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Objective: We sought to compare associations of patella lead, which may
represent a unique cumulative and bioavailable lead pool, with other lead
measures in models of renal function. Methods: Renal function measures
included blood urea nitrogen, serum creatinine, measured and calculated
creatinine clearances, and urinary N-acetyl-�-D-glucosaminidase (NAG) and
retinol-binding protein. Results: In 652 lead workers, mean (SD) blood, patella,
and tibia lead were 30.9 (16.7) �g/dL, 75.1 (101.1) and 33.6 (43.4) �g
Pb/g bone mineral, respectively, and were correlated (Spearman’s r � 0.51–
0.74). Patella lead was associated (P � 0.05) with NAG in all lead workers.
In models of effect modification by age, higher patella lead also was associated
with higher serum creatinine in older participants. Similar associations were
observed for blood and tibia lead. Conclusions: Associations between patella lead
and adverse renal outcomes were not unique; this may be due, in part, to high
correlations among the lead biomarkers in this study. (J Occup Environ
Med. 2005;47:235–243)

I norganic lead is a cumulative toxi-
cant that is stored in bone. Several
lead dose measures are available, and
each is thought to estimate a differ-
ent biological lead pool. Blood lead
is a relatively short-term measure (ie,
half-life of 30 days1) that reflects
exposure from current exogenous
sources and the release of lead from
internal lead stores. Bone is both a
repository and a source of lead; the
latter occurs in steady state as well as
pathologic bone conditions, such as
osteoporosis.1 Lead in trabecular
bone (commonly measured in the
patella or calcaneus) is more bio-
available than lead in cortical bone
(measured in the midtibia) and has a
shorter half-life.1,2 An additional
lead measure, chelatable lead, is
thought to represent a bioavailable
pool of lead from blood, soft tissue,
and bone. Blood lead is considered
the best measure of recent dose (al-
though, as noted, it does not reflect
this solely) and tibia lead is the best
measure of cumulative dose. How-
ever, bioavailability also must be
considered, and patella lead may be
the best measure of lead dose that is
both cumulative and bioavailable. A
determination of which lead biomar-
kers are associated with decreased
renal function would be useful for
future research as well as for im-
provement of medical surveillance in
exposed populations.

We recently reported associations
between lead measures and renal
function in data from the initial eval-
uation in a longitudinal study of 803
current and former lead workers in
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South Korea.3 We studied a range of
renal outcomes, including clinical
(blood urea nitrogen [BUN], serum
creatinine, measured and calculated
creatinine clearances) and early bio-
logical effect (N-acetyl-�-D-glu-
cosaminidase [NAG] and retinol-
binding protein [RBP]) measures.
Lead biomarkers included tibia,
blood, and dimercaptosuccinic acid
(DMSA)-chelatable lead. Analysis of
these data suggested that both recent
and cumulative lead, in the dose
range studied, adversely impact renal
function; this effect was most evi-
dent in older workers.

Patella lead was obtained at the
third annual evaluation in this study.
Therefore, to compare and contrast
associations of patella lead with
other lead measures, we performed a
cross-sectional analysis of data from
the 652 lead workers who partici-
pated in that evaluation. Exposure
assessment included patella, blood,
and 4-hour DMSA-chelatable lead
from the third evaluation, as well as
tibia lead, which was obtained at the
second evaluation. The same set of
renal outcome measures was ob-
tained at the third evaluation.

Materials and Methods

Study Overview and Design
We performed a cross-sectional

analysis of data from the 652 current
and former lead workers who com-
pleted the third annual evaluation in
a longitudinal study of the adverse
health effects of inorganic lead expo-
sure. Evaluations were performed
between December 19, 1999, and
June 24, 2001. All participants pro-
vided written, informed consent. The
study protocol was approved by In-
stitutional 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
As previously described,3,4 work-

ers were recruited from 26 plants that
1) produced lead batteries, lead ox-
ide, lead crystal, or radiators or 2)
were secondary lead smelters. Work-
ers were designated as lead workers
based on the potential for exposure
to lead in the manufacturing process.
No medical exclusionary criteria
were used. Study participants were
not currently occupationally exposed
to other known renal toxicants.

Data Collection
Data collection was completed ei-

ther at the Institute of Industrial
Medicine of the SoonChunHyang
University in Chonan or at the study
plants using previously reported
methods.3,4 Pertinent data and bio-
logic specimens collected included a
standardized questionnaire on demo-
graphics, medical history, and occu-
pational history; blood pressure,
height and weight measurements; a
blood specimen (for blood lead,
BUN, and serum creatinine), a spot
urine sample (for NAG, RBP, and
creatinine), and a patella lead mea-
surement. Tibia lead, obtained in the
second evaluation, was available for
the subset of workers (n � 574) who
participated in both the second and
third evaluations. Among these sub-
jects, there was an average of 398
days between the two evaluations. A
4-hour urine collection after oral ad-
ministration of 10 mg/kg DMSA was
also obtained to measure DMSA-
chelatable lead and creatinine clear-
ance.

