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Aims: To compare associations of lead biomarkers with renal function in current and former lead
workers.
Methods: Cross sectional analysis of first year results from a longitudinal study of 803 lead workers
and 135 controls in South Korea. Clinical renal function was assessed by blood urea nitrogen (BUN),
serum creatinine, and measured and calculated creatinine clearance. Urinary N-acetyl-β-D-
glucosaminidase (NAG) and retinol-binding protein were also measured.
Results: Mean (SD) tibia lead, blood lead, and DMSA chelatable lead levels in lead workers were
37.2 (40.4) µg/g bone mineral, 32.0 (15.0) µg/dl, and 767.8 (862.1) µg/g creatinine, respectively.
Higher lead measures were associated with worse renal function in 16/42 models. When influential
outliers were removed, higher lead measures remained associated with worse renal function in nine
models. An additional five associations were in the opposite direction. Effect modification by age was
observed. In 3/16 models, associations between higher lead measures and worse clinical renal func-
tion in participants in the oldest age tertile were significantly different from associations in those in the
youngest age tertile which were in the opposite direction. Mean urinary cadmium (CdU) was 1.1 µg/g
creatinine (n = 191). Higher CdU levels were associated with higher NAG.
Conclusions: These data suggest that lead has an adverse effect on renal function in the moderate
dose range, particularly in older workers. Associations between higher lead measures and lower BUN
and serum creatinine and higher creatinine clearances may represent lead induced hyperfiltration.
Environmental cadmium may also have an adverse renal impact, at least on NAG.

Several lines of evidence implicate high level lead exposure
as a cause of chronic renal failure. These include
mortality studies of lead workers,1 historical occupational

experience,2 and long term follow up of severely lead poisoned
children.3 Research has also revealed increased lead body bur-
dens in participants selected by specific diseases such as renal
insufficiency, gout, and hypertension, particularly when they
coexist in the same patient.4

Studies of low level lead exposure have also reported lead
associations with adverse renal outcomes. Two large cross
sectional general population studies (with 7445 and 19816 par-
ticipants) revealed inverse associations between creatinine
clearance and blood lead. Analysis of longitudinal serum cre-
atinine and blood lead data from a subset of the US population

mentioned above5 also revealed a greater rate of serum creati-

nine increase in the highest lead exposure quartile compared

to the lowest.7 Furthermore, studies focusing on patients with

renal insufficiency have shown stabilisation and, in some

cases, improvement of renal function after therapeutic

calcium disodium ethylenediamine tetraacetic acid (EDTA)

chelation of relatively low lead body burdens that are generally

not chelated (>80–150 (depending on study), but <600 µg

lead excreted in 72 hours after intravenous administration of

1 g EDTA).8 9

However, recent occupational studies have yielded incon-

sistent results. Lead exposure was generally moderate (mean

or median blood lead ∼30–55 µg/dl), although some studies

reported only ranges and included substantial numbers of
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Abbreviations: ALAP, aminolaevulinic acid in plasma; BUN, blood urea
nitrogen; BMI, body mass index; CdU, urinary cadmium; CV, coefficient
of variation; DM, diabetes mellitus; DMSA, dimercaptosuccinic acid; EBE,
early biological effect; EDTA, calcium disodium ethylenediamine
tetraacetic acid; Hb, haemoglobin; LD, limit of detection; NAG,
N-acetyl-β-D-glucosaminidase; PBS, phosphate buffered saline; RBP,
retinol-binding protein; SD, standard deviation; ZPP, zinc protoporpyhrin

Policy implications

• Lead has an adverse impact on renal function, particu-
larly in older workers, and may initially influence renal
function through hyperfiltration.

• Cadmium exposure should be measured in studies of the
renal effects of lead exposure.

Main messages

• Higher levels of lead exposure, dose, and haematologi-
cal effect measures were associated with worse clinical
renal function and higher levels of NAG and RBP.

• Associations in the opposite direction (higher lead
measures with lower BUN/serum creatinine and higher
creatinine clearances) were also found, particularly in
analyses of current workers only.

• Age was observed to modify relations between lead
measures and renal function. Higher lead exposure and
dose were associated with worse renal function in older
workers, but with lower BUN and serum creatinine in
young workers.

• Urinary cadmium levels, in a range consistent with envi-
ronmental exposure, were associated with higher NAG
levels.
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workers with levels over 80 µg/dl. Several studies noted asso-

ciations between lead exposure (assessed by blood lead, years

of exposure, and/or zinc protoporpyhrin (ZPP)) and clinical

renal outcomes (blood urea nitrogen (BUN), serum creatinine,

and/or creatinine clearance) and/or early biological effect

(EBE) markers, such as N-acetyl-β-D-glucosaminidase (NAG)

and retinol-binding protein (RBP).10–16 These studies had

smaller sample sizes than the environmental studies (median

sample size = 218) and statistical analysis was more limited,

consisting of correlations or simple linear regression in half

with the other half controlling for age and, in one,16 age,

height, and weight. In contrast, other occupational studies

have either found no significant difference in renal measures

in lead workers compared to controls and/or few to no

associations when continuous lead measures were

analysed.17–20 Median sample size of these studies was 112;

covariates controlled for were similar to the occupational

studies in which associations were reported. Exposure assess-

ment included tibia lead in one of these studies.20

A number of factors may be contributing to these

discrepant results, including sample size, healthy worker

effect, insensitivity of renal outcomes, and limited exposure

assessment. Environmental level of cadmium, although not

routinely measured in most lead studies, has been shown to be

an important confounder in some populations, particularly for

lead associations with NAG.18 21 22 Finally, some researchers

have observed associations between higher creatinine clear-

ance and higher lead exposure or dose measures.21 23 Signifi-

cant findings could be obscured if associations in opposite

directions are present in different segments of the study

population.

We report a cross sectional analysis of renal outcomes data

from the first year of a three year longitudinal study of the

health effects of inorganic lead exposure. The study included

803 Korean lead workers and 135 controls. Exposure

assessment included blood lead, tibia lead, and four hour

dimercaptosuccinic acid (DMSA) chelatable lead measures as

well as job duration. Urinary cadmium (CdU) was measured

on a 24% subset of the lead exposed workers. Renal outcomes,

ranging from clinical measures to EBE markers, were

analysed. To our knowledge, this is the largest study of lead

workers with this type of detailed exposure and outcome

assessment reported to date.

