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Abstract

Exposure to lead (Pb) is linked to a host of adverse health effects. Recent revelations of
unmonitored exposures to hazardous levels of lead as seen in the Flint Water Crisis have
manifested a need for evaluating biological samples, other than regularly prepared whole blood,
for biomonitoring of lead exposure. Here, we present a method utilizing clotted erythrocyte
fraction samples, which are commonly archived along with serum (or plasma) in biorepositories,
to predict whole blood lead levels to allow for retrospective assessments of environmental
exposure to lead. Whole blood and clotted erythrocyte fraction samples were collected from 91
participants in the Airborne Exposure to Semivolatile Organic Pollutants (AESOP) cohort study of
mother-child dyads. Clotted erythrocyte fraction samples were prepared either using microwave
assisted acid digestion or alkaline dilution and subsequently analyzed for lead using Inductively-
couple plasma-mass spectrometry (ICP-MS). Simultaneously withdrawn whole blood samples
were also analyzed. A strong linear relationship was observed between lead in whole blood and
clotted erythrocyte fraction with Pearson correlation coefficients (/) of 0.90, and 0.89 (p<0.001)
for acid digestion and alkaline dilution, respectively. Slopes and intercepts from simple linear
regression models of the two clotted erythrocyte fraction methods were not found to be
significantly different (©>0.05) when compared to the standard blood lead assay method. Modeled
blood lead predicted from clotted erythrocyte fraction was evaluated at a test threshold of 3 pg/dL
was found to have diagnostic sensitivity of 88% and specificity of 100%. Results from this study
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demonstrate clotted erythrocyte fraction samples are a viable alternative biological sample for
retrospective public health surveillance of environmental exposure to lead.
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1. Introduction

Lead (Pb) is a ubiquitous heavy metal that has been widely used since the ancient Romans.
In modern time, it’s unique physical and chemical properties have made it a commonly used
heavy metal which was extensively mined, smelted, and found in food, water, medicines,
cosmetics, paint, used for bullets, and also as fuel additive to reduce engine knocking. These
uses combined with long persistence have increased environmental and occupational
exposure and biological uptake of this nonessential metal. Exposure to lead is well
documented to be linked to a wide range of adverse neurological®, renal?, hematological3,
endocrine?, gastrointestinal®, reproductive®’, and developmental®? effects with children
being a sensitive population at an elevated risk°.

Efforts to curtail lead exposure were made in the U.S. during the 1970s and 80s with the ban
of lead in paint, gasoline, and can solder. This led to a nationwide reduction, but not
elimination, of toxic blood lead levels1:1213, This is important to note since there is no
known safe level of Pb exposure. Lead levels as low as 5 ug/dL, the current Center for
Disease Control and Prevention (CDC) reference value, were once thought to be “safe” but
have been shown to be associated with decreased intelligence and learning and behavioral
difficulties in children1415, Thus, it is imperative from a public health perspective to expand
programs for the surveillance of environmental exposure to lead.
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The most common method utilized for biomonitoring lead exposure in both research and
clinical settings is by measuring the concentration of lead in a whole blood sample. Studies
have reported that up to 98% of the lead in a whole blood sample can be found in the
erythrocyte fraction due to the high binding affinity of lead for hemoglobin6:17 while only a
small fraction is present in serum. For retrospective assessment of lead exposure, the
question arises whether the lead analysis in erythrocyte fraction or in inadequately prepared
or stored blood samples may correspond adequately with the levels of regular whole blood
analysis.

This knowledge gap is important to address due to recent revelations of unmonitored
exposures to hazardous levels of lead globally as best exemplified in the Flint Water Crisis18,
and more recently in Paris at Notre Damel®. These unfortunate calamities not only highlight
that lead exposure remains a public health issue, but also demonstrates a need for expanded
lead surveillance including from sample biorepositories to retrospectively assess
environmental exposure to lead using archived clotted erythrocyte fraction samples.
Archived samples may provide valuable longitudinal information regarding lead exposures
in populations, especially if previously unrecognized lead exposure is discovered within a
community. Retrospective analyses could provide insight into public health challenges
communities may face years after exposures, allowing for proactive testing, interventions
and where appropriate, compensation.

