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Objectives This study compares and contrasts associations of dimercaptosuccinic acid (DMSA)-chelatable
lead, tibia lead, and blood lead with five hematopoietic outcomes and evaluates the effect modification of these
relations by polymorphisms in the delta-aminolevulinic acid dehydratase (ALAD) and vitamin D receptor
(VDR) genes.

Methods A cross-sectional study of 798 lead workers and 135 unexposed referents was performed.

Results The DMSA-chelatable lead, tibia lead, and blood lead levels ranged in the lead (Pb) workers from 4.8
to 2103 g, -7 to 338 g Pb/g bone mineral, and 4 to 86 g/dl, respectively. The mean of the hemoglobin,
hematocrit, zinc protoporphyrin (ZPP), and urinary (ALAU) and plasma (ALAP) delta-aminolevulinic acid
levels of the lead workers were 14.2 (SD 1.4) g/dl, 42.4 (SD 4.4)%, 80.2 (SD 63.5) g/dl, 2.1 (SD 3.7) mg/l, and
17.7 (20.6) g/ml, respectively. After adjustment for the covariates, tibia lead was associated with all five
hematopoietic outcomes, while blood lead and DMSA-chelatable lead were associated only with ZPP, ALAP,
and ALAU. A comparison of the regression coefficients, total model adjusted R? values, and delta R? values
revealed that blood lead was the best predictor of ZPP, ALAP, and ALAU. Only tibia lead was significantly
associated with hemoglobin and hematocrit levels, but the additional variance explained by tibia lead was (<1%).
No clear effect modification of the relations between the lead biomarkers and hematopoietic outcomes studied

was caused by ALAD or VDR genotype.

Conclusions Lead must have a chronic, cumulative effect on hemoglobin and hematocrit levels, and any
speculated mechanism cannot merely involve short-term plasma or target organ lead levels.

Key terms bone lead, chelatable lead, cross-sectional study, dimercaptosuccinic acid, genetic polymorphisms,

hematopoietic system.

Lead absorption is known to influence the hematopoi-
etic system, for example, through increased destruction
of erythrocytes, interference with the normal production
of erythrocytes, and the inhibition of heme synthesis (1—-

4). In the heme synthesis pathway, lead inhibits the
second enzyme, cytosolic delta-aminolevulinic acid de-
hydratase (ALAD), which catalyzes the condensation
of two molecules of aminolevulinic acid to form
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porphobilinogen (5, 6). Decreased ALAD activity re-
sults in increases of delta-aminolevulinic acid in urine
(ALAU) and plasma (ALAP) (7, 8). Lead also interferes
with the formation of heme from protoporphyrin IX
through both the inhibition of the mitochondrial enzyme
ferrochelatase and possibly reduced transport of biva-
lent iron into mitochondria because of the inhibited re-
duction of trivalent iron by lead exposure (7, 9-11). The
resulting accumulation of zinc protoporphyrin (ZPP) in
erythrocytes is a useful biomarker of lead-induced heme
synthesis inhibition (7, 12).

Prior studies have focused mainly on the associations
between blood lead levels and hematopoietic outcomes
(13-18), and they have demonstrated significant inter-
individual variation. Fewer studies have utilized meas-
ures of chelatable lead, a measure of bioavailable lead
burden, and tibia lead, a measure of cumulative lead
dose (19, 20). To explore further the different kinetic
pools of lead, to generate hypotheses regarding acute
and cumulative effects, and to begin to understand this
variation in response, we compared and contrasted
dimercaptosuccinic acid (DMSA)-chelatable lead, tibia
lead, and blood lead in the prediction of hematopoietic
outcomes and evaluated the effect modification by two
polymorphic genes [ALAD and vitamin D receptor
(VDR)] known to modify the toxicokinetics of lead (8,
12, 20). It is important to determine whether these two
polymorphic genes, which have been reported to modi-
fy blood lead, chelatable lead, and tibia lead levels, also
modify the effects of lead on health outcomes such as
those of the hematopoietic system, since the observa-
tion of genetic effect modification allows inferences
about the mechanism of lead-related health effects.
Herein, we report associations of these three lead bi-
omarkers with five hematopoietic outcomes (hemoglob-
in, hematocrit, ALAP, ALAU, ZPP) and the effect mod-
ification by ALAD and VDR in a cross-sectional anal-
ysis of 798 Korean lead workers and 135 referents with-
out occupational lead exposure.

