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Abstract

Exposure to arsenic (As) and manganese (Mn) from contaminated food, drinking water and dust 

are linked to a host of adverse health effects. The recent discovery of unmonitored community 

exposures to hazardous levels of metals, as seen in the Flint Water Crisis and East Chicago, have 

demonstrated a need for novel biomonitoring methods utilizing samples other than whole blood. 

Here, we present a method utilizing clotted erythrocyte fraction samples, a blood component 

commonly archived in biorepositories, to predict whole blood levels of As and Mn. This method 

would allow for innovative retrospective assessments of environmental exposures in previously 

unused samples. Whole blood and clotted erythrocyte fraction samples were simultaneously 

collected from 84 participants in the Airborne Exposure to Semivolatile Organic Pollutants 

(AESOP) cohort study of mother-child dyads in East Chicago. Clotted erythrocyte fraction 

samples were prepared by alkaline dilution and subsequently analyzed using inductively coupled 

plasma-mass spectrometry. A strong linear relationship was observed between whole blood and 

clotted erythrocyte fraction with Pearson correlation coefficients (r, p<0.001) of 0.74, and 0.82 

for As and Mn, respectively. Modeled whole blood Mn levels predicted from clotted erythrocyte 

fractions evaluated at a test threshold representing the NHANES median of 9.7 μg/L, were found 

to have diagnostic sensitivity of 88% and specificity of 71%. Clotted erythrocyte partitioning of As 

was tested on a wide range of oral gavage doses using a rat model. Results from this investigation 

demonstrate clotted erythrocyte fraction samples are a viable alternative biological sample for 

retrospective public health surveillance of environmental exposure to As and Mn.
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1. Introduction

Inorganic arsenic (As) exposure is associated with adverse respiratory, cardiovascular, 

neurological, and developmental effects1–3. Arsenic holds the top ranking on the current 

U.S. Agency for Toxic Substance and Disease Registry (ATSDR) substance priority list 

as well as being classified as a Group I carcinogen by the International Agency for 

Research on Cancer (IARC) and is associated with cancers of the skin, bladder and lungs 

and with compromised immunity against viral pathogens. There are a multitude of As 

exposure sources. The World Health Organization (WHO) estimates that 200 million people 

worldwide are exposed to As through drinking water at levels greater than the current 10 

μg/L health-based standard4. Dietary exposures can occur via As-contaminated rice, fruits, 

and beverages5. This is a growing public health concern as there is a lack of regulatory 

oversight of As in food and in some cases dietary exposures can exceed drinking water 

exposures6, 7. Inhalation exposure to inorganic As from mining, smelting, and coal burning 

has also been epidemiologically linked to respiratory cancer8, 9.

Manganese (Mn) is a ubiquitous metal which is essential for the development and 

functioning of the central nervous system (CNS). The neurotoxicity of inhaled Mn has 

been well documented in occupational settings such as welding10, mining11, smelting12 and 

as a substitute for lead (Pb) in gasoline13. Acute exposure to high levels of Mn leads to 

Manganism, a Parkinson-like disorder first identified in 1837 14. Although Mn homeostasis 

is tightly regulated, adults, children, and infants in particular are vulnerable populations as 

mechanistic studies have shown that Mn can accumulate in the mitochondrion of neurons, 

astrocytes, oligodendrocytes disrupting ATP synthesis which can lead to irreversible 

effects15. Furthermore, several epidemiology studies have documented an association 

between low-level Mn exposure from drinking water and adverse impacts on children’s 
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intellectual functions16. Drinking water is an important exposure pathway17 for both As and 

Mn, ultimately leading to co-exposures and increased risks of adverse health outcomes18, 19.

There are several biological samples used for monitoring environmental exposures to As and 

Mn. Whole blood20, 21, urine22, and toenail23 samples are the conventional samples utilized 

for As exposure assessment. Although use of urine samples is popular due to their less 

invasive collection process, they represent a smaller portion of total As body burden and can 

vary greatly with time and hydration status24. Whole blood As represents a more accurate 

and time-integrated measure of exposure. On the other hand, there is a lack of consensus on 

the best biomarker for Mn. While magnetic resonance imaging (MRI) is regarded as the gold 

standard for Mn exposure monitoring, its associated cost, accessibility, and complexity make 

it difficult to apply in large-scale population studies25. Consequently, whole blood and urine 

are the biological samples commonly utilized for public health surveillance of Mn. Similarly 

to As, urinary Mn levels represent a small fraction of the total body burden and some studies 

have found Mn levels in urine can fall below the analytical limit of detection (LOD)26. 