MATERIALS AND METHODS
Study overview and design
This report focuses on data obtained from 803 current and

former lead workers and 135 controls from the first of three

annual visits in a longitudinal study of the neurobehavioural,

peripheral nervous system, renal, haematopoietic, and blood

pressure effects of inorganic lead exposure. Participants were

enrolled between 24 October 1997 and 19 August 1999. All

participants provided written, informed consent. The study

protocol was approved by Institutional Review Boards at the

Soonchunhyang University School of Medicine and the Johns

Hopkins University Bloomberg School of Public Health.

Participation in the study was voluntary, and workers were

paid approximately $30 for their time and effort.

Study population
Lead workers were recruited from 26 different facilities

including lead battery, lead oxide, lead crystal, radiator manu-

facture, and secondary lead smelting.24 Workers were desig-

nated as lead workers based on the potential for exposure to

lead in the manufacturing process. Participation rates

generally exceeded 85% in all plants except for four battery

manufacture facilities where, because of the economic

challenges that confronted South Korea during recruitment

for this study, rates ranged from 17% to 58%. Ninety four

former lead workers also participated. This number is higher

than in prior publications from this study24 because it includes

24 retired workers (three of whom had been medically

removed from exposure because of high lead levels) and 70

former workers who left lead industry employment as a result

of a plant shut-down because of the adverse economic condi-

tions. Ninety eight controls were recruited from an air condi-

tioner assembly plant that did not use lead or other heavy

metals, and 37 controls were wage workers of Soonchunhyang

University. No medical exclusion criteria (for example, abnor-

mal blood pressure, renal disease) were applied for any study

participants. Study participants were not currently occupa-

tionally exposed to other known renal toxicants. CdU was

obtained to document lack of occupational exposure to this

renal toxicant and for analysis of environmental cadmium

associations.

Data collection
Data collection was completed either at the Institute of Indus-

trial Medicine in Chonan or at the study plants using

previously reported methods.24 Data and biological specimens

collected included: a standardised questionnaire on demo-

graphics, medical history, and occupational history; blood

pressure (systolic and 5th Korotkoff diastolic), measured with

a Hawksley random zero sphygmomanometer25; height and

weight measurement; a blood specimen (for blood lead, BUN,

serum creatinine, haemoglobin (Hb), ZPP, and aminolae-

vulinic acid in plasma (ALAP)) and a spot urine sample (for

RBP, NAG, and CdU), both of which were stored at −70°C until

analysed; and tibia lead concentration. A four hour urine col-

lection after oral administration of 10 mg/kg DMSA, which

was also used for measured creatinine clearance assessment,

was obtained in lead workers only.

Laboratory methods
Blood lead was measured with a Hitachi 8100 Zeeman

background corrected atomic absorption spectrophotometer

(Hitachi Ltd Instruments, Tokyo, Japan) with the standard

addition method of the National Institute of Occupational

Safety and Health26 at the Institute of Industrial Medicine, a

certified reference laboratory for lead in South Korea. Tibia

lead was assessed with a 30 minute measurement at the left

mid-tibia shaft using 109Cd K-shell x ray fluorescence as previ-

ously described.27–29 All point estimates, including negative

values, were retained in the statistical analyses in order to

minimise bias and avoid censoring of data.30 Four hour urinary

lead excretion after oral administration of 10 mg/kg DMSA

was used to measure DMSA chelatable lead and creatinine

clearance in lead exposed participants only (787 participants

completed the urine collection). Urine lead levels were

measured in the laboratories of the Wadsworth Center at the

New York State Department of Health (Albany, NY, USA) by

electrothermal atomic absorption spectrometry with Zeeman

background correction (Perkin-Elmer Model 4100ZL, Nor-

walk, CT, USA).31 The Wadsworth Center participates in the NY

State proficiency testing programme for urine lead and the

external interlaboratory comparison programme for toxic

substances of the Centre de Toxicologie, Direction de la

toxicologie humaine, Institut national de santé publique du

Québec.

CdU was measured by electrothermal atomic absorption

spectroscopy with Zeeman background correction32 at Pacific

Toxicology Laboratories (Woodland Hills, CA, USA) (n = 152

samples) or Quest Diagnostics (Teterboro, NJ, USA) (n = 39

samples). Both laboratories participate in the interlaboratory

comparison programme for toxic substances of the Centre de

Toxicologie, Direction de la toxicologie humaine, Institut

national de santé publique du Québec. Because of budgetary

constraints, CdU measurements were performed on a subset

of 191 lead exposed workers. In order to maximise our ability

to determine whether cadmium was a confounder, samples
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were selected by renal function and cumulative lead exposure
as follows: 19 were from workers with consistent evidence of
renal damage (two or more adversely affected renal out-

comes), 10 were randomly selected from the lowest quartile of

tibia lead, 10 were randomly selected from the highest quartile

of tibia lead, and 152 were randomly selected from the entire

range of tibia lead. CdU levels below the 0.5 µg/l limit of

detection (LD) (n = 38, 19.9%) were estimated by dividing the

LD by the square root of 2.33

BUN and serum creatinine were measured via an automatic

chemical analyser (Toshiba TBA 40FR Biochemical Analyzer,

Tokyo, Japan). The serum creatinine assay used the Jaffe

method with an absorbance of 505 nm, and the BUN assay

utilised urease and glutamate dehydrogenase. Urine creati-

nine was measured in spot samples for adjustment of EBE

markers and in the four hour sample after DMSA for determi-

nation of measured creatinine clearance and adjustment of

DMSA chelatable lead levels. The assay was performed using a

modification of the Sigma kit (St Louis, MO, USA) assay as

previously described.34 Measured creatinine clearance was

defined as: ([urinary creatinine in mg/dl × urine volume in

ml]/serum creatinine in mg/dl) × collection time in minutes.

Calculated creatinine clearance was defined as ([140 − age] ×
weight in kg)/(72 × serum creatinine) for males and the same

equation multiplied by 0.85 for females.35

In order to determine whether DMSA and/or lead in urine

interfered with the creatinine assay, 12 samples were selected,

both randomly and by inclusion of the highest DMSA chelat-

able lead results, and spiked with creatinine standard (Sigma,

St Louis, MO, USA). The results were compared with expected

values (based on amount of standard added). Pearson’s r was

0.998. Linear regression revealed a slope of 0.95 (95% CI: 0.91

to 0.99) and intercept of 5.15 (95% CI: −0.99 to 11.3). The

mean coefficient of variation (CV) was 1.5% for 12 samples

(n = 2 per sample). The mean (SD) of the differences between

observed and expected results was 3.2 (2.2). Therefore, these

data revealed no lead or DMSA interference with the

creatinine assay. There was also no evidence that DMSA inter-

fered with creatinine excretion in vivo, as the mean measured

four hour creatinine clearances were within the range of nor-

mal expected values for both males and females (determined

by multiplying published values36 for 24 hour creatinine

excretion (mg/kg) by the mean weight of study participants

and dividing to adjust for a four hour collection period). The

Spearman rank correlation between measured and calculated
creatinine clearance (rs = 0.64) also indicated no DMSA inter-
ference with measured creatinine clearance.

