300 mg/m3 days, corresponding to working for 4-3 years at the current
permissible United States exposure limit for cadmium dust.

Cadmium and its compounds are used in electroplat-
ing, pigments, plastics, nickel cadmium batteries, and
brazing.' An estimated 100 000 workers in the United
States are exposed occupationally.2 A much larger
population is exposed either by living in the vicinity of
non-ferrous smelters or by consuming food or tobacco
grown on contaminated soil.'

Chronic cadmium poisoning is known to cause an
acquired Fanconi syndrome, a constellation of
aminoaciduria, low molecular weight proteinuria,
glycosuria, phosphate wasting, and altered calcium
metabolism.3 The diagnosis of cadmium nephropathy
is usually made presumptively by documenting
increased urinary excretion of small proteins such as
beta-2-microglobulin (f,-2) and retinol binding protein
(RBP) in subjects with known exposure to cadmium.
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Although the tubular effects of cadmium are well
recognised, controversy exists about the dose of
cadmium at which nephropathy appears and about
the significance of P-2 and other renal tubular abnor-
malities in predicting progressive loss of glomerular
function. The relation between cadmium and condi-
tions related to kidney function such as hypertension,
kidney stones, and altered calcium phosphorous
metabolism also remains controversial.
To assess the quantitative relation between

exposure to cadmium, various markers of renal
tubular and glomerular dysfunction, and disorders
potentially related to cadmium and nephropathy, we
examined workers exposed to cadmium at a metal
recovery plant in Colorado. The population is unique
in that airbome exposures to cadmium were extremely
high in the past, the workforce is stable, and concen-
trations of airborne cadmium have been measured
regularly in nearly all departments since the 1940s.
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Background

Since 1925 the plant has recovered cadmium from
"bag house" dust, a byproduct of non-ferrous smelt-
ing. The details of the process have been described
previously.' In brief, dust containing cadmium and
smaller amounts of copper, selenium, thallium,
arsenic, and indium was, until 1983, roasted, calcined,
and processed electrolytically to recover cadmium.
The cadmium was further refined in separate buildings
into metal or highly purified particulate oxide and
sulphide. Other metals were separated out in either the
roasting or electrolytic processes but were not further
refined at this plant. Litharge, or technical grade lead
oxide, was processed intermittently in a separate
building by one or two workers. Cadmium, as either
dust or fume, was the predominant exposure at the
plant, although other metals were present.

Industrial hygiene measurements of atmospheric
concentrations ofcadmium have been obtained by the
company since 1940. These data were previously
compiled to 1979,4' and were extended by us to 1985
(table 1). The concentration ofcadmium in inhaled air
is estimated as the geometric mean of all breathing
zone samples multiplied by 0-25 for those departments
and periods in which respirators were used. A full
description of the industrial hygiene methods is pub-
lished elsewhere.'

Subjects and methods

SUBJECTS
The target population included all 19 active produc-
tion workers and all 27 highly exposed former workers
who were alive, residing locally, and reachable by
telephone. Eligible former workers were identified
from a masterlist of employees previously included in
a retrospective cohort mortality study.7 The unex-

posed population consisted ofmale workers employed
at a local hospital. The latter were frequency matched
on age to the cadmium workers.

DATA COLLECTION
The study consisted of a questionnaire; measurement
of height, weight, and blood pressure; collection of a

"spot" daytime urine and serum sample; and pulmon-
ary function testing. Only the renal results will be
reported here. The questionnaire collected informa-
tion about characteristics such as age, history of
diabetes, hypertension, prostatic disease, use of phen-
acetin, smoking, and occupational and recreational
exposures to cadmium, lead, and solvents. Blood
pressure was measured by a single examiner using a

mechanical sphygmomanometer on the right arm of
subjects who had been seated for at least 15 minutes.
Diastolic blood pressure was considered to be the fifth
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Table 1 Estimates ofinhalation exposures (mg/m3) by
plant department andperiod*