Several investigations into Mn in plasma/serum have revealed that despite being able to 

distinguish between exposed and unexposed groups, the relationship between plasma/serum 

concentrations and external exposure levels was weak27, 28.

Clotted erythrocyte fraction samples represent a significant compartment for metal uptake. 

As and Mn, like other metals, have similar physico-chemical properties to iron (Fe) and 

can compete with transmembrane transport processes of erythrocytes29, 30. Recently, clotted 

erythrocyte fraction samples have been getting more attention for application in large scale 

population studies for assessing Pb exposure31, inflammation32, oxidative stress33, and 

cancer34. However, information on using clotted erythrocyte fraction samples as a biomarker 

of environmental exposures, similarly to whole blood, is limited.

Here, we address this knowledge gap by presenting a simple and robust method for 

measuring concentrations of As and Mn in archived clotted erythrocyte fraction samples 

using inductively coupled plasma mass spectrometry (ICP-MS). Blood samples were 

collected from a cohort of mother-child dyads residing in East Chicago, Ind. under the 

Airborne Exposure to Semivolatile Organic Pollutants (AESOP) Study. Previous work by 

our group has documented significantly elevated Pb exposures in this community using 

both whole blood and archived clotted erythrocyte fraction samples31. East Chicago is an 

industrial hub with a history of numerous legacy and active sources of metals exposure. For 

instance, it was the site of lead-arsenate pesticide synthesis and storage, and contains the 

largest active steel production facility in North America. Samples were prepared using the 

National Health and Nutrition Examination Survey (NHANES)-approved alkaline dilution 

method35. Results from a comparison of whole blood and clotted erythrocyte fraction 

sample, as well as statistical and animal study-based validations are presented.

2. Materials and methods

2.1 Cohort sample collection, preservation, and storage

Samples were collected from participants of the AESOP Study which has been tracking 

mother-child dyads in East Chicago, Ind. and Columbus Junction, Iowa since 2008 to 

Haque et al. Page 3

Sci Total Environ. Author manuscript; available in PMC 2022 November 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



study exposures to persistent environmental pollutants. Mothers and children received 

detailed information about the study and gave written informed consent and assent 

before study entry. The study protocol was approved by the institutional review board 

(IRB) of the University of Iowa. 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. 

Blood samples were collected using venipuncture into evacuated red top tubes with no 

preservatives (BD Vacutainer, Model No. 366430), and a tan top tubes coated with K2EDTA 

(BD Vacutainer, Model No. 367855) for whole blood. The tubes were placed on ice in a 

cooler 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 transported 

frozen on dry ice to the Human Toxicology and Exposomics Laboratory (HTEL) at the 

University of Iowa for storage in our biorepository at −86°C prior to analysis.

2.2 Animals and Exposure

All animal protocols were approved by University of Iowa’s Institutional Animal Care and 

Use Committee (Protocol # 0071097). Animals were housed in a temperature and humidity-

controlled room (21°C, 55% relative humidity) with a 12 h light/dark cycle and provided 

with food and water ad libitum. Adult female Sprague–Dawley rats, 10 weeks old (Envigo, 

Inc., Indianapolis, IN) were selected as our animal model. Four rats weighing 344 ± 25 g 

were exposed to sodium arsenite via oral gavage (1.5 mL) with each animal administered 

one dose (0.01, 0.1, 1.0, or 10.0 mg/kg). Retro-orbital blood samples were collected from 

each rat prior to As exposure to assess baseline levels. Sodium arsenite solutions used for 

oral gavage were prepared using drinking water collected from the vivarium. All animals 

were euthanized using isoflurane 24 h after exposure. Whole blood was collected by cardiac 

puncture using K2EDTA coated tubes and tubes without preservative and processed as 

described above to yield clotted erythrocyte and serum fractions.