Here, we present a simple and robust method for measuring concentration of lead in
archived clotted erythrocyte fraction samples using inductively coupled plasma mass
spectrometry (ICP-MS). Two methods for preparing clotted erythrocyte fraction samples;
acid digestion and alkaline dilution, were evaluated. The sample preparation time and effort
are significantly lower for alkaline dilution compared to acid digestion. In addition, exposure
of laboratory staff to hazardous substances such as concentrated acids, and acid fumes is
reduced. Results from a comparison of whole blood and clotted erythrocyte fraction, as well
as clotted erythrocyte fraction preparation methods is presented.

2. Materials and methods

2.1 Cohort sample collection, preservation, and storage

Samples were collected by bilingual field staff from participants of the Airborne Exposure to
Semi-volatile Organic Pollutants (AESOP) Study which has been tracking mother-child
dyads in East Chicago, IN and Columbus Junction, 1A since 2008 to study exposures to
persistent environmental pollutants. The AESOP Study design involved enrollment of
children from middle schools and their mothers. Multiple children from the same mother
were allowed to be enrolled if they met inclusion criteria2®. Most children were 14 years of
age at enrollment. All protocols were approved by the University of lowa’s Institutional
Review Board (IRB). Written consent and assent along with administered questionnaires
were obtained in English or in Spanish from all participants as previously described20.
Blood samples utilized for this study were collected in participants homes between April
2017 and March 2019. The demographics of AESOP Study participants contributing
biospecimens for this analysis are shown in Table 1.
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Blood samples were collected using venipuncture into evacuated red top tubes with no
preservatives (BD Vacutainer, Model No. 366430), and a tan top tube coated with KoEDTA
(BD Vacutainer, Model No. 367855) for whole blood. The tubes were placed in a cooler at
0°C and transported to our nearby field office. There, red top tubes were allowed to clot at
room temperature for 30 min, then centrifuged at 3000 g for 10 min, followed by aliquoting
of the serum, leaving behind the clotted erythrocyte fraction. Samples were then shipped,
frozen on dry ice, to the Human Toxicology and Exposomics Laboratory (HTEL) at the
University of lowa for storage in our biorepository prior to analysis.

2.2 Reagents and standards

All vials and containers used in this study were acid washed in 10% HCI solution overnight
and left to dry in a Class Il biosafety cabinet equipped with positive pressure. All reagents
were of trace metal grade or better. Concentrated HNO3 and HCI were purchased from
Fisher Scientific. Deionized water (resistance > 18.2 MQ*cm) was dispensed from a water
purification system (Model. GenPure Pro UV-TOC/UF, Thermo Scientific). Alkaline diluent
solution was comprised of 0.4% (v/v) tetramethyl ammonium hydroxide (TMAH, Alfa
Aesar), 1% (v/v) ethanol (Sigma-Aldrich), 0.01%(w/v) ammonium pyrrolidine
dithiocarbamate (APDC, Alfa Aesar), 0.05% (v/v) Triton X-100™ (Sigma-Aldrich).
National Institute of Standards and Technology (NIST) traceable single and multielement
stock solutions were used for preparing internal standards, and calibration standard solutions
were purchased from Inorganic Ventures (Christiansburg, VA).