Subjects and methods

Study population

The subjects were drawn from a 3-year longitudinal
study of the health effects of inorganic lead exposure,
as previously described (21-23). Cross-sectional data
from the first year of the study, on 798 lead workers
from 26 different lead-using factories and 135 unex-
posed referents from an air conditioner assembly plant
and the Soonchunhyang University, were used. Partici-
pation was voluntary, and all the subjects provided their
written, informed consent. The study protocol was ap-
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proved by Institutional Review Boards at the Soonchun-
hyang University School of Medicine and the Johns
Hopkins Bloomberg School of Public Health.

Data collection

The data collection methods have been previously de-
scribed (21-23). In brief, the subjects completed a stand-
ardized questionnaire on demographics, medical histo-
ry, and occupational history; underwent phlebotomy for
the determination of blood lead, ZPP, and ALAP; had
tibia lead measured by X-ray fluorescence (XRF); pro-
vided a spot urine specimen for the determination of
ALAU; and completed a 4-hour urine collection after
the oral administration of DMSA (10 mg/kg) (the lead
workers only).

Laboratory methods

Tibia lead was determined with a 30-minute measure-
ment at the left mid-tibia shaft using '“cadmium-in-
duced K-shell X-ray fluorescence, as previously de-
scribed (24-26). For tibia lead the unit of measurement
was micrograms of lead per gram of bone mineral (here-
after referred to as ug/g) (25). X-ray fluorescence can
provide negative point estimates of bone lead concen-
trations that are very low; however, all point estimates
were retained in the statistical analysis because this
method minimizes bias and does not require data to be
censored (19, 21-23). Blood lead levels were analyzed
with a flameless atomic absorption spectrophotometer
(Hitachi 8100, Hitachi Ltd. Instruments, Tokyo, Japan)
with the standard addition method of the National Insti-
tute of Occupational Safety and Health (27) at the Insti-
tute of Industrial Medicine, Soonchunhyang University,
in the Republic of Korea, as previously described (21).

DMSA-chelatable lead was determined by measur-
ing 4-hour urinary lead excretion after the oral admin-
istration of DMSA (10 mg/kg) (28). The urine lead lev-
els were analyzed in the laboratories of the Wadsworth
Center at the New York State Department of Health. The
urinary lead concentrations were measured by electro-
thermal atomization atomic absorption spectrometry
(Perkin-Elmer 4100ZL, United States) (29). Hemoglobin
was determined using the cyanmethemoglobin method
(Beckman Coulter Inc, model Ac-T 8, United States),
and hematocrit was measured using the capillary cen-
trifugation method (30). ZPP was measured by a
hematofluorometer (Aviv, United States) (31). The
ALAU and ALAP levels were determined according to
the method of Tomokuni et al (32). Creatinine in urine
was analyzed by the Sigma kit (St. Louis, Missouri,
United States) (33). ALAD and VDR genotyping were
completed for 798 exposed subjects and 795 referents
by previously described methods (34-37).
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Statistical analysis

The two main goals of the analysis were (i) to compare
and contrast three different lead biomarkers (DMSA-
chelatable lead, tibia lead, blood lead) in their associa-
tions with five hematopoietic outcome variables (hemo-
globin, hematocrit, ZPP, ALAU, ALAP) and (ii) to de-
termine whether ALAD or VDR genotype modified the
relations between the lead biomarkers and the hemat-
opoietic outcomes. Statistical analysis was completed
using statistical software programs of the SAS Institute
Inc (Cary, North Carolina, United States).

First, unadjusted (crude) means of the hematopoiet-
ic outcomes (ie, by exposed versus reference status or
by genotype) were compared; P-values for testing the
equivalence between the unadjusted means were calcu-
lated using Student’s t-test, after In-transformation as
appropriate. Next, linear regression was used to model
the five hematopoietic outcomes separately while con-
trolling for confounding variables. The associations be-
tween the lead dose measures and the genetic factors
were evaluated for the lead workers only. The lead bio-
markers were evaluated as predictors of hematopoietic
outcomes in separate models to avoid problems of over-
control and multicolinearity. A forward selection meth-
od was used as a framework for the model selection.
Before the regression modeling, the distributions of the
five outcome variables were examined, and after the re-
gression modeling, the distributions of the residuals and
residual versus residual plots were examined. The dis-
tributions of ZPP, ALAU, and ALAP were skewed, and
therefore these variables were In-transformed before the
final regression modeling. In addition, four extreme val-
ues for DMSA-chelatable lead were identified and re-
moved from the analysis.