NAG was measured using the PPR NAG Test kit (PPR Diag-

nostics Ltd, London, UK). This assay uses 2-methoxy-4-(2′-
nitrovinyl)-phenyl 2-acetamido-2-deoxy-β-D-glucopyranoside

as the substrate which is hydrolysed by NAG to form

2-methoxy-4-(2′-nitrovinyl)-phenol.37 Absorbance was

measured at 505 nm in a UV1 spectrophotometer (Spectronic

Unicam, Cambridge, UK). Semimicro cuvets (1.5 ml) (Fisher

Scientific, Pittsburgh, PA, USA) were utilised so that each

assay required 60% of the suggested reagent volumes. Urine

samples were not centrifuged. To evaluate assay reliability, 138

random samples (14.7%) were measured in duplicate; mean

inter-assay, between day CV was 6.0% (SD 7.7%).

RBP was measured using a modification of the method of

Topping and colleagues.38 Nunc-Immno 96-well polystyrene

flat (MaxiSorp surface) microplates (Fisher Scientific, Pitts-

burgh, PA, USA) were coated by incubating 150 µl per well of

rabbit antibody to urinary human RBP (Dako Corp., Carpinte-

ria, CA, USA), diluted 3000-fold in 60 mmol carbonate/

bicarbonate buffer, pH 9.6, for five hours at room temperature.

Plates were then washed four times with PBS with 0.1% Tween

20, pH 7.5 (250 µl per well each wash). The plates were then

coated with 100 µl per well of sample (urine diluted 50- and

100-fold with PBS with 0.1% Tween 20, pH 7.5), run in dupli-

cate. A standard concentration curve, consisting of urinary

human RBP antigen (Biogenesis, Kingston, NH, USA) diluted

in PBS with 0.1% Tween 20, pH 7.5, to give concentrations of

0.244–1.95 ng/ml, was also included on each plate. After over-

night incubation at 4°C, plates were washed as described

above and rabbit antihuman RBP conjugated to horseradish

peroxidase (Dako Corp., Carpinteria, CA, USA), diluted 3000-

fold in PBS with 0.1% Tween 20, pH 7.5, was added (100 µl per

well). After two hours at room temperature, plates were

washed and 100 µl per well of 7.4 mmol/l o-phenylenediamine

(Sigma-Aldrich Corporation, St Louis, MO, USA), 5.9 mmol/l

hydrogen peroxide in 72 mmol/l phosphate–27 mmol/l citrate

in 0.1% Tween 20 buffer, pH 6.0, was added. After 20 minutes

at room temperature, 50 µl per well of 2 M sulphuric acid was

added. The absorbance was measured at 490 nm with a MAX-

line microplate reader (Molecular Devices, Sunnyvale, CA,

USA). RBP concentrations were calculated from the standard

curve on each plate. Samples were repeated if CVs were >10%

Table 1 Demographic, exposure, and selected health outcome measures of study participants

Characteristic Lead exposed participants (n=803) Controls (n=135)

Age, years, mean (SD) [range]* 40.4 (10.1) [17.8–64.8] 34.5 (9.1) [22.1–60.2]
Sex, n (%)*

Male 639 (79.6) 124 (91.9)
Female 164 (20.4) 11 (8.1)

BMI, kg/m2, mean (SD) [range]†* 23.0 (3.0) [15.7–34.2] 23.7 (2.8) [18.5–30.1]
Regular analgesic use, n (%) 16 (2.0) 1 (0.8)
Diabetes, n (%) 6 (0.8) 2 (1.5)
Hypertension, n (%) 58 (7.2) 11 (8.2)
Blood lead, µg/dl, mean (SD) [range]* 32.0 (15.0) [4.3–85.7] 5.3 (1.8) [2–10]
Tibia lead, µg Pb/g bone mineral, mean (SD) [range]* 37.2 (40.4) [−7.4–337.6] 5.8 (7.0) [−10.9–26.6]
DMSA chelatable lead, µg Pb/g creatinine, mean (SD) [range] 767.8 (862.1) [23.8–8974.6] NA‡
Lead job duration, years, mean (SD) [range] 8.2 (6.5) [<1–36.2] NA
Urinary cadmium, µg/g creatinine, mean (SD) [range]§ 1.1 (0.78) [0.2–7.3¶] NA
BUN, mg/dl, mean (SD) [range]* 14.4 (3.7) [6–32.2] 13.1 (2.9) [5.9–21.8]
Serum creatinine, mg/dl, mean (SD) [range] 0.90 (0.16) [0.48–2.5] 0.91 (0.10) [0.63–1.25]
Measured creatinine clearance, ml/min, mean (SD) [range] 114.7 (33.6) [11.8–338.9] NA‡
Calculated creatinine clearance, ml/min, mean (SD) [range] 94.7 (20.7) [41.1–184.5] 108.4 (19.4) [71.2–157.7]
NAG, µmol/h/g creatinine, mean (SD) [range] 215.3 (188.5) [13.8–2577.0] 174.5 (115.6) [38.1–938.9]
RBP, µg/g creatinine, mean (SD) [range] 63.6 (190.6) [5.2–4658.7] 46.2 (44.3) [5.4–394.0]

†Data missing for 20 controls.
‡NA indicates not applicable. DMSA chelation with subsequent four hour urine collection performed only in exposed participants (n=787).
§n=191.
¶Range 0.2–3.9 with one outlier of 7.3.
*p<0.05.
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(15% for low samples) and rediluted for absorbances above or

below set reproducible levels. To evaluate assay reliability, 75

random samples (8%) were measured in duplicate; mean

inter-assay, between day CV was 7.4 % (SD 5.2%).

Hb was assayed by the cyanmethaemoglobin method

(Beckman Coulter, Inc., Model Ac-T 8, Fullerton, CA, USA).