2.3 Acid digestion

To date, there is little information in the literature on procedures for acid digestion of clotted
erythrocyte fraction samples. Massanyi et al. investigated levels of lead and other trace
metals in whole blood, serum, and blood clots within horses, however lacked crucial details
on the procedure and method validation?!. Thus, we modified EPA Method 3051 as follows.
A tube (~4 mL) of clotted erythrocyte fraction was weighed and transferred to a pre-weighed
Teflon digestion vessel containing 9 mL of concentrated HNO3 and 1 mL of 30% H,O,.
Samples were then acid digested using a Milestone ETHOS UP (Sorisole, Italy) microwave
digestion system with a ramp set to 210°C for 20 min, and a hold at 210 °C for 15 min.
Samples were then diluted with 40 mL of deionized water. The digestion vessel mass was
recorded after digestion to obtain a final solution mass. Samples were then diluted 10-fold in
2% HNO3 containing 10 pg/L of 89itrium, and 2%%bismuth as internal standards. The
concentrations of trace metals in clotted erythrocyte fraction samples were expressed as
volume by converting the final recorded mass using a previously reported?? density of
1.08x103 kg/m3.

2.4 Alkaline dilution

Whole blood and clotted erythrocyte fraction samples were prepared by alkaline dilution
using a method?3 developed by the Division of Laboratory Sciences at the Centers for
Disease Control and Prevention (Method No. DLS-3040.1-01). Briefly, 100 pL aliquot of
either whole blood or clotted erythrocyte fraction was diluted 50-fold in a solution of 0.4%
(v/v) tetramethyl ammonium hydroxide (TMAH), 1% (v/v) ethanol, 0.01% (w/v)
ammonium pyrrolidine dithiocarbamate (APDC), 0.05% (v/v) Triton X-100™, with 5 pg/L
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of 103rhodium, 130tellerium, and 1%3iridium as internal standards. A lab-pooled whole blood
sample was utilized for creating matrix matched calibration standards. The homogeneity of
the variance among aliquots of the lab-pooled sample was assessed using Levene's test (#~
value > 0.05 indicated no statistically significant difference among aliquots).

2.5 ICP-MS Quality Assurance and Quality Control

Samples were analyzed with ICP-MS (Agilent 7900) using helium gas in collision cell mode
to remove isobaric interferences and increase sensitivity. Our laboratory is enrolled in the
Lead and Multielement Proficiency Program (LAMP), a lab standardization program run by
the Centers for Disease Control and Prevention (CDC). Each quarter, our lab blindly
analyzes a provided set of bovine blood samples and reports the results. The CDC then
provides an assessment of the precision of participating laboratories’ measurements of lead,
cadmium, mercury, selenium, and manganese benchmarked against their gold standard
value. Performance data on LAMP analyses is provided in the supplemental materials
(Figure S1).

2.6 Statistical analysis

R-studio equipped with the ggplot2 package was utilized for statistical analyses. The
Shapiro-Wilk (p=0.05) test demonstrated that elemental concentrations were log-normally
distributed. Thus, linear regression modeling was used to assess relationships between
logarithmized levels of whole blood measurements and clotted erythrocyte fraction samples
prepared using either acid digestion or alkaline dilution. Pearson correlation coefficients of
log-transformed data were calculated to assess goodness of fit of the linear model. Bland-
Altman plots served to assess method differences. Diagnostic sensitivity and specificity were
tested as a function of various blood lead level thresholds.

3. Results

3.1 Blood lead levels in AESOP study cohort

In total, whole blood and clotted erythrocyte fraction samples from 91 subjects were
analyzed for this study with a combined sample size of 182. Demographic data of the
AESOP Study participants who provided blood for this study are presented in Table 1.
Whole blood lead concentrations ranged from 0.39 to 7.95 pg/dL with a geometric mean of
1.36 ug/dL. Clotted erythrocyte fraction samples prepared using acid digestion were found
to have lead concentrations ranging from 0.43 to 7.64 pg/dL with a geometric mean of 1.25
pg/dL. Concentrations of lead in clotted erythrocyte fraction samples prepared using alkaline
dilution ranged from 0.40 to 7.14 ug/dL with a geometric mean of 1.16 ug/dL. A breakdown
of whole blood lead levels among AESOP study participants in East Chicago is presented in
Table 2.