Laboratory Methods
The lead biomarkers and renal out-

comes were measured using previ-
ously reported methods.3,4 In brief,
blood lead was measured with an
Hitachi 8100 Zeeman background-
corrected atomic absorption spectro-
photometer (Hitachi Ltd. Instru-
ments, Tokyo, Japan)5 at the Institute
of Industrial Medicine, a certified
reference laboratory for lead in
South Korea. Patella and tibia lead

levels were assessed via a 30-minute
measurement of the left medial pa-
tella and midtibia diaphysis, respec-
tively, using 109Cd in a back-scatter
geometry to fluoresce the K-shell
x-rays of lead. The lead x-rays were
recorded with a radiation detector
and then quantified and compared
with calibration data to estimate the
concentration of lead in bone.6,7

Emitted K-shell x-rays are attenuated
as they pass through bone and over-
lying tissues. The lead x-rays were
therefore normalized to the amount
of elastic scattering from the bone
itself to yield a measurement accu-
racy that is independent of the dis-
tance between the radiation source
and the subject; subject positioning;
small subject movements; overlying
tissue thickness; and bone size,
shape, geometry, and density.6–9 All
point estimates, including negative
values, were retained in the statistical
analyses to minimize bias and to
avoid censoring of data.10 Urine lead
levels in the 4-hour collection were
measured at the Wadsworth Center
of the New York State Department
of Health (Albany, NY) by electro-
thermal atomic absorption spectrom-
etry with Zeeman background cor-
rection (Model 4100ZL, Perkin-
Elmer, Norwalk, CT).11

BUN and serum creatinine were
measured via an automatic chemical
analyzer (model TBA 40FR Bio-
chemical Analyzer; Toshiba, Tokyo,
Japan). Urine creatinine was mea-
sured with the Sigma kit (St. Louis,
MO). Measured creatinine clearance
was defined as: ([urinary creatinine
in mg/dL � urine volume in ml]/
serum creatinine in mg/dL) / collec-
tion time in minutes. Calculated cre-
atinine clearance was obtained from
the Cockcroft–Gault equation.12

NAG activity (expressed in �mol
substrate converted per hour) was
measured using the P.P.R. NAG test
kit (P.P.R. Diagnostics, Ltd.; Lon-
don, UK), and RBP was measured
using a modification of the method
of Topping and coworkers.13 Mean
between-day coefficients of variation
for 84 random NAG samples and
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169 random RBP samples assayed in
duplicate were both 8.7% (RBP du-
plicates were performed within 6
weeks of the initial assay).

Statistical Analysis
The goals of the analysis were to

1) compare and contrast associations
between patella lead and six renal
outcomes (BUN, serum creatinine,
measured creatinine clearance, cal-
culated creatinine clearance, RBP,
and NAG) with associations of the
three other lead dose biomarkers
(tibia lead from the second evalua-
tion, blood lead, DMSA-chelatable
lead) in current and former lead
workers while controlling for covari-
ates; and 2) to evaluate whether age
modified those associations, also
controlling for covariates. Statistical
analysis was completed using soft-
ware programs of the SAS Institute,
Inc. (Cary, NC).

Initially, variable distributions
were examined. The distributions of
NAG and RBP showed departures
from normality and were thus ln-
transformed; the adequacy of this
transformation was subsequently
confirmed by examination of the re-
siduals from the final regression
models. The SAS t test procedure
(including the Satterthwaite test for
unequal variances) was used to com-
pare means for the selected demo-
graphic, exposure, and health out-
come measures from the initial
evaluation of the 652 lead workers
who completed the third evaluation
with those from the 153 who did not.
�2 testing was used when these mea-
sures were dichotomous. Linear re-
gression modeling was used to eval-
uate associations between lead
measures and renal outcomes. Co-
variate selection used a priori vari-
ables (age, gender, and body mass
index [BMI; weight in kilograms di-
vided by the square of height in
meters]) in modeling that initially
included other biologically relevant
variables in separate models. Vari-
ables with P values �0.1 were then
modeled together and those with P
values �0.1 in the combined model

were retained. Additional covariates
assessed included diabetes and hy-
pertension (both based on participant
report of physician diagnosis), use of
analgesics (based on questionnaire
data on medication usage), work sta-
tus (current versus former lead
worker), systolic and diastolic blood
pressure, tobacco use, and alcohol
consumption. Final BUN, serum cre-
atinine, measured creatinine clear-
ance, and calculated creatinine clear-
ance models were adjusted for age,
gender, BMI, work status, hyperten-
sion, diabetes, use of analgesics, and
smoking status (current, ex, never).
NAG and RBP models were adjusted
for age, gender, BMI, work status,
systolic blood pressure, diabetes, and
smoking status. Continuous indepen-
dent variables were centered at the
mean, except for the effect modifica-
tion by age models, discussed below,
in which age was centered at the 67th
percentile.

Next, models with cross-product
terms of the lead measures and age
were evaluated to determine whether
age modified relations between the
lead measures and renal outcomes.
Initially, the age range was divided
into tertiles; examination of these
models revealed consistencies
among associations between the lead
measures and the renal outcomes in
participants whose ages were in the
youngest and middle tertiles. There-
fore, these tertiles were combined
and age was dichotomized at the
67th percentile (48.8 years) in the
final models. To avoid residual age
confounding, continuous age (cen-
tered at the 67th percentile) was en-
tered as an independent variable in-
stead of the categorical age variables
that were used in the cross-product
terms.