ZPP levels were measured with a portable haematofluorimeter

(Aviv, Lakewood, NJ, USA).39 ALAP was measured by a high

performance liquid chromatography method based on Oishi

and colleagues40 and Sithisarankul and colleagues.41

Statistical analysis
The primary goals of the analysis were: (1) to compare six

renal outcomes (BUN, serum creatinine, measured creatinine

clearance, calculated creatinine clearance, RBP, and NAG) in

lead workers and controls, while controlling for covariates;

and (2) to compare one lead exposure measure (job duration),

three lead dose biomarkers (tibia lead, blood lead, DMSA che-

latable lead), and three haematologic system effect markers

(ALAP, Hb, ZPP) as predictors of those renal outcomes in lead

workers, also controlling for covariates. Statistical analysis

was completed using software programs of the SAS Institute,

Inc. (Cary, NC, USA).

Initially, variable distributions were examined. The distribu-

tions of NAG and RBP evidenced departures from normality

and were thus log transformed, resulting in approximation of

normality for RBP and normality for NAG. Non-normal
independent variables were log transformed for testing mean
differences between groups (that is, all lead workers versus
controls). Next, crude proportions and means of various
demographic, exposure, and non-renal outcome measures
were compared between groups. Associations of dichotomous
variables were evaluated in 2×2 tables using χ2 or Fisher’s exact
tests, and continuous variables were compared using t
statistics. Linear regression modelling with a dichotomous
exposure variable (all lead workers versus controls) was used
to compare renal outcome measures by group while controlling
for the same covariates used in the final models (see below).

Linear regression modelling was used to evaluate associa-
tions between lead measures and renal outcomes in lead
exposed participants only and subsets thereof. Covariate

selection for final regression models utilised both a priori

variables (age, gender, and BMI (weight in kg divided by the

square of height in metres)) as well as biologically directed

stepwise forward modelling to determine other significant

variables. Covariates tested included diabetes (DM) and

hypertension (both based on participant report of physician

diagnosis), use of analgesics (based on questionnaire data on

medication usage), systolic and diastolic blood pressure,

tobacco and alcohol consumption, work status (current versus

former worker), and CdU. Covariates in the model for clinical

renal outcomes (BUN, serum creatinine, creatinine clearance,

Figure 1 Associations (added variable plots) of serum creatinine with six lead measures in 803 Korean lead workers. The dotted line is the
adjusted regression line; the solid line was estimated by a smoothing method using the S-PLUS statistical software function lowess. Both have
been adjusted for covariates. For ease of interpretation, axes have been scaled, so that the plotted residuals are centred around the means,
rather than zero. Outliers that were removed in subsequent models are denoted by plus signs.
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and calculated creatinine clearance) included age, gender, BMI,

work status (current versus former worker), and hypertension.

NAG and RBP were analysed in models that adjusted for age,

gender, BMI, systolic blood pressure, work status, current alco-

hol use, and DM. Continuous independent variables were cen-

tred at the mean or, in the case of the effect modification mod-

els discussed below, at the tertile cut point nearest the mean.

Models were evaluated for linear regression assumptions

and the presence of outlying points using jackknife residual42

and added variable plots.43 The latter plots are graphical sum-

maries of the relation between Y and a particular X (referred

to as Xa below) adjusted for all the other covariates.43 Specifi-

cally, the residuals of the regression of Y on all the covariates

except Xa are plotted on the Y axis. This is the part of Y not

explained by those covariates. Next the residuals from the

regression of Xa on all the other covariates is computed. This is

the part of Xa not explained by the other covariates. These

residuals are plotted on the x axis. For each plot, two lines were

overlaid: the regression line, and a line determined by a scat-

ter plot smoothing method that calculates a locally weighted

least squares estimate for each point in the scatter plot.44 This

allows an examination of the data for outliers that are overly

influential as evidenced by inconsistency between the lowess

and regression lines. The function “lowess” of the S-plus sta-

tistical software program was used to produce the plot (Data

Analysis Products Division of MathSoft, Seattle, WA, USA).

When applicable, models were repeated without outliers.

Finally, models with cross product terms of the lead meas-

ures and age divided into tertiles were evaluated in order to

assess whether age modified relations between lead measures

and renal outcomes. In order to avoid residual age confound-

ing, centred continuous age was entered as an independent

variable instead of the categorical age variables used in the

cross product terms.

RESULTS
Demographics, exposure, and health outcome
measures in lead workers and controls
Compared to controls, lead exposed participants were signifi-

cantly (p < 0.05) older, had a higher proportion of female

participants, and lower mean BMI (table 1). There was a wide

range of blood lead, tibia lead, and DMSA chelatable lead lev-

els among lead workers; mean blood lead and tibia lead were

significantly higher than in control participants. CdU levels

were generally consistent with non-occupational exposure; all

were <3 µg/g creatinine, with the exception of four values

(2.1%) between 3 and 4 µg/g creatinine and one outlier of 7.3

µg/g creatinine. The Spearman rank correlation coefficients for

CdU with tibia lead, blood lead, DMSA chelatable lead, job

duration, and age were 0.29, 0.13, 0.34, 0.33, and 0.61 respec-

tively (p = 0.0001 for all except blood lead, for which

p = 0.08). However, multiple linear regression modelling

showed that cadmium was not significantly associated with

any of the four lead variables when age was entered into the

Figure 2 Associations (added variable plots) of DMSA chelatable lead with six renal outcomes in 803 Korean lead workers. The dotted line
is the adjusted regression line; the solid line was estimated by a smoothing method using the S-PLUS statistical software function lowess. Both
have been adjusted for covariates. For ease of interpretation, axes have been scaled, so that the plotted residuals are centred around the
means, rather than zero. Outliers that were removed in subsequent models are denoted by plus signs.

Renal function in Korean lead workers 555

www.occenvmed.com

http://oem.bmj.com


models. Mean values of the renal outcome measures indicated

worse function in exposed participants compared to controls

for four outcomes; however, after adjustment for covariates,

the difference reached statistical significance only for BUN.

Associations of renal outcomes with lead measures in
all lead workers
All renal outcomes except measured creatinine clearance were

associated with one or more lead exposure, dose, or haemato-

logic effect (modelled as surrogates for lead exposure) meas-

ure in linear regression modeling in all 803 lead workers.