3.2 Measured lead in whole blood and clotted erythrocyte fraction

A scatterplot displaying the relationship between the concentration of lead measured in
whole blood against clotted erythrocyte fraction is displayed in Figure 1a. In addition, the
linear regression of whole blood and clotted erythrocyte fraction prepared using either acid
digestion (red line) or alkaline dilution (blue line) is displayed in Figure 1a. A strong linear
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relationship between lead in whole blood and clotted erythrocyte fraction for both
preparation methods was found. The results of the linear regression of log transformed
values for the two methods were similar, with slopes of 0.764 and 0.794, and y intercepts of
0.096 and 0.054 for alkaline dilution and acid digestion, respectively.

3.3 Modeled whole blood lead levels

The results from the log-linear regression model was used to predict values of whole blood
using clotted erythrocyte fraction values as shown in Figure 1b for lead using Equation 1.
Pearson correlation coefficients of measured whole blood lead against clotted erythrocyte
fraction predicted whole blood lead were 0.90 and 0.88 for acid digestion and alkaline
dilution, respectively.

logjolWhole blood] = B;(/og;o[Clotted erythrocyte fraction]) + By Equation 1:

3.4 Bland-Altman Analysis

In addition to evaluating the correlations between the methods, we also evaluated the
differences by modifying the Bland-Altman approach for assessing agreement between two
clinical methods?4 (Figure S2). Rather than plotting the individual points which can make it
difficult to visualize trends in the data, we plotted the distribution of the method difference
between measured and modelled blood lead as a probability density function (Figure 2). The
mean method difference between whole blood and clotted erythrocyte fraction is 0.06 + 0.83
and 0.04 + 0.70 pg/dL for acid digestion and alkaline dilution, respectively. Dashed lines
represent errors calculated as 1,96* 0. Fewer than 5% of samples method differences (n=8)
were outside of the + 1,96* o range. The method differences were observed to be normally
distributed.

3.5 Sensitivity and specificity

Since blood lead levels are used as a biomarker of exposure and also for classifying subjects
with elevated levels compared to the CDC reference blood lead level, the diagnostic
sensitivity and specificity of the method was tested and results are shown in Table 3. The
whole blood lead measurement was selected as the gold standard for comparison. At a test
threshold blood lead level of 3 pug/dL the acid digestion method had 88% diagnostic
sensitivity and 100% diagnostic specificity. For the alkaline dilution method, the diagnostic
sensitivity was 89% and the diagnostic specificity was 97%.

4. Discussion

This work provides a method that enables researchers to use archived clotted erythrocyte
fraction samples to retrospectively analyze blood lead levels in previously studied
populations. The recent environmental calamities seen in Flint, Michigan and Paris have
highlighted the fact that lead exposure remains a major public health issue. The method
validation presented here allows for retrospective epidemiological studies to be undertaken
in varying populations, especially where a prior lead exposure is discovered within a
community.
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This is the case in East Chicago, IN where in 2016 it was discovered that a public housing
development and an elementary school were built on the site of a former lead smelting
operation (USS Lead Superfund Site). A subset of archived clotted erythrocyte fraction
samples (n=15) from 2011 to 2012 of AESOP study participants in East Chicago was used
to apply the method presented here to model whole blood lead levels. A comparison of these
15 subjects modeled whole blood lead levels between 2011 to 2012 and 2017 to 2019,
presented in Figure 3, revealed a significantly (paired t-test, p<0.05) elevated level prior to
the establishment of the USS Lead EPA Superfund Cleanup Site.

However, it is difficult with the limited sample size to fully attribute this decrease to
remediation efforts. It is interesting to see a trend of decreasing blood lead levels in East
Chicago although several reports!112 have suggested that blood lead levels have plateaued in
the U.S. population even before 2011. These reports have also indicated that communities
comprised of majority Black and Hispanic populations, low income, and low educational
attainment, such those of East Chicago, had disproportionately higher blood lead levels than
those on the national scale suggesting these minority communities had yet to reach a plateau.