2.3 Reagents and standards

All vials and containers used in this study were acid washed in 10% HCl solution 

overnight, rinsed with deionized water and left to dry in a Class II biosafety cabinet. All 

reagents were of trace metal grade or better. Concentrated HNO3 and HCl were purchased 

from Fisher Scientific. Deionized water (resistivity ≥ 18.2 MΩ*cm) was dispensed from 

our water purification system (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). Reagent 

grade sodium arsenite (purity ≥90%) was purchased from Sigma Aldrich (St. Louis, MO). 

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).
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2.4 Alkaline dilution

Whole blood and clotted erythrocyte fraction samples were prepared by alkaline dilution 

using a method17 developed by the Division of Laboratory Sciences at the Centers for 

Disease Control and Prevention (Method No. DLS- 3040.1–01). Briefly, 100 μL aliquot 

of either whole blood or clotted erythrocyte fraction was diluted 50-fold in a solution of 

0.4% (v/v) TMAH, 1% (v/v) ethanol, 0.01% (w/v) APDC, 0.05% (v/v) Triton X-100™, 

with 5 μg/L of 103rhodium, 130tellerium, and 193iridium as internal standards. A pooled 

whole blood sample was utilized for creating matrix matched calibration standards. The 

homogeneity of the variance among aliquots of the pooled sample was assessed using 

Levene’s test (P-value > 0.05 indicated no statistically significant difference among 

aliquots). Note that the units represent different sample volumes. Meaning, respective 

samples are represented as μg of As/Mn in 1 liter of whole blood or μg of As/Mn in 1 

liter of clotted erythrocyte fraction. As such, concentrations in clotted erythrocyte fraction 

samples are higher than whole blood.

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 such as 40Ar35Cl for As, 37Cl18O for Mn which in a 

single quadrupole mass spectrometer can lead to overestimation and affect 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)36. 

Each quarter, we blindly analyze a provided set of bovine blood samples and report 

results. The CDC then provides an assessment of the precision of participating laboratories’ 

measurements of Pb, cadmium, mercury, selenium, and Mn benchmarked against their 

standard value. Blood samples certified for As, under the Quebec Multielement External 

Quality Assessment Scheme (QMEQAS) were purchased from the Centre de Toxicologie 

du Québec (Quebec, Canada). QMEQAS samples were included in every sample batch run. 

Percent recoveries ranged from 85 to 90% and 94 to 129% for As and Mn, respectively. 

Limit of detection (LOD) calculated as 10 times the standard deviation of blanks was found 

to be 0.02 and 0.04 μg/L for As and Mn, respectively. Performance data on LAMP analyses 

and QMEQAS are provided in the supplementary materials (Table S1).

2.6 Statistical analysis

R-studio equipped with the ggplot2, “nhanesa” packages was utilized for statistical analyses. 

The Shapiro-Wilk (p≥0.05) test demonstrated that log-transformed elemental concentrations 

did not differ from a normal distribution. Linear regression modeling was used to assess 

relationships between whole blood measurements and clotted erythrocyte fraction samples. 

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 level 

thresholds and using Receiver Operating Characteristics (ROC) analysis37. Raincloud plots 

were used as a data visualization technique for dataset comparisons38.
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3. Results

3.1 Exposomic characteristics of AESOP Study cohort

In total, whole blood and clotted erythrocyte fraction samples from 84 subjects consisting of 

mother-child dyads were analyzed for this study with a combined sample size of 168. The 

children were enrolled in middle school and followed to adulthood. Demographic data of 

the AESOP Study participants who provided blood for this study are presented in Table 1. 

Whole blood As and Mn concentrations ranged from 0.17 to 1.73 μg/L and 5.34 to 26.19 

μg/L, respectively. Clotted erythrocyte fraction concentrations of As and Mn ranged from 

0.17 to 2.10 μg/L and 9.27 to 41.73 μg/L, respectively. A breakdown of whole blood As and 

Mn levels among AESOP Study participants stratified by mother, male and female children 

in East Chicago is presented in Table 2. A sex difference was observed in our cohort, in 

which female participants, both mother and child, were found to have significantly higher 

whole blood and clotted erythrocyte fraction Mn levels than males participants (p<0.05).