Higher lead measures were associated (p < 0.05) with worse

renal outcomes in 16 of the 42 models, including nine with

NAG or RBP. Borderline associations (p < 0.1) were present in

four additional models; two were associated with worse renal

outcomes. Tibia lead was associated with BUN, serum

creatinine, RBP, and NAG; blood lead was associated only with

NAG. However, when added variable plots of these models

were examined, outliers were present (figs 1 and 2). Data from

four individuals with renal insufficiency (serum creatinine

>1.5 mg/dl) were particularly influential. They included two

current and two former workers, three of whom had high lead

doses. Three were on antihypertensive medications and three

had been diagnosed with renal disease. None were diabetic.
Outliers that were potentially influential for each renal and

lead variable were removed from all models in which the vari-
able was present and the models were repeated. This reduced
the potential for erroneously leaving influential data points in
models although, as shown in fig 2, some data points were
removed from models in which they were not influential.
However, the maximum number of points removed from any
of these models was only 11 (1.4%). Few differences were
observed in associations with the EBE markers; seven of the 10
previous associations remained with little change in the beta

Table 2 Linear regression modelling of renal outcomes with lead dose biomarkers,
lead job duration, and haematopoietic effect biomarkers in all lead workers with
outliers removed*

Lead variable β coefficient SE β p value Model r2

BUN (mg/dl) models
Tibia lead, µg Pb/g bone mineral −0.0010 0.0035 0.78 0.08
Blood lead, µg/dl 0.0017 0.0099 0.86 0.08
DMSA chelatable lead, µg Pb/g creatinine −0.0001 0.0002 0.50 0.09
Lead job duration, years 0.0014 0.0232 0.95 0.08
ALAP, ng/ml 0.0167 0.0091 0.07 0.09
ZPP, µg/dl 0.0039 0.0022 0.07 0.09
Haemoglobin, g/dl −0.2357 0.1119 0.04 0.09

Serum creatinine (mg/dl) models
Tibia lead, µg Pb/g bone mineral −0.0002 0.0001 0.17 0.36
Blood lead, µg/dl 0.0001 0.0003 0.85 0.36
DMSA chelatable lead, µg Pb/g creatinine −0.0000 0.0000 <0.01 0.36
Lead job duration, years −0.0006 0.0007 0.41 0.36
ALAP, ng/ml 0.0001 0.0003 0.81 0.36
ZPP, µg/dl 0.0001 0.0001 0.05 0.36
Haemoglobin, g/dl 0.0095 0.0035 <0.01 0.36

Measured creatinine clearance (ml/min) models
Tibia lead, µg Pb/g bone mineral 0.0608 0.0276 0.03 0.26
Blood lead, µg/dl 0.1079 0.0792 0.17 0.25
DMSA chelatable lead, µg Pb/g creatinine −0.0004 0.0015 0.78 0.25
Lead job duration, years 0.2499 0.1811 0.17 0.25
ALAP, ng/ml −0.1342 0.0753 0.08 0.25
ZPP, µg/dl −0.0262 0.0169 0.12 0.25
Haemoglobin, g/dl 0.7858 0.8769 0.37 0.25

Calculated creatinine clearance (ml/min) models
Tibia lead, µg Pb/g bone mineral 0.0140 0.0133 0.29 0.60
Blood lead, µg/dl −0.0200 0.0367 0.59 0.60
DMSA chelatable lead, µg Pb/g creatinine 0.0010 0.0007 0.14 0.60
Lead job duration, years 0.1980 0.0858 0.02 0.60
ALAP, ng/ml −0.0259 0.0345 0.45 0.60
ZPP, µg/dl −0.0125 0.0081 0.12 0.60
Haemoglobin, g/dl −0.9257 0.4222 0.03 0.61

ln NAG (ln [µmol/h/g creatinine]) models
Tibia lead, µg Pb/g bone mineral 0.0016 0.0006 <0.01 0.20
Blood lead, µg/dl 0.0064 0.0016 <0.01 0.21
DMSA chelatable lead, µg Pb/g creatinine 0.0002 0.0000 <0.01 0.22
Lead job duration, years 0.0056 0.0038 0.14 0.19
ALAP, ng/ml 0.0042 0.0015 <0.01 0.20
ZPP, µg/dl 0.0010 0.0004 <0.01 0.20
Haemoglobin, g/dl 0.0026 0.0188 0.89 0.19

ln RBP (ln [µg/g creatinine]) models
Tibia lead, µg Pb/g bone mineral 0.0005 0.0007 0.47 0.17
Blood lead, µg/dl 0.0024 0.0020 0.23 0.17
DMSA chelatable lead, µg Pb/g creatinine 0.0001 0.0000 <0.01 0.17
Lead job duration, years 0.0056 0.0046 0.23 0.17
ALAP, ng/ml 0.0056 0.0019 <0.01 0.18
ZPP, µg/dl 0.0004 0.0004 0.36 0.17
Haemoglobin, g/dl −0.0324 0.0229 0.16 0.17

*The renal outcomes were each modelled separately with one of the seven lead measures included at a time
(resulting in a total of 42 models). Regression results from each model are presented only for the association
of the lead measure with the renal outcome. BUN, serum creatinine, four hour creatinine clearance, and
calculated creatinine clearance models were adjusted for age, gender, BMI, work status (current v former
worker), and hypertension. NAG and RBP models were adjusted for age, gender, BMI, systolic blood
pressure, work status (current v former worker), current alcohol ingestion, and diabetes.
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coefficients for the lead variables (table 2). In contrast, in mod-

els of the clinical renal outcomes, only four associations

(p < 0.1) were similar. Five associations had not been signifi-

cant in models that included outliers, and one was significant in

both sets of models; however, the sign of the beta coefficient

changed. The most striking difference after outlier removal,

however, was that higher lead measures were associated with

lower serum creatinine and higher creatinine clearance meas-

ures in five models. Thus, these associations were in an opposite

direction compared to those observed with the EBE markers

and with eight of the 10 significant or borderline significant

clinical outcomes in models with all 803 participants.

Associations of renal outcomes with lead measures in
current workers
Associations in the subset of 709 current workers were similar

to those in all lead workers. Higher NAG and RBP were asso-

ciated with higher lead measures in models both with and

without outliers. In clinical renal outcome models in all

current workers, lead measures were associated (p < 0.05) in

six of 28; higher lead measures were associated with worse

renal function in four. However, after outliers were removed,

associations were significant (p < 0.05) in seven models and

borderline significant (p < 0.1) in an additional four (table 3).

Higher lead measures were associated with worse renal func-

tion in four and with lower serum creatinine and higher cre-

atinine clearances in seven.

Effect modification by age
Regression models were next performed in all lead workers to

evaluate whether age, divided into tertiles (<36 years,

36.1–46.0 years, >46.0 years), modified the relations among

lead exposure and dose measures and renal outcomes. In

models with outliers removed (including two additional

outliers identified on added variable plots), evidence of effect

modification by age on relations between lead measures and

renal outcomes was observed (table 4). Interestingly, in several

of the clinical outcome models, associations in the youngest

age tertile were in the opposite direction of associations in the

oldest age tertile (table 4 and fig 3). Specifically, higher lead

measures were associated with worse renal function in older

workers, but with lower BUN and serum creatinine in younger

workers. These associations were borderline significant

(p < 0.1) in the youngest age tertile in two models (table 4).