In addition to acid digestion, alkaline dilution of clotted erythrocyte fraction was evaluated.
The sample preparation time and effort are significantly lower for alkaline dilution compared
to acid digestion. In addition, exposure of lab staff to hazardous substances such as
concentrated acids, and acid fumes is reduced. Taking these factors into consideration
suggests that alkaline dilution is the more favorable method for analysis of clotted
erythrocyte fraction.

Results from the comparison of these two methods for lead showed comparable degrees of
correlation with a highly significant (p<0.001) correlation coefficient (/) of 90 and 0.88 for
acid digestion and alkaline dilution, respectively. The slope and intercept of the linear
regression model comparing clotted erythrocyte fraction preparation methods to whole blood
did not differ significantly (©>0.05).

Blood lead levels are used in clinical settings for identifying children who may be
overexposed. Sensitivity and specificity were evaluated at a test threshold value of 3 pg/dL.
This value was been identified as the intended update to the CDC blood lead reference
value?>. In addition, this threshold value is similar to the detection limit of Leadcare Il
(Meridian Bioscience, Cincinnati OH), the most commonly used test kit for blood lead.
Diagnostic sensitivity and specificity were 89% and 97%, respectively, for the alkaline
dilution method, comparing favorably to NHANES values26.

Since this method measures total lead and is not aimed at measuring speciation or chemical
structures of lead, close attention and tight rigor do not have to be applied to the length of
time the samples have been stored. Acid digestion occurs at pH close to 0 which ensures
complete solubilization of lead in the sample. Suggesting comparable solubilization of lead
between the two clotted erythrocyte fraction sample preparation methods.

There are several limitations to this study which suggest further improvement. We did not
measure hematocrit which is often used as an indicator to assess the fraction of a whole
blood sample that is comprised of serum and erythrocyte fraction. This is an important factor
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as studies?’ have reported relative variation of up to 15% resulting from seasonal variability
and hydration. Furthermore, it is well known that sex differences exist for hematocrit which
can also influence the extrapolation to whole blood?8. This can be especially important to
consider for studies focusing on pregnant women where hemodilution can occur?®. However,
we cannot comment on the effect of hemodilution on clotted erythrocyte fraction samples as
pregnant women were not included in this study. Lastly, the partitioning of lead between
serum and erythrocyte fraction is not always constant particularly after very recent high
concentration exposures3Y. Although these acute exposures are not as common, they can
lead to underestimations of lead exposure. These variabilities in proportion and partitioning
of lead in clotted erythrocyte fraction may help explain the scatter observed between whole
blood and clotted erythrocyte fraction measurements.

5. Conclusion

To our knowledge, this is the first study to demonstrate clotted erythrocyte fraction
measurement of lead as predictors of exposure comparable to whole blood. The results from
this study highlight that clotted erythrocyte fraction samples can be utilized to predict lead
exposure in a similar manner to whole blood. We attribute this to the high affinity of lead
towards iron, primarily in the form of hemoglobin. Thus, in studies of lead exposure
surveillance, clotted erythrocyte fraction lead should be considered as a viable complement
to whole blood for retrospective analysis. Efforts are underway for applying this method in
order to retrospectively assess unmonitored environmental exposure to lead in East Chicago.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Whole blood lead levels were predicted using clotted erythrocyte fraction
. Two sample-preparation methods, acid digestion and alkaline dilution, were
evaluated
. Lead was strongly correlated between whole blood and clotted erythrocyte
fraction
. Clotted erythrocyte fraction is a viable alternative for retrospective

surveillance of lead exposure
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Figure 1.