3.3 Measured and modeled As and Mn in clotted erythrocyte fraction and whole blood in 
the AESOP Study

A scatterplot displaying the relationship between the concentration measured in whole blood 

against clotted erythrocyte fraction is displayed in Figure 1a for As and Figure 1b for Mn. 

The linear regression of whole blood and clotted erythrocyte fraction is displayed as a solid 

line. A strong linear relationship between whole blood and clotted erythrocyte fraction is 

observed for both As and Mn and confirmed with statistically significant slopes (β1) and 

correlation coefficients. The models were adjusted for age and gender but were not found 

to be confounding. Results from these adjustments are included in supplementary materials 

(Figure S1–S2).

Values for β0 and β1 are shown in Figure 1a and 1c. The results from the linear regression 

model were used to predict values of whole blood using clotted erythrocyte fraction values 

as shown in Figure 1b for As and Figures 1d for Mn using Equation 1. Pearson correlation 

coefficients of measured whole blood against clotted erythrocyte fraction predicted whole 

blood levels were 0.74 and 0.82 for As and Mn, respectively.

log10[Whole blood] = β1 log10[Clotted erythrocyte fraction] + β0 Equation 1:

3.2 Clotted erythrocyte fraction partitioning of As in an animal model

Although a strong linear relationship between whole blood and clotted erythrocyte fraction 

for As was observed, the range of concentrations observed in our cohort was not particularly 

high. This is most likely a reflection of limited environmental exposures to As in our 

AESOP Study cohort in East Chicago. Whole blood measures of As were much higher in a 

prospective cohort study in Bangladesh21, where subjects were exposed to As-contaminated 

groundwater and had whole blood levels of As up to 100 μg/L. To confirm that As partitions 

to clotted erythrocyte fraction we conducted a small study in Sprague-Dawley rats. Each rat 

was exposed to a single dose of sodium arsenite via oral gavage (0.01, 0.1,1.0 or 10.0 mg/kg 

body weight). The first two doses were selected to represent exposures typical of those 
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through diet and drinking water, respectively39. Whole blood As levels ranged from 15 to 95 

mg/L, while corresponding clotted erythrocyte fraction levels ranged from 17 to 123 mg/L 

and were found to be strongly correlated (r=0.96), Figure 2. As concentrations measured in 

serum were much lower (28 to 246 μg/L) and were not correlated to whole blood As dose 

(r=0.60), Figure S3.

3.5 Bland-Altman Analysis of Cohort Sample Data

In addition to evaluating the correlations between blood sample types, we also evaluated the 

differences by modifying the Bland-Altman (Figure S4) approach for assessing agreement 

between two clinical methods18. Rather than plotting the individual points which can make 

it difficult to visualize overall trends in the data, we plotted the distribution of the method 

difference between measured and modeled blood levels as a probability density function 

(Figure 3). The mean method difference between whole blood and clotted erythrocyte 

fraction is 0.03 ± 0.39 and 0.21 ± 5.14 μg/L for As and Mn, respectively. Dashed lines 

delineate errors calculated as 1.96*σ. The method differences were observed to be normally 

distributed.

3.6 Diagnostic Sensitivity and Specificity

Whole blood biomarkers of exposure are utilized for identifying subjects with elevated 

levels in clinical settings. For instance, blood Pb levels are compared to screening levels 

from the CDC at a reference value of 5 μg/dL40 to identify children who may be receiving 

unsafe exposures. However, such consensus reference values do not exist for As and Mn. 

As such, we evaluated the robustness of our method using multiple cutoff values, namely, 

quartiles of measured whole blood concentrations for the full range dataset for As and Mn. 

A powerful technique for assessing the diagnostic sensitivity and specificity of clinical tests 

and models is the receiver operating characteristic (ROC) plot41, 42.