A covariate was retained in the final regression mod-
els if it was either a significant predictor of the hemat-
opoietic outcomes or if it was a confounder of the rela-
tion between the predictor variables and hematopoietic
outcomes. Nonlinear relations were evaluated by the
inclusion of quadratic terms (after centering) for the lead
dose measures. The covariates examined in linear regres-
sion models included age, gender, body mass index (BMI,
weight in kilograms divided by the square of height in
meters; only in models for hemoglobin and hematocrit),
job duration, and tobacco and alcohol consumption (di-
vided into quartiles for each, by cumulative lifetime con-
sumption in pack-years for tobacco or years-drinks/week
for alcohol, where one drink was one glass of beer or wine
or one shot of distilled spirits). Job duration was evaluat-
ed because its control was observed to make associations
of tibia lead levels with neurobehavioral test score decre-
ments more apparent in prior analyses (21).

With the use of the final regression models, the re-
lations between the hematopoietic outcomes and the lead
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biomarkers were graphically displayed using partial re-
sidual (residual versus residual) plots. For each plot, two
lines were overlaid: the regression line and a line deter-
mined by a scatter plot smoothing method. The scatter
plot smoothing method calculates a locally weighted
least-squares estimate for each point in the scatter plot
(38). The function “lowess” of the S-plus statistical soft-
ware program was used to produce the plot (Data Anal-
ysis Products Division of MathSoft, Seattle, Washing-
ton, United States). After examining the residual-resid-
ual plots, we found that the regression models for he-
matocrit were highly influenced by 15 subjects with he-
matocrit values over 52%. Because of concern that these
values could be pathological for reasons unrelated to
lead or the other variables controlled in the regression
models, the models with hematocrit have been present-
ed without these subjects included. The residual-resid-
ual plots also suggested the presence of influential and
outlying points for tibia lead, and the regression results
have been provided with and without these subjects.

So that effect modification could be evaluated by
ALAD and VDR genotype, cross-product terms of the
genetic factors and the lead dose measures were added
to the models of the hematopoietic outcomes, one cross-
product term at a time per outcome model. For ALAD
genotype, the subjects with ALAD!? were compared
with subjects with ALAD!!. For VDR genotype, the
subjects with VDR BB or Bb were compared with the
subjects with VDR bb.

Results

Demographics and dose measures

The lead-exposed subjects had a wide range of blood
lead, DMSA-chelatable lead, and tibia lead levels (ta-
ble 1). The corresponding values of the unexposed ref-
erence subjects were low. In the crude analysis, hemo-
globin (mean of 14.2 versus 15.3 g/dl, P<0.01) and he-
matocrit (42.4% versus 44.7%, P<0.01) levels were sig-
nificantly lower among the lead-exposed subjects than
among the referents without occupational lead exposure;
these differences were of relatively small magnitude. In
contrast and as expected, the mean levels of ZPP,
ALAU, and ALAP were significantly higher among the
lead-exposed subjects than among the reference subjects
(80.2 versis 38.5 pg/dl, P<0.01; 2.1 versus 1.6 mg/l,
P<0.01; and 17.7 versus 10.5 pg/ml, P<0.01, respective-
ly) (table 1).

Among the lead workers, 9.9% (N=79) were heter-
ozygous for the ALAD? allele and 90.1% (N=716) were
homozygotes for the ALAD! allele. For VDR genotype,



the Bb or BB genotypes were identified in 11.2%
(N=89) of the lead workers, while the bb genotype was
identified in 88.8% (N=709). In the crude (unadjusted)
analysis, there were no significant differences in the he-
matopoietic outcomes by ALAD or VDR genotype
(P>0.05) (table 2).