Associations with worse renal function in the oldest age tertile

were significant (p < 0.05) in three of the clinical outcome

models (BUN with blood lead, and serum creatinine with tibia

and blood lead) and all four NAG models (determined from

additional models in which the oldest age tertile was the ref-

erence group). Similar results were observed in analyses in

current workers only, although the only significant associa-

tions (p < 0.05) between lead exposure and dose measures

and clinical renal function were in the youngest age tertile

(lower BUN and serum creatinine with higher job duration

and tibia lead, respectively).

Associations of renal outcomes with environmental
cadmium exposure
The largest CdU value was an extreme outlier which was

removed from further analysis.

In the remaining 190 participants, after adjustment for the

same covariates used in the preceding models except lead and

work status, CdU was associated only with NAG and RBP

(p < 0.05). Examination of added variable plots and subse-

quent reanalysis revealed that the relation with RBP was out-

lier dependent. Of the lead measures, only tibia lead was sig-

nificantly associated with NAG (p < 0.05) in the cadmium

subset (DMSA chelatable lead and lead job duration were bor-

derline associated, p < 0.1). When CdU and tibia lead were

entered as covariates in the same model, both remained asso-

ciated with NAG (p < 0.05). However, in comparing the

effects, a 0.5 µg/g creatinine increase in cadmium had the

same effect on NAG as a 66.9 µg Pb/g bone mineral increase in

tibia lead.

Table 3 Linear regression modelling of renal outcomes with lead dose biomarkers,
lead job duration, and haematopoietic effect biomarkers in all current lead workers
with outliers removed*

Lead variable β coefficient SE β p value Model r2

BUN (mg/dl) models
Haemoglobin, g/dl −0.2314 0.1244 0.06 0.08

Serum creatinine (mg/dl) models
Tibia lead, µg Pb/g bone mineral −0.0002 0.0001 0.05 0.28
DMSA chelatable lead, µg Pb/g creatinine −0.0000 0.0000 <0.01 0.28
ZPP, µg/dl 0.0002 0.0001 0.02 0.28
Haemoglobin, g/dl 0.0089 0.0038 0.02 0.28

Measured creatinine clearance (ml/min) models
Tibia lead, µg Pb/g bone mineral 0.0530 0.0303 0.08 0.21
Lead job duration, years 0.3989 0.1967 0.04 0.21
ZPP, µg/dl −0.0310 0.0182 0.09 0.20

Calculated creatinine clearance (ml/min) models
Tibia lead, µg Pb/g bone mineral 0.0243 0.0139 0.08 0.60
Lead job duration, years 0.2238 0.0903 0.01 0.60
ZPP, µg/dl −0.0168 0.0084 0.05 0.60

ln NAG (ln [µmol/h/g creatinine]) models
Tibia lead, µg Pb/g bone mineral 0.0013 0.0006 0.04 0.18
Blood lead, µg/dl 0.0050 0.0017 <0.01 0.19
DMSA chelatable lead, µg Pb/g creatinine 0.0002 0.0000 <0.01 0.20
ALAP, ng/ml 0.0033 0.0016 0.03 0.18
ZPP, µg/dl 0.0009 0.0004 0.02 0.18

ln RBP (ln [µg/g creatinine]) models
DMSA chelatable lead, µg Pb/g creatinine 0.0001 0.0000 <0.01 0.16
ALAP, ng/ml 0.0049 0.0019 0.01 0.17

*The renal outcomes were each modelled separately with one of the seven lead measures included at a time
(resulting in a total of 42 models). Regression results from each model are presented only for the association
of the lead measure with the renal outcome. Only models in which the lead variable was at least borderline
significant (p<0.1) are displayed. BUN, serum creatinine, four hour creatinine clearance, and calculated
creatinine clearance models were adjusted for age, gender, BMI, and hypertension. NAG and RBP models
were adjusted for age, gender, BMI, systolic blood pressure, current alcohol ingestion, and diabetes.
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Table 4 Linear regression modelling of renal outcomes with cross product terms for
lead dose biomarkers/lead job duration and age in tertiles in all lead workers with
outliers removed†

Variable β coefficient SE β p value

BUN (mg/dl) models
Intercept 14.3380 0.1503 <0.01
Age, years 0.0882 0.0140 <0.01
Tibia lead, µg Pb/g bone mineral −0.0103 0.0085 0.23
Tibia lead*agecat2 −0.0021 0.0107 0.85
Tibia lead*agecat3 0.0165 0.0096 0.09

Intercept 14.3530 0.1509 <0.01
Age, years 0.0783 0.0145 <0.01
Blood lead, µg/dl −0.0218 0.0157 0.17
Blood lead*agecat2 0.0091 0.0223 0.68
Blood lead*agecat3 0.0615 0.0214 <0.01

Intercept 14.4267 0.1547 <0.01
Age, years 0.0890 0.0149 <0.01
DMSA chelatable lead, µg Pb/g creatinine −0.0002 0.0004 0.60
DMSA chelatable lead*agecat2 −0.0003 0.0005 0.58
DMSA chelatable lead*agecat3 0.0006 0.0005 0.28

Intercept 14.1352 0.2082 <0.01
Age, years 0.1078 0.0194 <0.01
Lead job duration, years −0.1199 0.0645 0.06
Lead job duration*agecat2 0.1170 0.0776 0.13
Lead job duration*agecat3 0.1484 0.0683 0.03

Serum creatinine (mg/dl) models
Intercept 0.9328 0.0046 <0.01
Age, years 0.0005 0.0004 0.22
Tibia lead, µg Pb/g bone mineral −0.0005 0.0003 0.06
Tibia lead*agecat2 −0.0003 0.0003 0.37
Tibia lead*agecat3 0.0008 0.0003 <0.01

Intercept 0.9340 0.0046 <0.01
Age, years 0.0003 0.0004 0.51
Blood lead, µg/dl −0.0002 0.0005 0.62
Blood lead*agecat2 −0.0004 0.0007 0.56
Blood lead*agecat3 0.0013 0.0007 0.06