As in previous analyses,3 models
were evaluated for linear regression
assumptions and the presence of out-
lying points using added variable
plots,14 which are graphical summa-
ries of the relation between Y and a
particular X, adjusted for all of the
other covariates. Each plot displays
residuals and two lines: the regres-

sion line,and a line determined by a
scatter plot smoothing method (low-
ess) that calculates a locally
weighted least-squares estimate for
each point in the scatter plot.15 These
lines allow an examination of the
data for outliers that are overly influ-
ential, as evidenced by inconsistency
between the lowess and regression
lines. The “lowess” function of the
S-plus statistical software program
(MathSoft, Seattle, WA) was used to
produce these plots. When applica-
ble, models were repeated without
outliers. Models also were assessed
for collinearity through the examina-
tion of variance inflation factors and
conditional indices.

Results

Selected Demographics,
Exposure, and Health Outcome
Measures

Information on demographics,
lead biomarkers, renal function, and
selected covariates from the third
evaluation is presented in Table 1 for
all lead workers and separately by
the two groups used in models of
effect modification by age. Women
and former lead workers were well
represented in the third evaluation
population, particularly in the oldest
third of the population. Mean (SD)
patella, blood, tibia (at the second
evaluation), and DMSA-chelatable
lead levels in all lead workers were
75.1 (101.1) �g Pb/g bone mineral,
30.9 (16.7) �g/dL, 33.6 (43.4) �g
Pb/g bone mineral, and 0.63 (0.75)
�g/mg creatinine, respectively. All
except blood lead were substantially
higher in the older age group. Ranges
for the lead biomarkers were wide.
The biomarkers were highly corre-
lated (Table 2). Mean values for the
clinical renal outcomes (BUN, serum
creatinine, measured and estimated
creatinine clearances) were normal,
although the range for each included
several abnormal values. On the ba-
sis of data from the first evaluation,
the 652 lead workers who completed
the third evaluation were, on aver-
age, older, more likely to be women,
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and had longer durations in lead
exposed jobs compared with the 153
leaders who did not (Table 3). No
consistent differences were found in
mean levels of the lead biomarkers
or renal outcomes in the two groups.

Associations of Lead Measures
with Renal Outcomes

Associations between lead mea-
sures and renal outcomes, after re-
moval of influential outliers, are

shown in Table 4 (� coefficients and
standard errors of the � coefficients
for patella, blood, and tibia lead have
been multiplied by 102). Patella lead
was significantly (P � 0.05) associ-
ated with NAG, as were blood and
DMSA-chelatable lead. Patella lead
was not associated with any of the
four clinical renal outcomes; how-
ever, higher DMSA-chelatable lead
was associated with lower serum cre-
atinine and higher calculated creati-
nine clearance.

Effect Modification by Age on
Associations of Lead Measures
with Renal Outcomes

Regression models were next per-
formed to evaluate whether age, di-

TABLE 1
Selected Demographic, Exposure, and Health Outcome Measures From the Third Evaluation in Current and Former Lead
Workers

Characteristic

All Participants,
n � 652

Youngest 67%, Age
<48.8 Years,

n � 440

Oldest 33%,
Age >48.8

Years,
n � 212

Number % Number % Number %

Sex
Male 503 77.2 387 88.0 116 54.7
Female 149 22.8 53 12.0 96 45.3

Work status
Current lead worker 452 69.3 334 75.9 118 55.7
Former lead worker 200 30.7 106 24.1 94 44.3

Diabetes 8 1.2 4 0.9 4 1.9
Hypertension 53 8.1 25 5.7 28 13.2
Regular analgesic use 27 4.1 9 2.1 17 8.0
Smoking

Never smokers 222 34.2 112 25.5 110 52.1
Current smokers 326 50.2 260 59.2 66 31.3
Ex-smokers 102 15.7 67 15.3 35 16.6

Mean SD Range Mean SD Mean SD
Age, years 43.3 9.8 20.0–67.7 38.1 6.9 54.3 3.8
BMI, kg/m2 23.5 3.0 16.0–37.5 23.3 2.9 24.0 3.1
Systolic blood pressure, mm Hg 120.7 16.3 83.3–211.3 118.1 13.6 126.1 19.8
Diastolic blood pressure, mm Hg 74.1 12.6 26.0–131.3 72.4 11.9 77.5 13.2
Patella lead, �g Pb/g bone mineral 75.1 101.1 �11.8–946.1 54.3 61.8 118.3 144.2
Blood lead, �g/dL 30.9 16.7 4.0–89.2 30.2 15.6 32.4 18.7
Tibia lead, �g Pb/g bone mineral* 33.6 43.4 �17.8–334.0 25.4 31.0 50.1 58.1
DMSA-chelatable lead, �g Pb/mg creatinine 0.63 0.75 0.01–5.69 0.53 0.60 0.83 0.97
Lead job duration, year 10.0 6.5 �1–36.3 8.81 5.5 12.5 7.8
BUN, mg/dL 14.4 3.9 5.1–38.9 14.1 3.5 14.9 4.6
Serum creatinine, mg/dL 0.87 0.15 0.51–2.26 0.88 0.13 0.86 0.20
Measured creatinine clearance, mL/min 109.2 34.8 17.8–447.0 116.1 36.5 94.9 25.8
Calculated creatinine clearance, mL/min 97.0 22.5 25.7–182.4 104.5 20.9 81.6 17.3
NAG, �mol/h/g creatinine 207.5 173.7 13.9–1833.5 177.4 121.6 269.9 237.5
RBP, �g/g creatinine 65.8 353.5 2.5–8363.5 41.9 51.5 115.2 613.1

*Because tibia lead was measured in the second evaluation, there were 574 workers who completed both the second and third evaluations.