Period

Pre-
Department 1950 1950-4 1955-9 1960-4 1965-79 1980-5

Sampling 1-0 0-6 0-6 0-6 0-6 0 03
Roaster 1-0 0-6 0-6 0-6 06 -

Mixing 1.5 04 0-4 0-4 0-4 0-07
Calcine 1-5 1 5 1-5 0-4 0-15 04
Solution 0-8 0-8 0-4 0-4 0-04 0-04
Tankhouset 0-04 0-04 0 04 0-02 0-02 0 04
Foundry 0-8 0-1 0-1 0-1 0-04 0-04
Retort 15 0-2 0-2 0-2 0-2 0-2
Pigment 0-2 0-2 0 04 0 04 0-04 0-08
Non-

productiont 0 09 0-05 0-04 0-024 0-02 0 007
Office and

lab 0 005 0 004 0 004 0-003 0-003 0 003
Non-plantt 0 09 0 05 0 04 0 04 0-02 0-02
General labour 1-166 0-485 0-485 0-331 0-279 0-041

*Original estimates from Smith et a14; data on non-production and
non-plant exposures added by Ellis et al.5 Exposures from 1980 to
1985 added by us based on plant records and the assumptions of
Smith et al.4
tPlant departments not directly concerned in production of
cadmium (maintenance in shop, laundry, litharge, indium, thallium,
janitor, zinc, supervisory in plant, selenium).
tJob classifications with reduced exposure conditions (guard,
tailings dump, general labour outside plant buildings).

Korotkoffsound-disappearance of the pulse sounds.
Biological markers were selected to assess several

types of renal dysfunction. Indices of renal tubular
function include urinary excretion of f-2, RBP, cal-
cium, and phosphate. Markers of renal tubular injury
(recent cellular damage) include the urinary enzymes
N-acetyl glucosaminidase (NAG), alanine amino-
peptidase (AAP), and gamma-glutamyl transferase
(GGT). Measurements reflecting glomerular function
are serum creatinine (which increases as glomerular
filtration rate decreases) and urine albumin (which
increases with either abnormal glomerular per-
meability to macromolecules or with impaired tubular
function).3

LABORATORY METHODS
Serum and urine ,B-2 were measured by radioimmune
assay (Pharmacia, Piscataway, NJ, 1986), RBP by
radial immunodiffusion (LC-Partigen, Behring Diag-
nostics, LaJolla, CA), total calcium by modified o-
cresolphthalien, creatinine by modified Jaffe method,
serum albumin by bromocresol dye binding, and
serum alkaline phosphatase by p-nitrophenylphos-
phate (Dupont, aca, discrete clinical analyser,
Wilmington, DE), inorganic phosphorous by Dupont
aca autoanalyser, urinary enzymes AAP and GGT by
COBAS BIO centrifugal analyser,8 NAG by modified
fluorimetric assay,9 blood lead concentration by
atomic spectroscopy,'" blood cadmium concentration
by graphite furnace atomic absorption, and urine
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cadmium concentration by a modification of the
method of Pruszkowska."

DATA TRANSFORMATION
To standardise for variations in serum concentration
and urine volume, we expressed P-2 excretion both as

ig/g creatinine and as fractional excretion. 2 The latter
provides the best measure of the degree of tubular
impairment and is computed as (urine ,B-2/plasma ,B-
2)/(urine creatinine/plasma creatinine). RBP excretion
is standardised only to creatinine in urine, since the
fractional excretion of RBP cannot be computed
unless free, rather than total, RBP has been measured
in serum.'3 Albuminuria is expressed as mg albumin/
mg creatinine as proposed by Ginsberg et al and Shaw
et al.4' 5 Tubular reabsorption of phosphate (%TRP)
and of calcium (%TRC) are used to express the
tubular handling of these substances and are com-

puted as the product of(l-fractional excretion) x 100.
Body mass is expressed as the Quetelet index (weight
(kg)/height (m)2). Body surface area (m2) is computed
as (weight (kg)053"8 x height (cm)03"9 x 0O024265).'6

ESTIMATION OF EXPOSURE
We estimated cumulative external exposure to air-
borne cadmium using the detailed work histories for
each subject and the matrix of exposure estimates,
adjusted for respirator use, for the various depart-
ments and calendar times (table 1).' We multiplied
the number of days a worker spent in a given
department/time by the estimated exposure level (mg/
m3) in that department/time. The sum represents the
worker's cumulative external exposure or dose. We
also measured cadmium in blood and urine and blood
lead concentration. Blood and urine samples were

collected away from the workplace in an office setting.
Current workers had showered since last exposure to
cadmium.

