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According to a recent CDC report, blood lead concentra-
tions in 1 000 000 US children are at values associated
with irreversible damage to health (1 ). The effects of
chronic lead poisoning on the developing nervous sys-
tems have been well documented (2 ), with children in
inner city neighborhoods, where older housing stocks
have deteriorating lead paint, most vulnerable (3 ). Accu-
rate screening of children for lead exposure is, therefore,
of paramount importance.

The current biomarker for assessment of lead exposure
is venous blood lead, commonly measured by anodic
stripping voltammetry (ASV) or graphite furnace atomic
absorption spectrometry (GFAA). Although both of these
techniques have been used in our laboratory for 15 years,
with ASV being our instrument of choice for clinical blood
lead analysis, there is surprisingly little published infor-
mation on ASV as a clinical tool for blood lead analysis.

Here we present comparative data on ASV and GFAA
analyses of blood lead in our clinic, with a novel reagent
for calibration of ASV. For ASV, we used the ESA 3010B
Trace Metals Analyzer (Environmental Science Associ-
ates) with a mercury-coated graphite electrode, a Ag/
AgCl reference electrode, and a platinum counter elec-
trode. For GFAA (4 ), we used a Zeeman/5100 PC atomic
absorption spectrophotometer with HGA-600 graphite
furnace and AS-60 autosampler (Perkin-Elmer).

For analysis by ASV, instead of the manufacturer’s
reagent we used a novel reagent developed at our labo-
ratory that is based entirely on chloride salts and HCl.
HCl is suitable for electroplating of metals. Importantly,
hemoglobin, the predominant protein found in erythro-
cytes, is soluble in hydrochloric acid but not in nitric or
perchloric acids. In this reagent, Pb21 ions are found
within the pH range 1.3–1.4, above which there is slow
conversion to PbOCl2, whereas at pH values less than this
range, H2 is driven off and recorded as a Pb signal,
leading to false positives. We included nickel in the
reagent to complex excess EDTA in the anticoagulant, as
it has a higher affinity for EDTA than Pb21 ions have.
Additionally, EDTA was preferred to heparin because, in
our experience, heparinized samples stored in the refrig-
erator tend to form gels and give inconsistent analysis (5 ).

This reagent is prepared by dissolving 52.6 g of KCl in
1500 mL of deionized water. To remove any trace quan-
tities of lead, this solution was passed through a cation-
exchange column. The following chemicals were added in
the filtrate: 76 mg of HgCl2 (Spex Industries), 320 mg of
NiCl2 (Johnson Matthey), 0.2 mL of 2-octanol (Sigma), and
0.4 mL of Triton X-100 (Sigma). The solution was thor-
oughly mixed and diluted to a total volume of 2 L with

deionized water. The pH was adjusted to 1.3–1.4 with 16.7
mL of 6 mol/L HCl [G. Frederick Smith (GFS Chemicals,
Powell, OH)]. The manufacturers’ tubes were used for
sample analysis.

Venous blood samples were collected from children
who were referred to the lead clinic at the Kennedy
Krieger Institute. Collections were in accordance with the
Institute’s protocol on patients and were performed with
stainless steel butterflies, polypropylene tubing, and 3-mL
Vacutainers containing potassium EDTA as anticoagu-
lant. Acceptable tubes were at least three-fourths filled to
avoid interference because of excess EDTA. We combined
100 mL of well-mixed blood with 2.900 mL of reagent and
analyzed samples after a few minutes. Several samples
can be prepared in advance. Analysis was carried out as
recommended by the manufacturer.

Calibration of the ASV was carried out with calibrators
made from bovine blood, which was filtered and homog-
enized by sonification. PbNO3 was added to the approx-
imate concentration required and thoroughly mixed. The
values of these calibrators were then established by com-
parisons with human blood that had been assayed by
thermal ionization mass spectrometry as described previ-
ously (4 ). The calibrators had assigned values of 0.284
mmol/L (59 mg/L), 1.736 mmol/L (360 mg/L), and 3.376
mmol/L (700 mg/L). The quality-control material had
values of 0.385 mmol/L (80 mg/L) and 1.736 mmol/L (360
mg/L). These were analyzed after calibration and at least
after every 10 samples. Our requirement for process
control was a measured value within 0.097 mmol/L (620
mg/L) of the certified value for each high and low quality-
control sample for both instruments.