Intercept 0.9351 0.0047 <0.01
Age, years 0.0008 0.0005 0.09
DMSA chelatable lead, µg Pb/g creatinine −0.0000 0.0000 0.15
DMSA chelatable lead*agecat2 −0.0000 0.0000 0.34
DMSA chelatable lead*agecat3 0.0000 0.0000 0.31

Intercept 0.9295 0.0063 <0.01
Age, years 0.0011 0.0006 0.06
Lead job duration, years −0.0029 0.0020 0.15
Lead job duration*agecat2 0.0022 0.0024 0.36
Lead job duration*agecat3 0.0028 0.0021 0.18

Measured creatinine clearance (ml/min) models
Intercept 122.8823 1.1689 <0.01
Age, years −0.7016 0.1103 <0.01
Tibia lead, µg Pb/g bone mineral 0.1057 0.0661 0.11
Tibia lead*agecat2 0.0649 0.0837 0.44
Tibia lead*agecat3 −0.1334 0.0753 0.08

Intercept 122.1588 1.1940 <0.01
Age, years −0.7388 0.1156 <0.01
Blood lead, µg/dl 0.0917 0.1242 0.46
Blood lead*agecat2 0.0539 0.1799 0.77
Blood lead*agecat3 0.0034 0.1710 0.98

Intercept 122.7379 1.2142 <0.01
Age, years −0.6909 0.1170 <0.01
DMSA chelatable lead, µg Pb/g creatinine 0.0022 0.0035 0.54
DMSA chelatable lead*agecat2 −0.0038 0.0043 0.39
DMSA chelatable lead*agecat3 −0.0021 0.0041 0.62

Intercept 122.6602 1.6132 <0.01
Age, years −0.7604 0.1531 <0.01
Lead job duration, years 0.3278 0.5060 0.52
Lead job duration*agecat2 0.5192 0.6061 0.39
Lead job duration*agecat3 −0.4382 0.5352 0.41

Calculated creatinine clearance (ml/min) models
Intercept 101.5733 0.5636 <0.01
Age, years −1.2002 0.0525 <0.01
Tibia lead, µg Pb/g bone mineral 0.0214 0.0320 0.50
Tibia lead*agecat2 0.0519 0.0410 0.21
Tibia lead*agecat3 −0.0481 0.0362 0.18
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DISCUSSION
In this study, we compared associations of seven lead

exposure, dose, and haematologic effect measures with six

renal outcomes in a large cross sectional study of Korean lead

workers and population controls. Mean renal outcome

measures indicated worse function in exposed participants

compared to controls for four outcomes; after adjustment for

confounders, the difference achieved statistical significance

only for BUN. In all lead workers, lead measures were

associated with renal function in 20 of 42 models (p < 0.1);

Table 4 continued

Variable β coefficient SE β p value

Intercept 101.4901 0.5616 <0.01
Age, years −1.1891 0.0539 <0.01
Blood lead, µg/dl −0.0265 0.0584 0.65
Blood lead*agecat2 0.0526 0.0830 0.53
Blood lead*agecat3 −0.0271 0.0800 0.74

Intercept 101.5341 0.5756 <0.01
Age, years −1.2315 0.0556 <0.01
DMSA chelatable lead, µg Pb/g creatinine 0.0017 0.0017 0.30
DMSA chelatable lead*agecat2 0.0006 0.0020 0.76
DMSA chelatable lead*agecat3 −0.0014 0.0019 0.46

Intercept 101.8421 0.7663 <0.01
Age, years −1.2920 0.0714 <0.01
Lead job duration, years 0.2908 0.2392 0.22
Lead job duration*agecat2 −0.0047 0.2881 0.99
Lead job duration*agecat3 −0.1621 0.2532 0.52

ln NAG (ln [µmol/h/g creatinine]) models
Intercept 5.0814 0.0438 <0.01
Age, years 0.0166 0.0025 <0.01
Tibia lead, µg Pb/g bone mineral 0.0004 0.0014 0.75
Tibia lead*agecat2 0.0024 0.0017 0.16
Tibia lead*agecat3 0.0017 0.0016 0.28

Intercept 5.0769 0.0436 <0.01
Age, years 0.0154 0.0026 <0.01
Blood lead, µg/dl 0.0016 0.0025 0.52
Blood lead*agecat2 0.0063 0.0036 0.08
Blood lead*agecat3 0.0089 0.0035 0.01

Intercept 5.0857 0.0443 <0.01
Age, years 0.0155 0.0026 <0.01
DMSA chelatable lead, µg Pb/g creatinine 0.0000 0.0001 0.58
DMSA chelatable lead*agecat2 0.0002 0.0001 0.03
DMSA chelatable lead*agecat3 0.0002 0.0001 0.08

Intercept 5.0778 0.0505 <0.01
Age, years 0.0183 0.0033 <0.01
Lead job duration, years −0.0040 0.0106 0.71
Lead job duration*agecat2 −0.0002 0.0126 0.99
Lead job duration*agecat3 0.0169 0.0112 0.13

ln RBP (ln [µg/g creatinine]) models
Intercept 3.4745 0.0546 <0.01
Age, years 0.0185 0.0031 <0.01
Tibia lead, µg Pb/g bone mineral 0.0027 0.0017 0.12
Tibia lead*agecat2 −0.0015 0.0022 0.49
Tibia lead*agecat3 −0.0028 0.0020 0.15

Intercept 3.4527 0.0545 <0.01
Age, years 0.0189 0.0032 <0.01
Blood lead, µg/dl 0.0044 0.0032 0.17
Blood lead*agecat2 −0.0035 0.0045 0.44
Blood lead*agecat3 −0.0030 0.0043 0.49

Intercept 3.4622 0.0548 <0.01
Age, years 0.0176 0.0033 <0.01
DMSA chelatable lead, µg Pb/g creatinine 0.0002 0.0001 0.03
DMSA chelatable lead*agecat2 −0.0000 0.0001 0.80
DMSA chelatable lead*agecat3 −0.0002 0.0001 0.14

Intercept 3.4920 0.0626 <0.01
Age, years 0.0164 0.0041 <0.01
Lead job duration, years 0.0134 0.0131 0.31
Lead job duration*agecat2 −0.0095 0.0157 0.55
Lead job duration*agecat3 −0.0084 0.0138 0.55

†BUN, serum creatinine, measured creatinine clearance, and calculated creatinine clearance models were
also adjusted for age, gender, BMI, current/former exposure status, and hypertension. NAG and RBP models
were adjusted for age, gender, BMI, systolic blood pressure, current/former exposure status, current alcohol
ingestion, and diabetes. The youngest age tertile is the reference. p values for the cross product terms of the
middle or oldest age categories with the lead measures reflect the statistical significance of the difference
between the slopes of the regression line in that age category and the regression line for the youngest age
group. Slopes in the non-reference categories are obtained by adding the beta coefficient of the cross
product term to the beta coefficient for the reference category.
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worse renal function was associated with higher lead

measures in all but two of these models. However, a few par-

ticipants with renal insufficiency and high lead dose were

extremely influential. When these outliers were removed, 17

associations remained (p < 0.1). The relations were relatively

unchanged for NAG and RBP. However, for the clinical renal

outcomes, five associations between higher lead measures and

worse renal function were observed, but an additional five

associations were in the opposite direction (higher lead meas-

ures associated with lower serum creatinine and higher

creatinine clearances).