Associations of hematopoietic outcomes with lead
biomarkers among the lead-exposed subjects

Using multiple linear regression to control for covari-
ates, we then compared the three lead biomarkers for
their associations with the five hematopoietic outcomes.
Tibia lead was the only significant negative predictor
of both the hemoglobin and hematocrit levels (table 3),
but the additional variance explained by tibia lead was
small (1% for hemoglobin, <1% for hematocrit). The he-
moglobin levels declined 0.0035 g/dl per pg/g of tibia
lead, while the hematocrit levels declined 0.01% per
pg/g of tibia lead. In moving from the Sth percentile of
tibia lead (3.5 pg/g) to the 95th percentile (104.2 ug/g),
the hemoglobin levels would thus be approximately 0.35
g/dl lower, and the hematocrit levels would be 1.2%
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lower. The addition of blood lead to the regression mod-
els for hemoglobin and hematocrit dramatically in-
creased the associations with tibia lead (for hemoglo-
bin, the regression (beta) coefficient changed 37%, from
-0.0035 to -0.0048, and for hematocrit it changed 43%,
from -0.0102 to -0.0146). The associations of tibia lead
with hemoglobin and hematocrit levels were not depend-
ent on large values of tibia lead (figure 1). An examina-
tion of the scatter plots and the smoothed regression
lines revealed decreases in hemoglobin and hematocrit
levels along the entire range of tibia lead values. In con-
trast, an examination of the scatter plots and the
smoothed regression lines for the relations of blood lead
with hemoglobin and hematocrit (figure 2) revealed no
clear and consistent relations.

All three lead biomarkers were significantly positive
predictors of ZPP, ALAU, and ALAP (table 3). How-
ever, an examination of the beta coefficients, model-
adjusted R? values and delta R? values (table 3), revealed
that blood lead was the best predictor of ZPP, while
blood lead and DMSA-chelatable lead were similarly as-
sociated with ALAU and ALAP. For ZPP (In-trans-
formed), the additional variance explained was 36% af-
ter the inclusion of blood lead, 33% after the inclusion

Table 1. Description of the subjects. (ALAP = delta-aminolevulinic acid in plasma, ALAU = delta-aminolevulinic acid in urine, DMSA =
dimercaptosuccinic acid, ZPP = zinc protoporphyrin, NA = not applicable)

Lead-exposed subjects (N = 798)

Unexposed referents (N = 135)

Characteristic N % Mean SD Range N % Mean  SD Range
Age (years) . . 405 10.1 17.8-64.8 . . 345 9.1 22.0-60.2
Job duration (years) . . 82 65 0.1-36.2 . . 8.6 53 0.5-30.6
Height (cm) . . 164.7 8.1 127.8-186.0 167.9 6.2 148.0-183.4
Weight (kg) . . 625 9.1 37.4-92.7 . . 66.9 9.0 48.0-93.5
Body mass index (kg/m2) . . 23.0 3.0 15.7-34.2 . - 23.7 2.8 18.5-30.1
Sex, Male 634 79.4 . . 124 91.9
Tobacco use

Never 254 31.9¢ 35 259

Current use 455 571 87 64.4

Past use 88 11.0 13 9.6
Alcohol use

Never 231 29.0¢ 31 23.0

Current use 518 65.0 95 704

Past use 48 6.0 . . 9 6.7 . . .
Tibia lead (pg Pb/g bone mineral) . . 372 404 -7-338 . . 58 7.0 -11-27
Blood lead (pg/dl)? . . 320 15.0 4-86 . . 5.3 1.8 2-10
DMSA-chelatable lead (pg)® 186.0 208.4 4.8-2103 . . NA¢ . .
Hemoglobin (g/dl) . . 142 14 6.5-17.9 . . 15.3 1.2 11.1-18.2
Hematocrit (%) . . 424 44 20.6-58.6 . . 447 3.2 32.8-53.5
ZPP (ug/dl) . . 80.2 635 16-640 . . 38.5 8.5 25-69
ALAU (mg/l) . . 2.1 3.7 0.1-85.8 . . 1.6 0.7 0.2-44
ALAP (pg/ml) . . 17.7 206 2.7-250.6 . . 10.5 2.7 4.8-254

@ For blood lead, pg/dl can be converted to pmol/l by dividing by 20.7.

® DMSA-chelatable lead (pg) was estimated as 4-hour urinary lead excretion after the oral administration of dimercaptosuccinic acid (10mg/kg), for

the lead exposed subjects only (784 subjects completed the urine collection).