We first compared the performance of ASV and GFAA
in the Wisconsin State Laboratory of Hygiene Proficiency
Testing Program (CDC). From the fitted regression lines
(summarized in Table 1), both linear models fit the data
and there was no systematic error associated with a plot
of the residuals (data not shown). There was no bias
associated with either method, although the proportional
error, represented by the slope, was slightly greater for
GFAA than for ASV. In both cases, the model accounted
for .96% of the variance (regression coefficient, R2). As
expected, these two methods performed well in the mea-
surement of blood lead from single-blind proficiency
programs over a representative range of blood lead con-
centrations. Results of a previous study (4 ) comparing an
earlier model, the 3010A, with GFAA were as follows:
ASV, y 5 0.984x 1 0.476 (R2 5 0.982); GFAA, y 5 0.977x
1 0.292 (R250.996).

ASV and GFAA are compared in Fig. 1 for the analysis
of human blood samples. The model shows that 98% of

Table 1. Linear regression statistics for the performance of
ASV and GFAA in the Wisconsin State Laboratory/

CDC Blood Lead Proficiency Program for 53 samples.
Slope Intercept R2

ASV 0.999 6 0.0119 20.010 6 0.0168 0.995
GFAA 0.966 6 0.0096 20.002 6 0.0136 0.996
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the variability in ASV is explained by the GFAA measure-
ment. We saw no systematic error associated with a plot
of the residuals (data not shown). The linear model
accounted for the data, and the underlying assumptions
(linearity, stable variance) of the model have not been
violated.

The upper limit of linearity was 3.377 mmol/L (700
mg/L), although we routinely used a linear calibration up
to 1.930 mmol/L (400 mg/L), which encompassed almost
all of our clinical samples. The limit of detection, mea-
sured as 3 SD of seven replicates of the low calibrator, was
0.048 mmol/L (10 mg/L). The within-day and between-
day CVs, estimated by repeated measures (n 5 21), were
11% and 7%, respectively, for a sample measuring 0.284
mmol/L (59 mg/L) and 2% (both within-day and between-
day) for a sample measuring 1.739 mmol/L (360 mg/L).

These data demonstrate that the newer ASV technology
(3010B) is comparable to GFAA for blood lead analysis.
The ASV Model 3010B blood lead analyzer is well suited
in size, cost, and operation for a clinic. The ASV 3010B
showed a marked improvement in stability, ease of oper-
ation and precision over the earlier model (4 ) and, accord-
ing to our results, performs as well as or better than the
5100 GFAA.

This paper’s coauthor, J. Julian Chisolm, Jr., MD, profes-
sor emeritus of pediatrics at Johns Hopkins School of
Medicine and director emeritus of the Lead Poisoning
Prevention Program at Kennedy Krieger Institute, died on
June 20, 2001. He will be fondly remembered as a col-
league, mentor, and friend. This work was funded by the
Lead Poisoning Prevention Program at the Kennedy
Krieger Institute.

We appreciate the invaluable help of Veronica Kesten-
berg, research assistant, for technical assistance and for
helping to prepare this manuscript, as well as the techni-
cal assistance of Chester Bowen.
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Hyperhomocysteinemia is widely regarded as a risk fac-
tor for arterial thrombosis (1, 2), and it is also implicated
as a risk factor for venous thrombosis (3–6). Therefore,
homocysteine (Hcy) often is included in hypercoagulabil-
ity evaluations (7 ). The Abbott IMx Hcy fluorescence
polarization immunoassay instructions recommend
EDTA- or lithium heparin-anticoagulated plasma or se-
rum, whereas other coagulation tests are generally per-
formed on citrate-anticoagulated specimens. To simplify
specimen collection and avoid unnecessary phlebotomy,
we investigated the compatibility of the Abbott IMx Hcy
assay with citrate-anticoagulated plasma. Previous re-
ports have suggested that acidic citrate stabilizes the Hcy
concentration in whole-blood specimens for at least 6 h at
room temperature (8, 9). Therefore, we also studied the
stability of Hcy in whole-blood specimens collected in
sodium citrate.

To evaluate the correlation between citrate and EDTA
Hcy values, 114 sets of paired specimens were concur-
rently obtained from 96 nonfasting individuals (87
healthy volunteer platelet donors and 9 patients under-
going hypercoagulability evaluation) in Becton Dickinson
Vacutainer lavender-top [tripotassium EDTA (K3EDTA)]
and blue-top (3.2% sodium citrate) tubes. For each patient,
the citrate tube was drawn immediately before the EDTA
tube, in accordance with the NCCLS guidelines. The
conditions and timing for specimen collection, processing,
storage, and assay performance were identical for the two
anticoagulants. The specimen pairs were separated from
the cells within 30 min of phlebotomy unless specimen

Fig. 1. Linear regression lines and statistics of the relationship
between ASV and GFAA for blood lead analysis of 53 clinical samples.
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