STATISTICAL ANALYSES
Variables with a skewed distribution were logarith-
mically transformed to approximate the normal
distribution. Student's t test was used to test the
difference between group means for continuous varia-
bles and x2 to test association between dichotomous
variables. Potential confounders were included in
regression analyses if associated with both exposure

and outcome at p < 0-1. Stepwise multiple linear
regression was used to identify those independent
variables and two way interaction terms that best
explained each of the renal outcomes of interest.
Logistic regression was used to determine the
probability of renal outcomes being "abnormal" at
various exposure levels, when abnormal was defined
by the geometric mean in the unexposed minus two
SDs (for %TRC and %TRP) or plus two SDs (for /-2,
RBP, and creatinine).

Results

Forty five cadmium workers and 32 unexposed
hospital workers took part in the study. Participation
among current cadmium production workers was
17/19 (89%) and among highly exposed former
workers 18/27 (67%). Two salaried workers and eight
former short term production workers not in the target
population also took part. Reasons offered for non-
participation were illness (4), desire not to offend
the company (2), exposure too long ago (1), and
unspecified (4). Non-exposed hospital workers were
initially recruited from the maintenance department
(12) and shipping and food service (7). Older unex-
posed subjects were subsequently recruited from office
workers (6) and professionals (7).
We observed several demographic differences

between the cadmium exposed and comparison
populations (table 2). The cadmium workers were
slightly older (mean age 54 v 50, p = 0-2) and more
likely to be Hispanic (58% v 16%, p < 0 0001). The
exposed workers were shorter and heavier than the
unexposed, resulting in a significantly higher mean
Quetelet index (29-5 v 26-3, p = 0-001). Fewer of the
cadmium workers were current smokers (38% v 44%,
p = 0 6) and of those who had ever smoked, they had
consumed fewer pack-years on average (14-6 v 22-1,
p = 0.29).
Measures ofexposure to cadmium and lead are also

included in table 2. Blood cadmium concentrations
were significantly higher in the exposed workers than
in the unexposed (7-9 v 12 pg/l, p < 0 0001), as was
urine cadmium (9 3 v 0 7 ug/g creatinine, p < 0 0001).
The average blood lead concentration was higher in
the cadmium workers than in the unexposed (11-9 v
8-3 pg/l, p = 0-0013). The highest current blood lead
concentration was 32-6 pg/l.
Table 2 Selected characteristics of 77 study participants

Cadmium workers Unexposed
(n = 45) (n = 32)

Personal characteristics:
Age (mean ± SD) 54-4 4 15 5 50-1 ± 13-0
Per cent Hispanic 58% 16%
Quetelet index
(mean ± SD) 29 5 (4.9) 26-3 (3.4)

Per cent current
smokers 38% 44%

Pack-years smoked
(mean ± SD) 14-6 (19-8) 22-1 (29-4)

Exposure characteristics:
Years of cadmium work
(GM, range) 19 (1-38) 0

Cumulative exposure
(mg/m3 days) 604 (0-5383) 0

Blood cadmium (ug/1)
(GM ± SD) 7-9 ± 2-0 1-2 ± 2-0

Urine cadmium (ug/g
creatinine) (mean ± SD) 9-3 ± 6-9 0 7 4 0-7

Blood lead (ug/l)
(GM ± SD) 11 9 ± 1-8 8-3 ± 1-4
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Several medical conditions were reported more

commonly by the cadmium workers than by the
unexposed. These included kidney stones (18% v 3%,
p = 0 07), prostatic disease (20% v 6%, p = 0 09),
diabetes (18% v 3%, p = 0-07), and hypertension
(38% v 16%, p = 0.03). All these differences between
the exposure groups were evaluated as potential
confounders or intermediate variables in subsequent
multivariate analyses.