¢ The 4-hour urine collection was performed only for subjects who received DMSA.
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of DMSA-chelatable lead, and 10% after the inclusion
of tibia lead. For ALAU (In-transformed), the addition-
al variance explained was 17%, 18%, and 4%, respec-
tively. For ALAP (In-transformed), the additional vari-
ance explained was 29%, 29%, and 8%, respectively.
An examination of the beta coefficients for blood lead

indicated for example (after detransformation from the
In-transformed values) that ZPP, ALAU, and ALAP in-
creased 15.4 pg/dl, 15.3 mg/dl, and 15.4 ug/ml, respec-
tively, for a one standard deviation unit increase in blood
lead levels (an increase in blood lead of approximately
15 pg/dl).

Table 2. Selected demographic and lead biomarker variables for the 7982 lead-exposed subjects.’ (ALAD = delta-aminolevulinic acid
dehydratase, ALAP = plasma aminolevulinic acid, ALAU = urine aminolevulinic acid, DMSA = dimercaptosuccinic acid, VDR = vitamin D

receptor, ZPP = zinc protoporphyrin)

ALAD genotype

VDR genotype

1-1 1-2 bb Bb or BB
Characteristic Mean SD Mean SD Mean SD Mean SD
Age (years) 40.5 10.2 40.1 9.7 40.2 10.0* 42.7 10.3*
Job duration (years) 8.2 6.6 8.2 5.8 8.4 6.6 7.2 5.6
Hemoglobin (g/dl) 14.2 1.4 14.2 1.6 14.2 14 14.1 1.4
Hematocrit (%) 424 4.4 424 49 42.4 44 42.6 48
ZPP (pg/dl) 80.1 61.7 81.6 78.6 79.5 63.2 86.2 66.5
ALAU (mg/l) 2.0 2.2 3.2 9.9 2.1 39 2.1 1.8
ALAP (pg/ml) 17.5 18.9 19.8 32.0 17.4 20.0 20.0 25.0
Blood lead (pg/dl) 317 14.9 34.2 15.9 31.6 14.8 34.8 16.1
Tibia lead (pg/g) 37.5 40.6 314 29.5 371 41.2 38.1 33.5
DMSA-chelatable lead (ug) 180.3 181.2 161.7  143.0 173.5 176.8* 217.2 179.7*

2 ALAD and VDR genotyping was completed on 798 and 795 lead workers, respectively.
® Number and percent (in parentheses): 716 (90.1) for the 1-1 ALAD genotype, 79 (9.9), for the 1-2 ALAD genotype, 709 (89.3), for the bb VDR

genotype, 89 (10.7), for the Bb or BB VDR genotype.
¢ For blood lead, pg/dl can be converted to pmol/I by dividing by 20.7.
*P<0.05.

Table 3. Linear regression modeling® of the hematopoietic outcomes for the Korean lead workers of this study, 1997-1999. (ALAD =
delta-aminolevulinic acid dehydratase , ALAP = delta-aminolevulinic acid in plasma, ALAU = delta-aminolevulinic acid in urine, DMSA =
dimercaptosuccinic acid, VDR = vitamin D receptor, ZPP = zinc protoporphyrin)

Lead variable Beta Standard error of the beta P-value Model adjusted R?
Hemoglobin (g/dl) models

Blood lead (g/dI per pg/dl) 0.0032 0.0031 0.30 0.39
DMSA-lead (g/dl per pg) -0.0003 0.0002 0.25 0.40
Tibia lead (g/dl per pg/g) -0.0035 0.0011 <0.01 0.40
Hematocrit (%) models (15 highest values excluded, >52%)

Blood lead (% per pg/dl) 0.0125 0.0093 0.18 0.37
DMSA-lead (% per pg) 0.0001 0.0008 0.94 0.37
Tibia lead (% per pg/g) -0.0102 0.0034 <0.01 0.37
ZPP [In(ug/dl)] models (In-transformed)

Blood lead [In(pg/dl) per pg/dl] 0.0251 0.0011 <0.01 0.46
DMSA-lead [In(ug/dl) per pg] 0.0019 0.0001 <0.01 0.43
Tibia lead [In(pg/dl) per pg/g] 0.0048 0.0005 <0.01 0.20
ALAU [In(mg/l)] models (In-transformed)