Whole blood concentrations at quartiles 1, 2, and 3 were designated as the cutoff values 

for testing diagnostic sensitivity and specificity of the clotted erythrocyte fraction method 

with measured whole blood levels as designated as the “gold standard” comparison. Quartile 

based cutoff values tested for As were 0.29, 0.40, 0.54 μg/L, and for Mn were 9.2, 11.2, 

14.6 μg/L. The area under the curve (AUC) from the ROC plot is used to gauge the overall 

performance of the model. An AUC value of 1 represents perfect classification. Thus, the 

closer the AUC value is to 1 the better. The AUC for As at quartile 1, 2, and 3 cutoffs 

were 0.84, 0.86, and 0.90, respectively (Figure 4). For Mn, the AUC at quartile 1, 2, and 

3 cutoffs were 0.91, 0.91, and 0.96, respectively. These AUC values suggest that whole 

blood levels predicted from clotted erythrocyte fraction from our linear regression model can 

sufficiently discriminate between potential clinical and public health-based cutoffs for both 

As and Mn. Further details from the ROC analysis results can be found in supplementary 

materials (Table S2)

The National Health and Nutrition Examination Survey (NHANES) collects data on 

numerous biomarkers within the US population. Under this initiative, whole blood Mn 

has also been measured. We evaluated the most current version of this dataset available 

from 2017 to 2018 to determine descriptive statistics of whole blood Mn levels in the 
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US population (n=7,513). The levels ranged from 1.6 to 52 μg/L with a median and 

geometric mean (GM) of 9.7 μg/L, and arithmetic mean of 10.3 μg/L. Similar levels were 

observed after extracting the entire NHANES dataset to reflect demographic characteristics 

of our AESOP Study cohort (Figure 5 and 6). We tested the diagnostic sensitivity and 

specificity of our model to predict whole blood Mn from clotted erythrocyte fraction to 

test its performance at classifying subjects as being above or below the national median 

level. We determined our model performance was satisfactory with scores of 88% diagnostic 

sensitivity and 71% diagnostic specificity (Table 3).

4. Discussion

The results presented in this paper provide a validated method, which allows one to use 

archived clotted erythrocyte fraction samples for retrospective and prospective assessment 

of As and Mn exposures in a similar manner to whole blood. A clear need for this type of 

assessment is evidenced by the recent environmental calamities of unmonitored exposures as 

seen recently in Paris, Flint, and East Chicago. These incidents highlight that environmental 

exposures to metals remain a major public health issue and having additional sample types 

for assessing exposures is appealing. This is the case in East Chicago 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)43. Previous work by 

our group has documented significantly elevated blood Pb levels using whole blood, and 

also identified previously unmonitored elevated Pb exposures in this cohort by retrospective 

assessments using archived clotted erythrocyte fraction samples31.

In addition to Pb, there are concerns in this largely disenfranchised community about 

exposures to other toxic metals such as As and Mn, both of which have a history of 

legacy and active sources in this urban area. For example, East Chicago was the site of a 

lead-arsenate pesticide synthesis and storage facility and the site of the largest active steel 

production facility in North America. Numerous studies have shown a strong association 

between ferroalloy production and elevated environmental exposures to Mn44, 45. Our group 

has documented extensive soil Pb contamination in this community and have determined 

a common chemical species in soils and dust is Pb bound to Mn oxide minerals46. 

Thus, assessing exposures to As and Mn, in addition to Pb, has significant public health 

ramifications for this community with special focus on children.

To assess the magnitude of As exposures in the AESOP Study, we compared the levels 

in our cohort to those of other epidemiology studies47–55 (Figure 7a). The studies in this 

comparison have overall cohort estimates that range from 0.69 to 10 μg/L. The higher 

exposure groups are from cohorts in Bangladesh consisting of subjects who are exposed to 

high levels of As through consumption of contaminated groundwater56. In this comparison, 

our AESOP cohort ranked lowest with levels similar to those observed from recent national 

scale surveys conducted in Canada53, Serbia54, and Mexico City52. Day et al. evaluated 

blood As levels from 120 healthy subjects from the US Midwest geographical region and 

established 2.7 μg/L based on the 95th percentile value as a reference value for identifying 

elevated levels57. All blood As levels for our AESOP Study cohort were below this reference 
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value with our maximum being 1.7 μg/L. These findings suggest that residents of East 

Chicago are likely not overexposed to environmental As.