Selected clinical measurements are presented in
table 3. The cadmium workers had significantly higher
systolic (133.9 v 120-3 mm Hg, p = 0 0004) and
diastolic (80-0 v 73-3 mm Hg, p = 0-0019) blood
pressure than the unexposed. Eight cadmium workers
and three controls had diastolic blood pressures above
90 mm Hg (Fisher's exact test p = 0 35). Eleven
cadmium workers and two controls had systolic blood
pressures above 150 mm Hg (X2 = 4X4, p = 0X036).

Indices of renal function are shown graphically in
fig 1, and summarised numerically in table 3. Tubular
dysfunction appears in a subgroup of cadmium
workers as increased urinary excretion of f-2 and
RBP and decreased tubular reabsorption of calcium
and phosphate. No evidence of enzymuria, reflecting
recent necrosis of tubular epithelium, is seen in the
cadmium workers. Glomerular dysfunction is mani-
fest as a small increase in mean serum creatinine
concentration. Urinary albumin excretion is higher in
the cadmium workers than in the unexposed, but the
increase is mild and could reflect either a pure tubular
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or a mixed tubular and glomerular albuminuria. One
exposed subject had an albumin/creatinine ratio of
over 0-2 mg/mg; the value for this subject (0-23
mg/mg) was substantially below the ratio of 23-5
observed in nephrotic syndrome.'4

Table 3 also shows that the excretion of f-2 is higher
in the cadmium workers when expressed as either
concentration (ug/g creatinine) or as fractional excre-

tion. Thus the increased excretion of this protein
reflects renal tubular dysfunction, not simply
increased serum concentrations.

Excretion of,-2 is highly correlated with other
indices of kidney dysfunction. Correlation coefficients
between P-2 (yg/g creatinine) and other markers are

as follows: RBP (R = 0-91, p < 0-0001), %TRP
(R = -0-63, p < 0-0001), %TRC (R = -0 53,
p < 0.0001), and serum creatinine (R = 0-51,
p < 0o0001).

Clinically significant abnormalities are clustered in
the ten cadmium workers whose urinary ,B-2 excretion
exceeds 1000 pg/g creatinine. For example, three of
these have serum creatinine 2 1-8 mg/dl, four have
serum phosphorous below 2-5 mg/dl, and four have
%TRP <65%, whereas none of the 32 unexposed
workers had similar abnormalities. Mildly raised
serum alkaline phosphatase (> 170 International
Units) was measured in three of the 10 cadmium
workers with the highest P-2 versus one of the 32
unexposed. A detailed clinical presentation of the
metabolic abnormalities will be presented elsewhere.

Table 3 Measurements related to renalfunction in the cadmium exposed and comparison workers

Exposed (n = 45) Unexposed (n = 32)

Geometric Geometric
Outcome mean (SD) Range mean (SD) Range p Value

Systolic BP (mm Hg) (GM ± SD) 133-9 (1.14) 108-178 120-3 (1.14) 94-160 00004
Diastolic BP (mm Hg) (GM i SD) 80-0 (1.13) 64-102 73-3 (1.13) 58-92 0-002
Beta-2-microglobulin:
Serum (tug/l) 2018 (2 0) 887-10863 1489 (1.3) 954-2314 0-008
Urine (jug/g creat) 470 (4-4) 98-107143 190 (1.6) 81-565 0 0001
Fractional excretion (%) 035 (441) 0-03-17-5 0-13 (153) 0-065-0 26 0-0001

Retinol binding protein:
Serum (mg/dl) 5 4 (1.2) 3-6-8-1 5 1 (1.2) 3 6-8 9 0-23
Urine (pg/g creat) 266 (7 3) 0-113179 88 (1-9) 0-333-3 0-0012

Renal enzymes:
NAG, urine (U/1) 0 9 (3 6) 0-15-4 0-8 (2-3) 0-4-3 0-7
GGT, urine (U/i) 13-0 (1 9) 2 5-36-9 17 9 (1.4) 8-7-38-3 0-008
AAP, urine (U/i) 7-2 (2 0) 1-7-44-2 6-1 (15) 13-10-4 0-2