Blood lead [In(mg/1) per pg/di] 0.0219 0.0017 <0.01 0.21
DMSA-lead [In(mg/l) per pg] 0.0018 0.0001 <0.01 0.22
Tibia lead [In(mg/l) per pg/g] 0.0036 0.0007 <0.01 0.08
ALAP [In(ug/ml)] models (In-transformed)

Blood lead [In(pg/ml) per pg/di] 0.0235 0.0012 <0.01 0.38
DMSA-lead [In(pg/ml) per pg] 0.0018 0.0001 <0.01 0.38
Tibia lead [In(pg/ml) per pg/g] 0.0044 0.0005 <0.01 0.17

2 Blood lead, DMSA-chelatable lead, and tibia lead were all included separately in each hematopoietic outcome model. Models were controlled for age,
gender, body mass index (for hemoglobin and hematocrit only), work duration, categories of lifetime tobacco consumption, categories of lifetime

alcohol consumption, and ALAD and VDR genotype.
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Figure 1. Associations (residual versus residual plots) of tibia lead with the hemoglobin (A) and hematocrit (B) values of the lead workers, after
adjustment for age, gender, body mass index, work duration, categories of lifetime tobacco consumption, categories of lifetime alcohol
consumption, and delta-aminolevulinic acid dehydratase (ALAD) and vitamin D receptor (VDR) genotype. The solid lines are from the linear
regression models. The dotted lines were estimated by a smoothing method (45) using the S-PLUS statistical software function lowess, and they
were adjusted for the covariates. For ease of interpretation, the axes have been scaled so that the plotted residuals are centered around the mean
tibia lead value, rather than around zero.

o A B
T3
[Te)
© |
o |
wn
s 5
kel
2 x| 8
c L v |
o - <
o 5
g k!
[y
g o £ o
o 7 < ¥
[0} el
B 2
3 1%}
i) =
<< -5(3 g i
o |
o |
(5]
©
T T T T T T T T T T
0 20 40 60 80 0 20 40 60 80
Adjusted blood lead (mcg/dl) Adjusted blood lead (mcg/dl)

Figure 2. Associations (residual versus residual plots) of blood lead values with the hemoglobin (A) and hematocrit (B) values of the lead workers
after adjustment for age, gender, body mass index, work duration, categories of lifetime tobacco consumption, categories of lifetime alcohol
consumption, and delta-aminolevulinic acid dehydratase (ALAD) and vitamin D receptor (VDR) genotype. The solid lines are from the linear
regression models. The dotted lines were estimated by a smoothing method (45) using the S-PLUS statistical software function lowess, and they
were adjusted for the covariates. For ease of interpretation, the axes have been scaled so that the plotted residuals are centered around the mean
blood lead value, rather than around zero.
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Associations of hematopoietic outcomes with ALAD
and VDR genotypes in lead-exposed subjects

On the average, the lead workers with the VDR “B” al-
lele (BB or Bb genotypes) had higher hematocrit levels
than the lead workers with the VDR bb genotype. For
example, in the model with tibia lead (table 3), the mean
hematocrit was 0.77% higher (P=0.06). An examination
of the residual-residual plots indicated that the associa-
tion between VDR genotype and hematocrit was de-
pendent on the eight subjects with the highest tibia lead
levels. ALAD genotype was associated with the ZPP
levels in the model with blood lead (InZPP levels being
0.0979 In(pg/dl) lower [equivalent to 10% lower] in sub-
jects with the ALAD'? genotype [P=0.05]), but not af-
ter control for tibia lead or DMSA-chelatable lead, a
finding suggesting that the association between ALAD
genotype and ZPP may have been mediated through the
blood lead levels. VDR and ALAD genotypes were not
associated with any of the other hematopoietic meas-
ures.