TABLE 2
Spearman Correlation Coefficients for Age and the Lead Biomarkers in 652
Current and Former Lead Workers*

Patella Lead Blood Lead Chelatable Lead Tibia Lead†

Age 0.41 0.06 0.17 0.33
Patella lead 0.66 0.59 0.74
Blood lead 0.76 0.57
Chelatable lead 0.51

*P values for all correlations were �0.0001 except for blood lead and age, for which P �
0.15.

†Tibia lead was measured in the second evaluation; thus, there were 574 workers who
completed both the second and third evaluations.
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chotomized at the 67th percentile
(48.8 years), modified relations
among the lead biomarkers and renal
outcomes. Evidence of effect modi-
fication by age on relations between
lead measures and renal outcomes
was observed (Table 5; � coeffi-
cients and standard errors of the �
coefficients for patella, blood, and
tibia lead have been multiplied by
102). In participants in the oldest age
group, higher patella lead was asso-
ciated with higher serum creatinine
and NAG. Similar associations were
observed for blood and tibia lead.
However, in the group of workers
whose ages were in the youngest two
thirds of the age range, the beta
coefficients for these associations
were smaller, although the difference
between slopes in the two age groups
was statistically significant only for
the association of blood lead and
serum creatinine. The effect modifi-
cation by age on the association be-
tween patella lead and serum creati-
nine is shown graphically in Fig. 1.
In contrast, DMSA-chelatable lead

was associated with lower serum cre-
atinine and higher calculated creati-
nine clearance in the workers in the
younger age group. However, in
models of NAG, similar to the other
lead measures, DMSA-chelatable
lead was significantly associated in
participants in the older age group.

Discussion
In this cross-sectional analysis of

data from the third evaluation in a
longitudinal study of Korean lead
workers, we compared associations
of patella lead with renal function to
associations of three other lead mea-
sures with the same outcomes. In all
lead workers, patella lead was asso-
ciated with NAG, as were blood and
DMSA-chelatable lead. In contrast,
higher DMSA-chelatable lead also
was associated with lower serum cre-
atinine and higher calculated creati-
nine clearance. In models that as-
sessed effect modification by age,
higher patella lead also was associ-
ated with higher serum creatinine
among participants in the oldest age

tertile. Similar associations were ob-
served for blood and tibia lead. Beta
coefficients were less in the lead
workers whose ages were in the
younger two thirds of the age range,
although the difference between
slopes in the two age groups was
statistically significant only for the
association of blood lead and serum
creatinine. In contrast, higher
DMSA-chelatable lead was associ-
ated with lower serum creatinine and
higher calculated creatinine clear-
ance in younger workers but with
higher NAG in older participants.

In this report, we compared patella
lead associations with associations of
three other lead biomarkers by using
data from the third evaluation (with
the exception of tibia lead). How-
ever, associations for the three lead
biomarkers obtained in the first eval-
uation are likely to be the most valid
because the number of study partici-
pants was greater. A comparison of
associations of patella lead with re-
nal outcomes from the third evalua-
tion to associations of blood, tibia,
and DMSA-chelatable lead with re-
nal outcomes from the first evalua-
tion (conducted a mean of 2.2 years
earlier in the original cohort of 803
lead workers3) reveals consistent
findings. Higher blood and tibia lead
levels were associated with de-
creased renal function in those work-
ers whose ages were in the oldest
tertile; beta coefficients were in the
opposite direction in the youngest
age group for the clinical outcomes
but not for NAG. The inverse asso-
ciation between DMSA-chelatable
lead and serum creatinine was signif-
icant in the first evaluation and
present but not significant (P � 0.14)
in the model of calculated creatinine
clearance. Beta coefficients in Table
5 are also consistent with those from
the first evaluation. Overall, in our
data, patella lead associations were
similar to the other three lead bi-
omarkers in models of NAG and
consistent with all but DMSA-
chelatable lead in models of the clin-
ical renal outcomes.