Creatinine, serum (mg/dl) 1-16 (1.3) 0-7-2-6 1 01 (1.2) (0-7-1 4) 0-006
Albumin/creatinine (ratio in urine,

mg/mg) 0-017 (2 70) 0-002-0-23 0 009 (1.7) (0-005-0-05) 0-0012
Calcium:
Serum (mg/dl) 9-7 (1-04) 9-1-10-8 9 7 (1.03) 8-7-10-1 0-69
Urine (mg/dl) 11-2 (2 0) 2-9-36-6 10-5 (2.1) 3 2-45 2 0-69
Tubular reabsorp (%) 977 (1-02) 92-9-99-6 98-9 (1 01) 96-7-99-8 0-0002

Phosphorous, inorganic:
Serum (mg/dl) 3-2 (1 3) 1-4-5-2 3-7 (1.2) 2-8-4-6 0-002
Urine (mg/dl) 33-4 (2 6) 3-136 61-3 (1.6) 20-192 0-006
Tubular reabsorp(%) 78-1 (1.3) 20-98 83-2 (1 1) 68-6-94-8 0-139

NAG = N-acetyl glucosaminidase. GGT = Gamma-glutamyl transferase. AAP = Alanine aminopeptidase.
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MULTIPLE REGRESSION ANALYSES
Multiple regression is used to determine which varia-
bles best explain the renal tubular and glomerular
outcomes. Cumulative exposure (dose) is chosen as the
exposure variable because, in our data, it correlates
more closely with the renal outcomes than does urine
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Fig I Indices ofrenalfunction in workers exposed and
unexposed to cadmium.

cadmium concentration. We also included age, sys-
tolic and diastolic blood pressure, Hispanic ethnicity,
months since last exposure to cadmium, Quetelet
index, body surface area, history of hypertension,
prostatic disease, and diabetes, and blood lead
concentration.

Figure 2 shows the data points, regression line, and
95% upper and lower confidence intervals for the
models best explaining f-2, RBP, %TRC, %TRP,
and serum creatinine concentration. Table 4 presents
the actual regression models. The diagrams in fig 2
consider only variables that are significant at the
p < 0 05 level. Those models that include age (RBP
and %TRC) are illustrated with age arbitrarily fixed at
the mean age of the population (52-6 years).
Dose is the single most important variable

associated with all of the renal outcomes. Consistent
with a renal tubular toxin that impairs reabsorption of
,B-2, RBP, calcium, and phosphate, cadmium dose is
positively associated with tubular proteinuria (fl-2,
RBP) and negatively associated with %TRC and
%TRP. Dose is also positively associated with serum
creatinine consistent with a glomerular effect.
Cadmium dose explained 50% of the variance of fl-2,
45% of RBP, 27% of %TRC, 23% of serum creati-
nine, and 18% of %TRP.
When f-2 is re-expressed as fractional excretion,

dose is again the single most important predictor
(table 4, subscript). The association between dose and
f-2 diminished slightly when f-2 was expressed as
fractional excretion.
Time since last exposure to cadmium was not an

important determinant ofany renal outcome, either by
itself or as a modifier of cadmium dose. Most of the
workers with high f-2 excretion had not been exposed
for several years. For example, nine of the 15 (60%)
cadmium workers with the highest f-2 excretion had
not been exposed to cadmium for at least five years,
and one for 45 years.
We looked particularly closely at whether the higher

serum creatinine concentrations in the cadmium
workers might be explained by a known risk factor
such as age, diabetes, prostatic disease, or hyper-
tension rather than cadmium. The relation between
cadmium dose and serum creatinine concentration
persisted even when we excluded from the analysis
all those with current diastolic blood pressure
> 90 mm Hg, systolic pressure > 150mm Hg, or
positive history of diabetes, prostatic disease, or
hypertension, while controlling for age, ethnicity, and
blood lead concentration (coefficient for dose x
10-4 = 0-476, p = 0-0007). We also tested whether
kidney stones might provide a mechanism linking
cadmium to increasing serum creatinine concentra-
tions by excluding subjects with kidney stones from
the regression analysis. The coefficient for dose
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Fig 2 Regression of various renal endpoints versus cadmium dose. (Regression line models described in
table 4.)