Next, we evaluated the effect modification by ALAD
and VDR genotypes on the relations between the three
lead biomarkers and five hematopoietic outcomes with
the inclusion of the interaction terms. For interactions
between the lead biomarkers and ALAD genotype, 3 of
the 15 interaction terms (for InALAU, ALAD - blood
lead and ALAD-tibia lead, and for InALAP,
ALAD - tibia lead) were significantly associated
(P<0.05) and one other (for InALAP, ALAD - blood
lead) was marginally associated (P=0.06) with the he-
matopoietic outcomes. The coefficients for all four of
these interaction terms were positive, the finding indi-
cating a steeper slope (more of an effect) for the rela-
tion of the lead biomarker with ALAU or ALAP for the
subjects with the ALAD? allele. An examination of the
residual-residual plots and additional regressions with-
out outlying values indicated that the statistical signifi-
cance of these interaction terms was highly dependent
on the nine subjects with the highest blood lead levels
(the highest 1% of the study population). After these
subjects were excluded, the effect modification by
ALAD genotype was no longer observed. However,
after the exclusion of these nine subjects, a main effect
of ALAD genotype was observed for ALAP (after de-
transformation, the mean ALAP was 9% lower for the
subjects with ALAD? when compared with homozygotes
for ALAD!, P=0.04).

For interactions between the lead biomarkers and
VDR genotype, one of the 15 interaction terms (for he-
matocrit, VDR - tibia lead) was significantly associated,
and two others (for hemoglobin, VDR - blood lead and
VDR -tibia lead) were marginally associated with the
hematopoietic outcomes. The coefficients for all three
of these interaction terms were positive, the finding in-
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dicating a weaker relation of the lead biomarker with
hemoglobin or hematocrit for the subjects with the VDR
B allele. An examination of the residual-residual plots
indicated that the effect modification by VDR genotype
on the relations of tibia lead with hemoglobin and he-
matocrit were heavily influenced by the eight subjects
with the highest tibia lead levels. When these subjects
were eliminated from the regression models of these two
outcome measures, the effect modification was no long-
er apparent.

Discussion

We compared and contrasted the associations of three
different lead biomarkers (blood lead, DMSA-chelata-
ble lead, and tibia lead) with five hematopoietic out-
comes in a large cross-sectional study of Korean lead
workers. All three lead biomarkers were significantly
associated with ZPP, ALAU, and ALAP, but blood lead
was generally the best predictor of each of these meas-
ures, based on a comparison of beta coefficients, total
model-adjusted R? values, and delta R? values. Blood
lead and DMSA-chelatable lead were highly correlated
(Pearson’s correlation coefficient=0.81 with untrans-
formed DMSA-chelatable lead and 0.87 after In-trans-
formation); therefore the associations with chelatable
lead were similar to those with blood lead. In contrast,
only tibia lead was significantly associated with the he-
moglobin and hematocrit levels, with or without con-
trol for the blood lead levels in the same models. These
contrasting associations illustrate the importance of
evaluating several lead dose measures in studies of the
health effects of lead, as the measures may be differen-
tially relevant to acute and chronic effects and the role
of recent and cumulative exposures.

ALAU, ALAP, and ZPP have long been recognized
to be early biological effects of lead exposure and have
been used in health effects monitoring for lead expo-
sure (3, 39-42). It is known that these measures increase
in the presence of lead exposure and then decline after
lead levels decline. For erythrocytes, heme synthesis
occurs in erythroid cells in the bone marrow. Circulat-
ing erythrocytes survive for approximately 120 days,
and this 120-day life span of red cells influences the ki-
netics of both ZPP and blood lead levels. Blood lead was
the best predictor of the ZPP, ALAU, and ALAP lev-
els, and this finding suggests that blood lead levels are
the best estimate of the lead levels in the bone marrow
to which ALAD and ferrochelatase are exposed. It is
thought that plasma lead is the most relevant to health
because it is the main circulatory compartment of lead
that has access to cell membranes and can deposit in



critical target organs. It is known that blood lead level
is the most important predictor of plasma lead level, ac-
counting for 90-95% of the variability in plasma lead
(44, 44). The vast majority of blood lead is associated
with erythrocytes with only a small proportion, 1-3%,
in plasma.