TABLE 3
Selected Demographic, Exposure, and Health Outcome Measures From the First
Evaluation of the 652 Lead Workers Who Completed the Third Evaluation
Compared With Measures From the 153 Who Did Not*

Initial Evaluation
Characteristic

Third
Evaluation,
Completers

(n � 652)

Third
Evaluation,

Noncompleters
(n � 153)

Number % Number %
P

Value

Sex
Male 503 77.2 137 89.5
Female 149 22.8 16 10.5 �0.01

Work status
Current lead worker 569 87.3 141 92.2
Former lead worker 83 12.7 12 7.8 0.09

Hypertension 48 7.4 10 6.5 0.72

Mean SD Mean SD
Age, years 41.1 9.7 37.8 11.4 �0.01
Lead job duration, years 8.4 6.4 6.6 6.7 �0.01
Blood lead, �g/dL 31.9 14.8 32.4 16.0 0.71
Tibia lead, �g/g 37.5 41.8 35.8 33.5 0.59
DMSA-chelatable lead,

�g Pb/mg creatinine
0.77 0.86 0.76 0.87 0.90

BUN 14.5 3.6 13.8 3.8 0.03
Serum creatinine 0.90 0.16 0.92 0.18 0.10

*Published analyses of the first evaluation included 803 lead workers; 2 others were
enrolled later.
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Few studies have examined asso-
ciations between bone lead and renal
outcomes; fewer still have reported
associations with patella lead. Wu
and coworkers16 studied associations

among three lead measures and two
renal outcomes in participants in the
Normative Aging Study. These au-
thors reported significant (P � 0.05)
and borderline significant (P � 0.08)

associations of higher patella and
tibia lead, respectively, with lower
creatinine clearance (estimated by
the Cockcroft-Gault equation). No
significant associations with serum
creatinine were observed, and blood
lead was not associated with either
renal outcome. In contrast, an asso-
ciation between higher tibia lead and
higher 2-hour measured creatinine
clearance was found in a combined
group of 76 lead workers and 68
controls (mean blood lead � 14.1
�g/dL in the control group).17 No
significant associations between tibia
lead and the other renal outcomes
studied, including serum creatinine,
NAG, and RBP, were observed.
Blood lead was not associated with
any of the renal outcomes. Gehards-
son and colleagues18 found no sig-
nificant correlations between NAG
and either calcaneus or tibia lead in
70 current or 30 retired lead workers.

These seemingly inconsistent re-
sults may be the result of lead-
induced hyperfiltration, in which ini-
tial inverse associations (such as
higher lead measures with higher
creatinine clearance) subsequently
evolve, with continued exposure
and/or progression of renal damage,
into associations of higher lead mea-
sures with worse renal function (eg,
lower creatinine clearance). This pat-
tern of progression has been ob-
served in rats with high lead expo-
sure,19 although less so with lower
lead exposure.20 The mean ages of
the lead workers in the studies cited
above were 43.617 and 37.4 years,18

respectively. The mean age of work-
ers in our oldest tertile was 54.1
years and the mean age of the Nor-
mative Aging population was 67.0
years.16 Thus, the inverse association
between higher tibia lead and creati-
nine clearance noted by Roels and
colleagues17 was in a relatively
younger population compared with
the participants in our oldest tertile
and in the Normative Aging Study in
whom associations between higher
lead measures and worse renal func-
tion were observed. Analyses of data
from the first evaluation of this Ko-

TABLE 4
Linear Regression Modeling of Associations Between Lead Biomarkers and
Renal Outcomes in Current and Former Lead Workers*

Renal Outcomes � Coeff† SE �† P Value Model r2

Associations of patella lead, �g Pb/g
bone

BUN (mg/dL) 0.1097 0.1857 0.56 0.09
Serum creatinine (mg/dL) 0.0078 0.0062 0.21 0.27
Measured creatinine clearance

(ml/min)
0.6369 1.5299 0.68 0.24

Calculated creatinine clearance
(ml/min)

�0.6834 0.7802 0.38 0.58

ln NAG (ln ��mol/h/g creatinine	) 0.0906 0.0349 0.01 0.15
ln RBP (ln ��g/g creatinine	) �0.0349 0.0391 0.37 0.10

Associations of blood lead, �g/dL
BUN (mg/dL) 0.4190 1.1271 0.71 0.08
Serum creatinine (mg/dL) 0.0416 0.0374 0.27 0.28
Measured creatinine clearance

(ml/min)
0.0757 9.0450 0.99 0.24

Calculated creatinine clearance
(ml/min)

�3.0878 4.7260 0.51 0.58

ln NAG (ln ��mol/h/g creatinine	) 0.5154 0.1999 0.01 0.14
ln RBP (ln ��g/g creatinine	) �0.0189 0.2256 0.93 0.10

Associations of tibia lead, �g Pb/g
bone‡

BUN (mg/dL) 0.3282 0.4399 0.46 0.09
Serum creatinine (mg/dL) 0.0281 0.0147 0.06 0.29
Measured creatinine clearance

(ml/min)
3.3235 3.5788 0.35 0.23

Calculated creatinine clearance
(ml/min)

�2.3366 1.7906 0.19 0.58

ln NAG (ln ��mol/h/g creatinine	) 0.0999 0.0778 0.20 0.13
ln RBP (ln ��g/g creatinine	) �0.0813 0.0868 0.35 0.09

Associations of DMSA-chelatable
lead, �g Pb/mg creatinine

BUN (mg/dL) 0.0510 0.2451 0.84 0.08
Serum creatinine (mg/dL) �0.0238 0.0080 �0.01 0.29
Measured creatinine clearance

(ml/min)
�0.3107 1.9684 0.88 0.24

Calculated creatinine clearance
(ml/min)

3.2849 1.0068 �0.01 0.59

ln NAG (ln ��mol/h/g creatinine	) 0.1074 0.0393 �0.01 0.14
ln RBP (ln ��g/g creatinine	) �0.0061 0.0444 0.89 0.10

*The renal outcomes were each modeled separately, with one of the four lead measures
included at a time (resulting in a total of 24 models). Regression results from each model are
presented only for the association of the lead measure with the renal outcome. BUN, serum
creatinine, 4-hour creatinine clearance, and calculated creatinine clearance models were
adjusted for age, gender, BMI, work status (current vs. former lead worker), hypertension,
diabetes, use of analgesics and smoking status (current, ex, never). NAG and RBP models
were adjusted for age, gender, BMI, work status, systolic blood pressure, diabetes, and
smoking status.