Models to evaluate the effect modification of age on

associations between the lead measures and renal outcomes

revealed an intriguing pattern. Associations between higher

Figure 3 Associations (added
variable plots) between renal
outcomes and tibia or blood lead in
which effect modification by age was
observed (803 Korean lead workers
with outliers removed). Plots A, C, E,
G, I, and K show relations between
lead measures and renal outcomes in
participants in the youngest age
tertile. Plots B, D, F, H, J, and L show
these relations in participants in the
oldest age tertile. Both the adjusted
regression line and the line estimated
by the smoothing method of the
S-PLUS statistical software function
lowess are displayed. Both have been
adjusted for covariates. For ease of
interpretation, axes have been
scaled, so that the plotted residuals
are centred around the means, rather
than zero.

560 Weaver, Lee, Ahn, et al

www.occenvmed.com

http://oem.bmj.com


lead measures and worse renal function were observed in
participants in the oldest age tertile. In contrast, for the clini-
cal renal outcomes, associations were in the opposite direction
in the youngest age tertile. Interestingly, all but one of the
clinical outcomes for which these opposite direction associa-
tions were observed were not significant in models in which
all age groups were combined.

Similar results were obtained when analyses were per-
formed in current workers only, although fewer significant
associations between lead measures and worse renal out-
comes were observed and, for the clinical outcomes, more sig-
nificant associations were in the opposite direction.

Associations between increased creatinine clearance and
higher lead measures have been previously reported. Mean
creatinine clearance in 22 adults who had experienced child-
hood lead poisoning was significantly increased compared to
age and sex matched controls.23 A positive association between
tibia lead and creatinine clearance was reported in a group of
76 lead workers.21 A longitudinal study in rodents reported a
positive association between glomerular filtration rate (GFR)
and blood lead after three months of exposure to 0.5% lead
acetate in drinking water.45 However, after six months of lead
ingestion, tubulointerstitial fibrosis was present and, at 12
months, focal glomerulosclerosis was seen and signs of renal
insufficiency developed. A similar pattern of renal function
change has been observed in human studies of diabetics
followed longitudinally; increased creatinine clearance early
in the clinical course of diabetes is a predictor of subsequent
nephropathy.46 Other diseases and conditions in which
increased glomerular filtration is present, such as sickle cell
disease and obesity, are also associated with an increased risk
for subsequent renal abnormalities.47 48 The hyperfiltration
theory, involving a paradoxical initial increase in GFR associ-
ated with glomerular hypertension and ultimately ending in
glomerulosclerosis and renal failure, is one mechanistic
explanation for this pattern.46 However, kidney donors also
have raised GFR but generally do not have evidence of other
renal abnormalities. These individuals are carefully screened
to exclude underlying diseases that could result in adverse
renal outcomes which may, in part, explain this observation.48

It is also possible that the significance of increased creatinine
clearance may vary depending on the underlying condition.
The change in direction of associations in our models of the
effect modification of age raises the intriguing possibility that
lead may cause the same changes in renal function seen in
diabetics over time. However, logitudinal studies in lead
exposed populations will be necessary to fully understand the
prognostic implications of these associations.

In our study, despite low levels, CdU was significantly asso-
ciated with NAG. Most studies of the associations between
lead exposure and renal function have not included cadmium
exposure assessment. However, Roels et al reported higher
mean NAG in their exposed group.21 NAG was not correlated
with the lead measures but was correlated with CdU, despite
the fact that mean CdU was only 1.04 µg/g creatinine. Carde-
nas et al reported a similar finding.18 Bernard et al found an
association between the NAG-B isoenzyme and CdU in
cadmium workers, even at levels below 2 µg/g creatinine.49 The
Cadmibel study, of almost 2000 individuals in the general
population of Belgium, found associations between CdU and
RBP and NAG50; however, creatinine clearance was inversely
associated with blood lead and not CdU.6 We did not find CdU
associations with clinical renal function measures either;
however, it was measured in a smaller subset of our population
in which fewer associations with lead were observed. The
existing data suggest that CdU should be measured in studies
of the renal impact of lead, even if cadmium exposure is low.

Lastly, our work identified several factors that may contrib-
ute to the inconsistent results in the literature on the renal
effects of occupational lead exposure. Associations in opposite
directions in different age groups result in lack of significance

in models in which those age groups are combined. The age

range in occupational studies is truncated and risk for renal

disease increases with age. Inclusion of former workers in this

study was helpful in this regard. Confounding by environmen-

tal cadmium exposure may also account for differences in

reported associations between studies, particularly for NAG.

Study design issues are another consideration. Our data

revealed several associations between renal function and

cumulative lead exposure, assessed by tibia lead; however,

most studies have measured blood lead only. Finally, clinical

renal outcome measures are insensitive to early kidney dam-

age, but there is no commonly accepted renal EBE marker for

lead. In our data, in both the entire group of lead workers and

the current worker subset, higher lead measures were associ-

ated with higher EBE markers; no opposite direction associa-

tions were observed. The prognostic value of this is unclear,

however, since few longitudinal studies of EBE markers in

toxicant exposed populations have been published.

In conclusion, we observed associations between higher

lead measures and worse renal function. Associations between

higher lead measures and lower BUN and serum creatinine

and higher creatinine clearances were also present. In models

of effect modification by age, a pattern emerged in which

higher lead exposure and dose measures were associated with

worse renal function in older workers and the opposite associ-

ation was observed in younger workers. CdU was also strongly

associated with NAG. These data suggest that lead has an

adverse effect on renal function in the moderate dose range,

particularly in older workers. The significance of associations

between higher lead measures and lower BUN and serum cre-

atinine and higher creatinine clearances cannot be deter-

mined from a cross sectional study, and may represent lead

induced hyperfiltration. Environmental cadmium may also

have an adverse renal impact, at least on NAG.
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