In prior studies, blood lead levels have not been a
good predictor of hemoglobin levels. For example,
Froom et al (18) reported that hemoglobin levels did not
correlate with blood lead, and they concluded that peri-
odic hemoglobin determinations were not a useful indi-
cator of lead exposure. In the current study, blood lead
was also not a predictor of hemoglobin levels, but tibia
lead was a significant predictor of both the hemoglobin
and hematocrit levels, a finding consistent with the re-
sults of one prior study (19). Hu et al (19) reported that
patella lead was associated with lower levels of hemo-
globin and hematocrit, while blood lead levels were not.
The authors concluded that patella lead may serve as a
surrogate for kidney lead burden, where erythropoietin
synthesis occurs, and its association with hemoglobin
and hematocrit levels may be explained through the de-
pression of erythropoietin synthesis (19).

In our study, tibia lead, a measure of the lifetime
dose of lead, was a predictor of the hemoglobin and he-
matocrit levels, while neither blood lead, an estimate of
integrated exposure to internal and external sources of
lead over the past 4 months, nor DMSA-chelatable lead,
an estimate of soft tissue lead levels (28), were predic-
tors. These observations suggest that lead must have a
chronic, cumulative effect on hemoglobin and hemat-
ocrit levels, possibly mediated through the kidney, and
any speculated mechanism cannot merely involve short-
term plasma or target organ lead levels. In fact, we ob-
served stronger associations for tibia lead with hemo-
globin and hematocrit after control for blood lead, a
finding supporting the notion that chronic, cumulative
effects may be more readily observed after adjustment
for possible short-term effects. It should be noted, how-
ever, that the saturation of lead-binding sites in eryth-
rocytes could lead to nonlinear relations of blood lead
with health outcomes, the associations that may be ob-
served in linear regression modeling being obscured.

In our study, ALAD genotype did not appear to mod-
ify relations between the lead biomarkers and hemoglob-
in, hematocrit, or ZPP. It is possible that ALAD geno-
type modified the effect of the relations of blood lead
with ALAP and ALAU in the subjects with the highest
blood lead levels, but, as these relations were depend-
ent on only the nine highest blood lead levels, we can-
not be certain. Rather, ALAD genotype appeared to ex-
ert a main effect on the relations of blood lead with ZPP
and ALAP. For both outcomes, the mean levels were
approximately 10% lower in the subjects with ALAD?,
independent of the blood lead levels. Prior studies have
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observed both main effects and effect modification by
ALAD genotype with hematopoietic outcomes. Sakai et
al (45) reported higher ALAP and ZPP levels for sub-
jects with ALAD! who had blood lead levels over 40
pg/dl and 20 pg/dl, respectively, without differences in
ALAD activity by genotype. Alexander et al (12) report-
ed effect modification by ALAD genotype on the rela-
tion between blood lead and ZPP levels, with a larger
slope for subjects with ALAD!. Sithisarankul et al (8)
reported that subjects with ALAD! had higher ALAP
levels without evidence of effect modification. The ob-
servation of independent associations between blood
lead and ALAD genotype with the hematopoietic out-
comes, without clear evidence of effect modification,
would suggest that lead does not exert its influence on
ZPP and ALAP levels via the ALAD protein products.

To our knowledge, no prior studies have evaluated
the relations of VDR genotype with hematopoietic out-
comes. In our study, controlling for tibia lead levels, the
subjects with the VDR B allele had higher hematocrit
levels than did those with the VDR bb genotype
(P=0.06). This relation was not apparent when blood
lead was included in the model instead of tibia lead.
There was no clear effect modification by VDR geno-
type on the relations between the tibia lead levels and
hemoglobin and hematocrit, as the relations were not
observed after the elimination of the eight subjects with
the highest tibia lead levels.

In conclusion, blood lead was the best predictor of
the ZPP, ALAU, and ALAP levels, and tibia lead was
the best predictor of hemoglobin and hematocrit. ALAD
and VDR genotypes are known to influence the toxi-
cokinetics of lead. Studies have documented differenc-
es in blood lead, DMSA-chelatable lead, tibia lead, and
patella lead by these two genes. To date, the influence
of these two genes on the relations between lead and
health measures have provided somewhat inconsistent
evidence of main effects and effect modification. For
the hematopoietic outcomes, the ALAD? allele appears
to be associated with lower ZPP and ALAP levels inde-
pendently of lead, but ALAD genotype did not clearly
modify the associations between the lead biomarkers
and the hematopoietic outcomes. The VDR B allele may
have been associated with higher hematocrit levels, but
it did not clearly modify the associations between the
lead biomarkers and the hematopoietic outcomes.
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