†� coefficients and standard errors of the � coefficients for patella, blood, and tibia lead
have been multiplied by 102

‡n � 574 in models with tibia, since this lead biomarker was obtained in the second
evaluation of the study.

240 Patella Lead and Renal Outcomes in Lead Workers • Weaver et al



TA
BL

E
5

Li
ne

ar
R

eg
re

ss
io

n
M

od
el

in
g

of
E

ff
ec

t
M

od
ifi

ca
tio

n
b

y
A

ge
,

D
ic

ho
to

m
iz

ed
at

th
e

67
th

P
er

ce
nt

ile
,

on
A

ss
oc

ia
tio

ns
B

et
w

ee
n

Le
ad

B
io

m
ar

ke
rs

an
d

R
en

al
O

ut
co

m
es

in
C

ur
re

nt
an

d
Fo

rm
er

Le
ad

W
or

ke
rs

*
S

er
um

C
re

at
in

in
e

(m
g

/d
L)

C
al

c.
C

re
at

in
in

e
C

le
ar

an
ce

(m
L/

m
in

)
ln

N
A

G
(ln

��
m

o
l/

h/
g

cr
ea

ti
ni

ne
	)

Le
ad

M
ea

su
re

�
co

ef
f.

S
E

�
P

V
al

ue
�

C
o

ef
f.

S
E

�
P

V
al

ue
�

co
ef

f.
S

E
�

P
V

al
ue

In
te

rc
ep

t
0.

90
77

0.
01

39
�

0.
01

90
.8

04
8

1.
78

17
�

0.
01

4.
90

17
0.

07
27

�
0.

01
A

ge
,

ye
ar

s
0.

00
00

0.
00

06
0.

99
�

1.
20

45
0.

07
60

�
0.

01
0.

01
55

0.
00

33
�

0.
01

P
at

el
la

le
ad

,
�

g
P

b
/g

b
on

e*
*

0.
01

47
0.

00
73

0.
04

�
1.

02
68

0.
92

37
0.

27
0.

10
13

0.
04

09
0.

01
P

at
el

la
le

ad
,

�
g/

g
�

ag
ec

at
1

�
0.

01
96

0.
01

34
0.

15
1.

42
96

1.
71

36
0.

40
�

0.
03

83
0.

07
39

0.
60

In
te

rc
ep

t
0.

90
98

0.
01

38
�

0.
01

90
.6

45
6

1.
75

72
�

0.
01

4.
92

37
0.

07
18

�
0.

01
A

ge
,

ye
ar

s
�

0.
00

00
0.

00
06

0.
95

�
1.

19
97

0.
07

04
�

0.
01

0.
01

61
0.

00
31

�
0.

01
B

lo
od

le
ad

,
�

g/
d

L*
*

0.
12

66
0.

05
28

0.
02

�
9.

23
36

6.
67

29
0.

17
0.

71
55

0.
27

05
�

0.
01

B
lo

od
le

ad
,

�
g/

d
L

�
ag

ec
at

1
�

0.
11

66
0.

05
73

0.
04

9.
61

32
7.

25
27

0.
19

�
0.

28
63

0.
30

41
0.

35

In
te

rc
ep

t
0.

91
92

0.
01

49
�

0.
01

89
.5

70
5

1.
85

90
�

0.
01

4.
91

33
0.

07
83

�
0.

01
A

ge
,

ye
ar

s
0.

00
00

0.
00

06
0.

95
�

1.
20

87
0.

07
89

�
0.

01
0.

01
64

0.
00

35
�

0.
01

Ti
b

ia
le

ad
,

�
g

P
b

/g
b

on
e†

**
0.

04
51

0.
02

15
0.

04
�

3.
59

07
2.

67
25

0.
18

0.
30

17
0.

11
97

0.
01

Ti
b

ia
le

ad
,

�
g/

g
�

ag
ec

at
1

�
0.

02
88

0.
03

19
0.

37
2.

94
52

3.
97

18
0.

46
�

0.
20

98
0.

17
75

0.
24

In
te

rc
ep

t
0.

91
81

0.
01

35
�

0.
01

89
.6

62
5

1.
70

04
�

0.
01

4.
92

82
0.

07
10

�
0.

01
A

ge
,

ye
ar

s
0.

00
07

0.
00

05
0.

18
�

1.
29

66
0.

06
90

�
0.

01
0.

01
56

0.
00

31
�

0.
01

C
he

la
ta

b
le

le
ad

,
�

g
P

b
/m

g
cr

ea
t.

**
0.

00
13

0.
01

14
0.

91
�

0.
24

81
1.

43
07

0.
86

0.
18

52
0.

06
14

�
0.