[o Alkaline dilution 2 Acid digestion |

a) Plot of concentrations of Pb measured in clotted erythrocyte fraction against whole blood
overlaid with the linear regression line colored to corresponding clotted erythrocyte fraction
preparation method. b) Plot of concentrations measured in whole blood against modeled
whole blood predicted from clotted erythrocyte fraction prepared either using acid digestion
or alkaline dilution. Dashed line represents a 1 to 1 relationship.
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Figure 2.

Modified visual representation of the Bland-Altman analysis showing the distribution of the
differences between the measured and modeled whole blood lead predicted using clotted
erythrocyte fraction prepared using either acid digestion or alkaline dilution. The solid
horizontal lines represent the standard deviation multiplied by 1.96, and dashed lines
represent the mean method difference. Dashed black line represents a measured modeled
difference of 0. The colors of the lines correspond to the clotted erythrocyte fraction sample
predation method.
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Figure 3.
Application of clotted erythrocyte fraction for retrospective assessment of lead exposure in

East Chicago. A subset of clotted erythrocyte fraction samples of 15 subjects from two time
points, before and after the establishment of USS Lead Superfund Site in 2016, was used to
model whole blood lead levels. A significant decrease in modeled whole blood lead overtime
was observed (paired sample t-test, p<0.05). Solid red line represents CDC reference blood
lead level of 5 pg/dL.
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Demographics of the AESOP Study participants in East Chicago who provided blood for this study.

Table 1.

Adult Women (Mothers)

2017-2018 2018-2019
Characteristics % n % n
Total - 25 - 20
Demographic
Mean Age, Years | 30-39 20 5 15 3
40-49 48 12 50 10
50-59 32 8 35 7
Race/Ethnicity Hispanic 72 18 75 15
Black 16 4 15 3
Non-Hispanic White 8 2 10 2
Education Level 8th Grade or Less 36 9 40 8
Some High School 8 2 10 2
High School Diploma/GED | 36 9 30 6
Some College, No Degree 16 4 15 3
Two-Year Degree (AA/AS) 4 1 5 1
Average Yearly Less than $19,999 44 11 50 10
Income Greater Than $19,999 56 14 50 10
Children
2017-2018 2018-2019
Characteristics (male/female) % n % n
Total - | 26 (au15) | - | 20(6n4)
Demographic
Mean Age, Years | Under 18 31 8 (8/0) 25 5 (5/0)
18-20 12 3@ |10]| 202
21+ 57 | 15(1/14) | 65 | 13 (12/1)
Race/Ethnicity Hispanic 73 | 19(8/11) | 75 | 15(4/11)
Black 19 s5@3) |15]| 3@
Non-Hispanic White 8 2 (11) 10 2 (11)
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Breakdown of concentrations of lead in whole blood of AESOP Study participants in East Chicago.

Table 2.

Adult Women (Mothers) 2017-2018 2018-2019
Mean+1SD 1.88+1.30 2.34+£1.59
Median 1.39 177
GM 157 2.04
IQR 1.31 1.06

Children (male/female) 2017-2018 2018-2019

Mean+1SD  1.08 £0.62 (1.06 £ 0.70/1.10 + 0.57)

Median 0.92 (0.79/0.93)
GM 0.96 (0.91 / 1.00)
IQR 0.57 (0.51/0.57)

1.38 % 0.60 (1.60 + 0.93 / 1.28 + 0.40)
1.27 (1.30/ 1.20)
1.29 (1.44/1.23)
0.52 (0.37/0.47)
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Table 3.

Diagnostic sensitivity (D-SN) and specificity (D-SP) of blood lead at a cut point of 3 ug/dL as modeled using
clotted erythrocyte fraction with whole blood lead measurements designated as the gold standard for

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

comparison.

Measured
Modeled Test Result | =23 pg/dL | <3 pg/dL | D-SN | D-SP
Acid digestion >3 pg/dL 7 0 88% | 100%
<3 pg/dL 1 76
Alkaline dilution >3 pg/dL 4 2 89% 97%
<3 pg/dL 2 74
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