remained essentially unchanged (0 34 v 0 41 dose x

10-4, suggesting that the association between
cadmium and serum creatinine concentration is not
dependent on kidney stones.
To test whether extreme or outlying data points

might distort the slope ofany of these regression lines,
we repeated the analyses in table 3 after excluding the
most extreme outliers. Outliers were excluded if the
residual (observed value-predicted value) exceeded
the 95th percentile. Exclusion of outliers had a negli-
gible effect on the coefficient for dose for any of the
renal endpoints. In all cases the F value for dose
remains highly significant. In the absence of a cogent
reason to exclude the outliers we present the full data.

Table 4 and fig 2 do not show the relation between
cadmium dose, systolic or diastolic blood pressure, or
albuminuria. Dose is a statistically significant

predictor of systolic but not of diastolic blood
pressure, after controlling for age, Quetelet index,
ethnicity, and blood lead concentration. As dose
increases from 0 to 5000 mg/m3 days, mean predicted
systolic blood pressure increases from 125-9 to
145-3 mm Hg (log SBP = 2-10 + 0-1246 x dose x

10-4, p = 0 04). Dose is also a statistically significant
predictor of the urinary albumin/creatinine ratio, as
are age and systolic blood pressure. We do not present
this model because of space limitations and because
the relation of albuminuria to dose does not clarify
whether the urinary albumin reflects a pure tubular or
a mixed tubular and glomerular lesion.

PREVALENCE OF RENAL ABNORMALITIES VERSUS
EXPOSURE
Figure 3 illustrates the probability of having various

694
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Table 4 Regression models best explaining renal outcomes

B SE F p R2

Beta-2-microglobulin (log pg/g creatinine)*
Intercept 2-323
Dose ( x 10-4)t 4-195 0-498 71-1 <0-0001 0-50

Retinol binding protein (log Mg/g creatinine):
Intercept 1-457
Dose ( x 10-4)t 3-657 0-6633 55 6 <0 0001 0 45
Age (y) 0-010 0-005 4-2 0-044 0-03

Tubular reabsorption calcium (log %):
Intercept 1 999
Dose(x 10-4)t -0-029 0-007 16-3 00001 0-27
Age (y) -0 0001 0 00005 4-0 0-05 0-03
Diabetes$ 0 0044 0 0025 3-2 0-08 0-03

Tubular reabsorption phosphate (log %)
Intercept 1-931
Dose (x 10-4)t -0-325 0-088 15-5 0-0002 0-18
Prostatic disease -0051 0-027 35 0065 004

Serum creatinine (log mg/dl):
Intercept 0-008
Dose(x I0-4)t 0-414 0-094 21-9 0-0001 0-23
Prostatic disease: 0-050 0-029 2-9 0 09 0 03

*Log FE (fractional excretion) (-2 = -2-82 + 3-08 dose x 10'4
R2 = 0-38, F = 44.4.
tUnits of dose are mg/cubic m3 days.
tDiabetes or prostatic disease (by history) are indicator variables.

renal abnormalities versus cumulative exposure to
cadmium. The definitions of "abnormal" are specified
in the legend for figure 3 and are defined based on the
unexposed workers. The prevalence of abnormalities
increases with cumulative exposure to cadmium; mul-
tiple renal abnormalities become apparent in subjects
with cumulative exposure > 300 mg/m3 days. The

._

co

0
0
-0

a-p

4-

._

CL.