01
C

he
la

ta
b

le
le

ad
,

�
g/

m
g

�
ag

ec
at

1
�

0.
03

84
0.

01
47

�
0.

01
5.

70
96

1.
84

55
�

0.
01

�
0.

06
86

0.
07

72
0.

37

B
U

N
(m

g
/d

L)
M

ea
su

re
d

cr
ea

tin
in

e
cl

ea
ra

nc
e

(m
L/

m
in

)
ln

R
B

P
(ln

[�
g

/g
cr

ea
ti

ni
ne

])
Le

ad
m

ea
su

re
�

C
o

ef
f.

S
E

�
P

V
al

ue
�

C
o

ef
f.

S
E

�
P

V
al

ue
�

C
o

ef
f.

S
E

�
P

V
al

ue
In

te
rc

ep
t

16
.0

24
4

0.
41

63
�

0.
01

10
7.

62
90

3.
35

72
�

0.
01

3.
34

98
0.

07
69

�
0.

01
A

ge
,

ye
ar

s
0.

06
91

0.
01

78
�

0.
01

�
0.

68
98

0.
14

43
�

0.
01

0.
01

23
0.

00
35

�
0.

01
P

at
el

la
le

ad
,

�
g

P
b

/g
b

on
e*

*
0.

20
86

0.
21

87
0.

34
0.

63
00

1.
83

55
0.

73
0.

01
34

0.
04

34
0.

76
P

at
el

la
le

ad
,

�
g/

g
�

ag
ec

at
1

�
0.

33
68

0.
40

12
0.

40
�

0.
22

56
3.

26
66

0.
95

�
0.

08
22

0.
07

82
0.

29

In
te

rc
ep

t
15

.9
58

5
0.

41
40

�
0.

01
10

8.
00

87
3.

30
90

�
0.

01
3.

38
97

0.
07

68
�

0.
01

A
ge

,
ye

ar
s

0.
06

99
0.

01
66

�
0.

01
�

0.
67

12
0.

13
34

�
0.

01
0.

01
10

0.
00

33
�

0.
01

B
lo

od
le

ad
,

�
g/

d
L*

*
1.

61
02

1.
57

88
0.

31
2.

65
37

12
.8

16
2

0.
84

0.
04

39
0.

29
28

0.
88

B
lo

od
le

ad
,

�
g/

d
L�

ag
ec

at
1

�
2.

00
78

1.
70

93
0.

24
1.

25
15

13
.7

72
2

0.
93

0.
02

28
0.

32
83

0.
94

In
te

rc
ep

t
15

.9
89

9
0.

44
32

�
0.

01
10

8.
10

07
3.

61
84

�
0.

01
3.

35
02

0.
08

12
�

0.
01

A
ge

,
ye

ar
s

0.
08

41
0.

01
89

�
0.

01
�

0.
63

27
0.

15
44

�
0.

01
0.

00
82

0.
00

37
0.

03
Ti

b
ia

le
ad

,
�

g
P

b
/g

b
on

e†
**

0.
45

25
0.

61
69

0.
46

�
0.

82
68

5.
04

75
0.

87
0.

11
16

0.
12

02
0.

35
Ti

b
ia

le
ad

,
�

g/
g

�
ag

ec
at

1
�

1.
07

05
0.

94
21

0.
26

3.
63

02
7.

63
82

0.
63

�
0.

16
59

0.
18

17
0.

36

In
te

rc
ep

t
15

.9
88

8
0.

41
12

�
0.

01
10

8.
34

58
3.

28
00

�
0.

01
3.

38
88

0.
07

64
�

0.
01

A
ge

,
ye

ar
s

0.
07

50
0.

01
67

�
0.

01
�

0.
61

33
0.

13
33

�
0.

01
0.

01
09

0.
00

33
�

0.
01

C
he

la
ta

b
le

le
ad

,
�

g
P

b
/m

g
cr

ea
t.

**
0.

28
68

0.
35

70
0.

42
1.

01
91

2.
89

87
0.

73
0.

04
15

0.
06

70
0.

54
C

he
la

ta
b

le
le

ad
,

�
g/

m
g

�
ag

ec
at

1
–

0.
53

70
0.

45
25

0.
24

�
2.

56
06

3.
64

90
0.

48
�

0.
06

76
0.

08
37

0.
42

*B
U

N
,s

er
um

cr
ea

tin
in

e,
4-

ho
ur

rc
re

at
in

in
e

cl
ea

ra
nc

e,
an

d
ca

lc
ul

at
ed

cr
ea

tin
in

e
cl

ea
ra

nc
e

m
od

el
s

w
er

e
ad

ju
st

ed
fo

ra
ge

,g
en

de
r,

B
M

I,
w

or
k

st
at

us
(c

ur
re

nt
vs

.f
or

m
er

le
ad

w
or

ke
r),

hy
pe

rt
en

si
on

,
di

ab
et

es
,u

se
of

an
al

ge
si

cs
,a

nd
sm

ok
in

g
st

at
us

(c
ur

re
nt

,e
x,

ne
ve

r).
N

A
G

an
d

R
B

P
m

od
el

s
w

er
e

ad
ju

st
ed

fo
ra

ge
,g

en
de

r,
B

M
I,

w
or

k
st

at
us

,s
ys

to
lic

bl
oo

d
pr

es
su

re
,d

ia
be

te
s,

an
d

sm
ok

in
g

st
at

us
.