Similar comparisons were conducted for whole blood Mn using NHANES data as well as 

literature reviewed values. Raincloud plots displayed in Figure 6 show the distribution of Mn 

levels from NHANES dataset, NHANES adjusted by AESOP, AESOP dataset consisting of 

clotted erythrocyte fraction, measured and modeled whole blood concentrations. One sample 

t-tests were utilized to test for differences between AESOP measures of Mn and NHANES 

geometric mean and median concentration of 9.7 μg/L. In addition to the clotted erythrocyte 

fraction, both the measured and modeled whole blood Mn concentrations describing the 

AESOP cohort were found to be statistically elevated when compared to the NHANES GM 

value. A statistically significant difference was not observed between the entire NHANES 

dataset (n=7,513) and NHANES extracted by AESOP (n=1,261). This suggests that the 

elevated blood Mn levels in our East Chicago cohort are not a result of demographic 

characteristics such as age, and race but rather unique, regional environmental exposures.

In addition to NHANES data, a literature review of pertinent epidemiological studies (Figure 

7b) on Mn exposures was conducted18, 58–65. The studies in this comparison have overall 

cohort estimates of whole blood Mn that range from 6.8 to 22.5 μg/L. The cohort studies 

with higher blood Mn such as those of Chung et al.58 and Henn et al.59 were focused 

on pregnant women while Wasserman et al.18 focused on subjects drinking groundwater 

with elevated levels of As and Mn. Overall estimates of blood Mn levels in our AESOP 

cohort were found to be elevated, falling in the upper half of the studies included in 

this comparison. Furthermore, we investigated the possibility of Mn exposures in this 

community resulting from the active steel production facility by assessing the relationship 

between whole blood Mn levels and distance from the resident’s home to the steel plant 

(Figure S5). A weak correlation was observed between blood Mn and distance from steel 

plant (r = −0.19). It was noted that the neighborhoods of Northside and Southside had a wide 

range of values whereas Indiana Harbor and Roxana were less variable.

Statistically significant (p<0.05) sex differences were observed using both measured and 

modeled whole blood Mn levels (Figure 8), highlighting the application of our clotted 

erythrocyte fraction model to population-based studies. The sex difference in blood Mn 

levels observed in our study have been previously reported66, 67. Studies cited above 

suggest higher blood Mn levels among females reflect sex-specific metabolic differences 

in regulating Mn homeostasis.

Although the gold standard sample for As and Mn is debated, our work highlights the 

feasibility of utilizing clottefd erythrocyte fraction samples for assessing envrionmental 

exposures in a similar fashion to whole blood. Furthermore, the research question being 

pursued would determine the choice of sample to be used. For instance, if a future study 

is interested in evaluating very recent exposures occurring on the scale of days, then urine 

samples may be more suitable. For capturing longer windows of exposure, whole blood and 

thus clotted erythrocyte fraction samples would be a better choice as this reflects exposure 

time periods of around four months, the typical lifespan of erythrocytes68.
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Since this method measures total As and Mn and is not aimed at measuring speciation or 

chemical structures, close attention and tight rigor do not have to be applied to the length of 

time the samples have been stored. Alkaline dilution ensures solubilization of metals in the 

sample.

There are several limitations to this study which suggest opportunities for 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 clotted erythrocyte fraction and 

serum. This is an important refinement as studies24 have reported relative variation of up 

to 15% resulting from seasonal variability and hydration. This variability in proportion of 

clotted erythrocyte fraction may help explain a portion of the scatter observed between 

whole blood and clotted erythrocyte measurements. As can be seen from the raincloud plots 

shown in Figure 6, the distribution of modeled whole blood, Mn is shifted to the right 

compared to the measured whole blood values. We attribute this result of log transformation 

of the data and the subsequent back transformation after applying the linear regression 

model which tends to stretch and squeeze values at the lower and upper ends69. However, 

this overestimation is not a major limitation as it is still protective of public health.