logistic regression lines shown in fig 3 actually over-
estimate the prevalence of renal dysfunction among
cadmium workers with low cumulative exposure. Only
one of 17 (5-9%) cadmium workers below this dose
had any renal abnormality, whereas 23 of 28 (82-1 %)
workers above it had some renal dysfunction and 17 of
these had multiple abnormalities. These data suggest a
threshold for renal dysfunction occurring at about
300 mg/m3 days.
A similar analysis was performed using urine cad-

mium concentration as the measure of exposure. To
compare our data to those of Nogawa et al" we
adopted their definition of abnormal for urinary f-2
(> 5 mg P-2/1). The probability of an abnormal ,B-2
was somewhat higher for a given concentration of
urine cadmium in our study than in that ofNogawa et
al. For example, a urine cadmium concentration of 3-2
ig/g creatinine was associated with a 1% prevalence of
abnormal ,B-2 in the study of Nogawara et al versus
2-8% in ours.'7

Discussion

The cross sectional data presented here help
to quantify the relation between exposure to
cadmium and several parameters of renal tubular and
glomerular dysfunction. Increased cumulative expo-
sure to cadmium (dose) is accompanied by increased
low and high molecular weight proteinuria, reduced
calcium and phosphorous reabsorption, and rising
serum creatinine concentration. While these data are
cross sectional rather than longitudinal, they provide
an important link in the theoretical continuum bet-

digh 3-2 in urine
,-High serum creatinine
THigh RBP in urine
"'Low %TRC

0 500 1000 1500
Unexposed Cadmium cumulative exposure (mg/m3 days)

Fig 3 Probability ofrenal abnormality versus cadmium cumulative exposure. Abnormal renal tests defined
asfollows: high f-2 > 486 4ug/g creatinine, high serum creatinine > 1-4 mg/dl, high RBP > 321 ,Ug/g
creatinine, low TRP < 69-4%, low TRC < 97-56%.
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ween the subacute renal toxicity and more serious long
term sequelae of cadmium exposure.
The extensive numbers of reports on cadmium

nephropathy suggest that at least two manifestations
of renal dysfunction may be of particular clinical and
public health importance. Firstly, disturbed calcium
phosphorous metabolism, manifest in our study by
phosphaturia, low serum phosphorous, and low
tubular reabsorption of calcium are postulated to
contribute to the bone disease and kidney stone
formation observed in certain groups exposed to
cadmium.318 Secondly, progressive loss of renal
tubular function may cause, or be accompanied by, a
more subtle reduction in GFR and increased serum
creatinine.3
An epidemic of severe bone disease occurred in

Japan among women consuming rice contaminated
with cadmium.'819 The syndrome was called Itai itai
(ouch ouch) disease, and was manifest by bone pain,
skeletal deformities, and spontaneous fractures. Even
in villages where rice was heavily contaminated with
cadmium, clinical osteopathy was confined to poorly
nourished, postmenopausal women, suggesting that
cadmium precipitated clinical disease in those at high
risk due to nutritional and endocrinologic factors.'8 19

Similar bone disease has been rare in occupational
populations. Bone pain and spontaneous fractures
were reported in British and French alkaline battery
workers near the end of the second world war.'820 In
general, however, male workers with adequate nutri-
tion do not experience spontaneous fractures or
radiological abnormalities and female workers have
not been studied longitudinally for the occurrence of
osteopathy after menopause.
A second potential consequence of hypercalcuria or

phosphaturia is susceptibility to kidney stones. Kid-
ney stones are common in cadmium exposed popula-
tions, with lifetime prevalence reportedly ranging
from 19% to 44%.3 In our study eight (18%) of the 45
cadmium workers had experienced kidney stones
versus one (3%) of the 32 unexposed. Several mechan-
isms could link stone formation to renal tubular
disease, including hypercalcuria, phosphaturia,
uricaciduria, reduced urinary citrate, or renal tubular
acidosis.2" The field techniques used in our study did
demonstrate differences in calcium and phosphorous
excretion associated with the cadmium workers but
were not designed to be a complete clinical or
metabolic evaluation. Future research should attempt
to characterise the urinary composition of cadmium
workers in a more controlled clinical setting.