�
co

ef
fic

ie
nt

s
an

d
st

an
da

rd
er

ro
rs

of
th

e
�

co
ef

fic
ie

nt
s

fo
rp

at
el

la
,b

lo
od

,a
nd

tib
ia

le
ad

ha
ve

be
en

m
ul

tip
lie

d
by

10
2
.T

he
ol

de
st

te
rt

ile
of

w
or

ke
rs

is
th

e
re

fe
re

nc
e

gr
ou

p
(d

en
ot

ed
by

**
af

te
ra

pp
lic

ab
le

le
ad

m
ea

su
re

);
th

e
be

ta
co

ef
fic

ie
nt

fo
rt

hi
s

te
rm

is
th

er
ef

or
e

th
e

sl
op

e
fo

rt
he

as
so

ci
at

io
n

be
tw

ee
n

th
e

le
ad

va
ria

bl
e

an
d

th
e

re
na

lo
ut

co
m

e
in

th
e

ol
de

rw
or

ke
rs

.T
he

sl
op

e
in

th
e

yo
un

ge
ra

ge
ca

te
go

ry
(a

ge
ca

t1
w

hi
ch

is
th

e
yo

un
ge

st
67

th
pe

rc
en

t)
is

ob
ta

in
ed

by
ad

di
ng

th
e

be
ta

co
ef

fic
ie

nt
of

th
e

cr
os

s-
pr

od
uc

tt
er

m
(b

el
ow

th
e

re
fe

re
nc

e
ca

te
go

ry
)t

o
th

e
be

ta
co

ef
fic

ie
nt

of
th

e
re

fe
re

nc
e

ca
te

go
ry

(i.
e.

,t
he

sl
op

e
fo

rt
he

as
so

ci
at

io
n

be
tw

ee
n

pa
te

lla
le

ad
an

d
se

ru
m

cr
ea

tin
in

e
in

th
e

yo
un

ge
ra

ge
gr

ou
p

is
�

0.
00

00
49

�0
.0

00
14

7



�
0.

00
01

96
	).

p-
va

lu
es

fo
rt

he
cr

os
s-

pr
od

uc
tt

er
m

s
of

ag
e

an
d

le
ad

m
ea

su
re

re
fle

ct
th

e
st

at
is

tic
al

si
gn

ifi
ca

nc
e

of
th

e
di

ffe
re

nc
e

be
tw

ee
n

th
e

sl
op

es
of

th
e

re
gr

es
si

on
lin

e
in

th
e

yo
un

ge
r

ag
e

ca
te

go
ry

an
d

th
e

re
gr

es
si

on
lin

e
fo

r
th

e
ol

de
st

ag
e

gr
ou

p.
†n

�
57

4
in

m
od

el
s

w
ith

tib
ia

,
si

nc
e

th
is

le
ad

b
io

m
ar

ke
r

w
as

ob
ta

in
ed

in
th

e
se

co
nd

ev
al

ua
tio

n
of

th
e

st
ud

y.

JOEM • Volume 47, Number 3, March 2005 241



rean lead worker population provide
further support for an age difference
in direction of associations that is
consistent with hyperfiltration.3 It
must be noted, however, that hyper-
filtration is an hypothesized but not
established mechanism for lead-
related nephrotoxicity at the current
time. The differences in adverse re-
nal outcomes by lead dose observed
in the rodent studies cited previous-
ly19,20 suggest that similar initial hy-
perfiltration may not result in the
same degree of renal impairment;
other susceptibility factors may be
involved. In this regard, lead expo-
sure duration and dose were addi-
tional factors that varied in the hu-
man studies cited above. Thus, they
may contribute to the observed dif-
ferences. Interestingly, in our analy-
ses, associations of blood lead and

renal outcomes were similar to those
observed between bone lead (both
cortical and trabecular) and renal
outcomes. However, this was not the
case in the other studies cited above,
in which few blood lead associations
were observed. This difference may
be related to the high correlation of
the lead biomarkers in our popula-
tion.

In general, in the data reported
herein, relations differ more by renal
outcome than by lead measure. How-
ever, associations with DMSA-
chelatable lead in models of clinical
renal function are different from as-
sociations for the other three biomar-
kers. This is despite the fact that
DMSA-chelatable lead also is highly
correlated with the other lead mea-
sures. This biomarker is dependent
on renal function and the collection

time was only 4 hours. Therefore, it
is possible that the amount of lead
that is excreted in this relatively
short time period after chelation is
influenced not only by bioavailable
lead burden, but also by high-normal
as well as actual supranormal glo-
merular filtration. This could poten-
tially result in stronger inverse asso-
ciations with this lead biomarker,
particularly in the younger workers
in whom high-normal and supranor-
mal glomerular filtration are more
common.

In conclusion, associations be-
tween patella lead and the renal out-
comes were similar to associations
between blood and tibia lead and
renal outcomes. This may be the
result of high correlations among the
lead biomarkers in this population. In
contrast, DMSA-chelatable lead as-
sociations with the clinical renal out-
comes were different. This differ-
ence may be related, in part, to the
influence of renal function on its
measurement.
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