5. Conclusion

To our knowledge, this is the first study to demonstrate clotted erythrocyte measurement 

of As, and Mn as predictors of exposure comparable to whole blood. The results from this 

study highlight that clotted erythrocyte fraction samples can be utilized to predict As, and 

Mn exposure in a similar manner to whole blood. We attribute this to the high affinity of As, 

and Mn towards iron, primarily in the form of hemoglobin. Efforts are underway to apply 

this method to retrospectively assess unmonitored environmental exposure to As and Mn in 

East Chicago.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• As and Mn were strongly correlated between whole blood and clotted 

erythrocyte fraction.

• Whole blood As and Mn levels were predicted using clotted erythrocyte 

fraction.

• Whole blood Mn levels among mother-child dyads in East Chicago were 

elevated compared to NHANES.

• Whole blood As levels among mother-child dyads in East Chicago were 

similar to national levels.

• Clotted erythrocyte fraction is a viable alternative for retrospective 

surveillance of toxic metals exposure.
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Figure 1. 
Plots of concentrations of arsenic (As) (a) and manganese (Mn) (c) measured in clotted 

erythrocyte fraction against whole blood overlaid with the linear regression line. Plots of 

concentrations of As (b) and Mn (d) measured in whole blood against modeled whole blood 

predicted from clotted erythrocyte fraction. Dashed line represents line of identity.
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Figure 2. 
Concentrations of arsenic measured in serum, whole blood, and clotted erythrocyte fraction 

of Sprague Dawley rats at varying doses of sodium arsenite exposure by oral gavage. 

Concentrations of arsenic in serum were found to be orders of magnitude lower (~200 μg/L) 

compared to whole blood and clotted erythrocyte fraction suggesting the overwhelming 

majority of arsenic in whole blood is partitioned to erythrocytes. Error bars represent ±1 SD 

of triplicate analytical measurements.
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Figure 3. 
Modified visual representation of the Bland-Altman analysis showing the distribution of the 

differences between the measured and modeled whole blood levels for As (a), and Mn (b) 

predicted using clotted erythrocyte fraction samples. The solid vertical lines represent the 

95% confidence interval and dashed lines represent the mean method difference. Red line 

represents a value of 0 for the difference between measured and modeled value.
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Figure 4. 
Receiver operating characteristic (ROC) analysis of true positive rate (sensitivity) and false 

positive rate (1-specificity) clotted erythrocyte fraction predicted whole blood levels for a) 

As, and b) Mn. The whole blood measurements were designated as the “gold standard” for 

binary classifications of cutoff values at quartiles (Q) 1, 2, and 3. Area under the curve 

(AUC) is provided as a measure of overall model performance. The identity line is plotted as 

a comparison to represent rates of binary classification occurring by chance.
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Figure 5. 
Schematic diagram displaying breakdown of NHANES whole blood manganese dataset 

adjusted by AESOP Study cohort demographic characteristics including age and race.
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Figure 6. 
Raincloud plots displaying the distribution of blood manganese levels from NHANES 

dataset, as well as the AESOP dataset stratified by clotted erythrocyte fraction, measured 

and modeled whole blood. One sample t-test p-values comparing against the NHANES 

media and geometric mean value of 9.7 μg/L (red dashed line) are displayed.
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Figure 7. 
Modified Forest Plot displaying point estimates of geometric mean (GM), mean, median, 

and their corresponding margins of error as indicated for various studies in the literature for 

a) As and b) Mn. Studies are ranked based on magnitude of point estimate.
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Figure 8. 
Boxplot comparisons of measured and modeled whole blood Mn concentrations classified 

by subject type, Child (Female), Child (Male), and Mothers. Statistically significant sex 

differences were observed with males overall having lower both whole blood and clotted 

erythrocyte fraction Mn concentrations.
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Table 3.

Diagnostic sensitivity (D-SN) and specificity (D-SP) of blood Mn tested at a cutoff value of 9.7 μg/L 

corresponding to the median blood Mn value from the US population based on NHANES data from 2017 

to 2018. Whole blood values modeled using clotted erythrocyte fraction were tested against measured whole 

blood Mn designated as the gold standard for comparison.

Measured
D-SN D-SP

Test result ≥ 9.7 μg/L < 9.7 μg/L

Modeled
≥ 9.7 μg/L 53 7

88% 71%
< 9.7 μg/L 7 17
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