Field investigators have generally been unable to
study the effects of cadmium on glomerular filtration
rate (GFR). Friberg, in Scandinavia, measured insulin
clearance in 19 heavily exposed alkaline battery work-
ers. GFR was below population normals in these

Thun, Osorio, Schober, Hannon, Lewis, Halperin
workers but the study could not control for age or
relate inulin clearance to quantified exposure levels.21
Adams found increased serum creatinine concentra-
tion in nearly all of 23 workers with severe tubular
proteinuria.23 Our study is unique in relating increas-
ing serum creatinine concentration to quantified dose
of cadmium. It is also the first to use multivariate
techniques to determine that cadmium, rather than
age, hypertension, or other extraneous variables best
explains this relation. Although serum creatinine
concentration is less sensitive than creatinine or inulin
clearance as a measure ofGFR, using serum creatinine
concentration as the marker of glomerular function
is more likely to obscure a true association with
cadmium than to create a false positive one. The
theoretical possibility exists that cadmium might
increase serum creatinine concentration by a tubular
mechanism, selectively decreasing postglomerular
secretion of creatinine by the nephron while sparing
tubular reabsorption. Such an explanation is unsup-
ported by experimental studies of cadmium.

Evidence of tubular dysfunction persists in some
workers in our study for decades after the cessation of
exposure to cadmium. Other investigators have noted
that fi-2 persists and even increases in some workers
after employment ceases.3 The issue ofthe reversibility
of nephropathy is controversial, however, partly
because longitudinal data are rarely available and
partly because the assay for -2 has increased in
sensitivity over time. In our study multiple tubular
lesions were manifest in workerswho had retired many
years before. Furthermore, in multiple regression
analyses time away from cadmium did not appear to
modify the association between cadmium dose and
any renal endpoint. These data suggest that if
cadmium nephropathy is reversible the recovery is so
slow as to be undiscernable in our data set.
The significantly higher systolic and diastolic blood

pressure in the cadmium workers, relative to the
unexposed, is an interesting and a potentially
important finding. It resurrects a longstanding debate
about whether cadmium can cause hypertension in
man. Hypertension has been observed experimentally
in rats drinking cadmium contaminated water.24 It has
been sought for but rarely found in studies of highly
exposed workers.25 A theory has been advanced that
low doses ofcadmium may increase, and higher doses
may decrease, blood pressure in man.25 Blood pressure
measurements in our study were performed by a single
examiner using one instrument. We did not expect an
association between blood pressure and cadmium.
Rather we measured blood pressure as a factor to be
controlled in the analysis of serum creatinine concen-
tration. Neither hypertension by history nor current
blood pressure explained the relation between
exposure to cadmium and serum creatinine concentra-



Nephropathy in cadmium workers: assessment ofriskfrom airborne occupational exposure to cadmium
tion. Whether or not hypertension is itself caused by
exposure to cadmium is an issue for future study.
Our analysis provides reasonable certainty that
hypertension is not an extraneous factor causing an
artifactual association between cadmium and serum
creatinine concentration in our data.

Estimating the "critical dose" of cadmium
necessary to induce nephropathy depends on both the
choice of renal endpoints and on the definition of
abnormal. Our definitions of abnormal (fig 3) are
based on the fifth or 95th percentile of test results in
the unexposed population. The probability of abnor-
mality, by this definition, increases sharply as
cumulative exposure to cadmium rises above 300 mg/
m3 days. Subjects whose cumulative exposure exceeds
this level often manifest multiple renal tubular
abnormalities, with raised f-2, RBP, and low %TRC
appearing at similar exposure levels.
A final question concerns whether current

occupational standards protect against cadmium
nephropathy. The safe level of cadmium clearly
depends on the criteria for renal injury and the
expected working lifetime. If 300 mg/m3 days isjudged
to be safe, based on the above reasoning, then this
exposure is exceeded by working for 4-3 years at the
current United States permissible exposure limit of
200 pg/m3 for cadmium dust averaged over an eight
hour workday.' Average exposure would need to be
reduced by a factor ofover ten to protect workers over
a 45 year working lifetime. These results support a
recommendation by a working group of the World
Health Organisation to limit exposures to 10 ug/m32"
and a similar recommendation by the United States
National Institute for Occupational Safety and Health
to limit occupational exposure to cadmium to the
fullest extent feasible.2
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