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Abstract

Elevated red blood cell distribution width (RDW), traditionally an indicator of anemia, has
now been recognized as a risk marker for cardiovascular disease incidence and mortality.
Experimental and acute exposure studies suggest that cadmium and lead individually affect
red blood cell production; however, associations between environmental exposures and
RDW have not been explored. We evaluated relationships of environmental cadmium and
lead exposures to RDW. We used data from 24,607 participants aged >20 years in the
National Health and Nutrition Examination Survey (2003—2016) with information on blood
concentrations of cadmium and lead, RDW and socio-demographic factors. In models
adjusted for age, sex, race/ethnicity, education, poverty income ratio, BMI, alcohol con-
sumption, smoking status and serum cotinine, RDW was increasingly elevated across pro-
gressively higher quartiles of blood cadmium concentration. A doubling of cadmium
concentration was associated with 0.16 higher RDW (95% CI: 0.14, 0.18) and a doubling of
lead concentration with 0.04 higher RDW (95% CI: 0.01, 0.06). Also, higher cadmium and
lead concentrations were associated with increased odds of high RDW (RDW=>14.8%). The
associations were more pronounced in women and those with low-to-normal mean corpus-
cular volume (MCV) and held even after controlling for iron, folate or vitamin B12 deficien-
cies. In analysis including both metals, cadmium remained associated with RDW, whereas
the corresponding association for lead was substantially attenuated. In this general popula-
tion sample, blood cadmium and lead exposures were positively associated with RDW. The
associations may indicate hemolytic or erythropoietic mechanisms by which exposure
increases mortality risk.

Introduction

Evidence suggests that the heavy metals cadmium and lead interfere with a number of func-
tions of the erythropoietic system, the processes that make red blood cells. In addition, both

PLOS ONE | https://doi.org/10.1371/journal.pone.0245173 January 11, 2021

1/15


https://orcid.org/0000-0003-4542-4563
https://doi.org/10.1371/journal.pone.0245173
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245173&domain=pdf&date_stamp=2021-01-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245173&domain=pdf&date_stamp=2021-01-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245173&domain=pdf&date_stamp=2021-01-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245173&domain=pdf&date_stamp=2021-01-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245173&domain=pdf&date_stamp=2021-01-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245173&domain=pdf&date_stamp=2021-01-11
https://doi.org/10.1371/journal.pone.0245173
https://doi.org/10.1371/journal.pone.0245173
http://creativecommons.org/licenses/by/4.0/
https://wwwn.cdc.gov/nchs/nhanes/Default.aspx
https://wwwn.cdc.gov/nchs/nhanes/Default.aspx

PLOS ONE

The association of cadmium and lead exposures with red cell distribution width

and analysis, decision to publish, or preparation of
the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

cadmium and lead are highly bound to intracellular and membrane proteins in the red blood
cell [1, 2], complicating analysis of their effects on erythropoiesis. Both metals are also toxic to
the kidney [3], which is the site of erythropoietin synthesis, the primary hormone that stimu-
lates red blood cell generation in the bone marrow [4]. The proposed mechanisms by which
these metals affect erythropoiesis include disruption of heme synthesis, iron accumulation and
erythropoietin (EPO) production. In experimental and acute exposure studies, cadmium and
lead exposures were associated with reductions in the blood’s oxygen-carrying capacity and
disruption to the process of red blood cell production (erythropoiesis) [5-7]. Mechanistic
studies also demonstrated the ability of cadmium and lead to prevent the absorption of iron
contributing to anemia [8]. Lead poisoning has been related to abnormalities of erythrocyte
shape, porphyrin and normoblasts, as well as basophilic stippling [9, 10]. Cadmium appears to
reduce gastrointestinal absorption of iron, but there are conflicting results for oral cadmium
exposure and anemia. Cadmium accumulates in EPO-producing organs such as the kidney
and has been shown to affect EPO synthesis in a dose-dependent manner [7]. EPO is a key
hormone in the regulation of erythropoiesis. In human chronic cadmium intoxication (e.g.,
Itai-itai disease), EPO is not up-regulated as expected given severe anemia [11].

The red blood cell distribution width (RDW) is routinely provided as part of a complete
blood count (CBC). It is a quantitative measure of the consistency in size of circulating eryth-
rocytes [12] such that higher RDW reflects greater variability in the size (volume) of red blood
cells (RBCs) (the “width” in RDW refers to the width of the distribution curve, not to the cell
size). RDW is an indicator of several dysfunctions, such as increased or decreased red cell
destruction or production or nutrient deficiencies at the extremes. Immature red blood cells,
referred to as reticulocytes, retain a distinct appearance and are larger than mature red blood
cells. Thus, RDW would increase with higher presence of reticulocytes when bone marrow is
actively generating RBC, which can occur as a result of hemolysis [13]. Hemolysis can occur
secondary to oxidative stress because of the sensitivity of RBCs to inflammation [14, 15]. A
“high normal” RDW can serve as an integrative measure of subclinical systemic inflammation
and other systemic dysfunction [16] such as oxidative stress and hemolysis [17]. Higher RDW
has now been associated with cardiovascular morbidity and all-cause mortality in non-patient
(the general) population [18-25], and very recently with mortality with severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) infection [26]. RDW has been proposed in the
prognosis of disease and mortality [27-31].

Given the relation of cadmium and lead exposures to anemia in intoxication and experi-
mental studies, and the connections of these two exposures and RDW to CVD outcomes, we
evaluated the relation of environmental cadmium and lead exposures to RDW. We also
assessed these associations in the context of mean corpuscular volume (MCV) and evaluated
the degree to which they differed between men and women. We further sought to test how
robust the cadmium analysis was to confounding by cigarette smoking.

Materials and methods

The National Health and Nutrition Examination Survey (NHANES) is a program of studies
that evaluates the health and nutritional status of the noninstitutionalized United States (U.S.)
civilian population and provides the data as public-use files. The studies were approved by the
National Center for Health Statistics (NCHS) Research Ethics Review Board; NCHS obtained
written informed consent from all participants.

Participants for this analysis were part of NHANES survey cycles 2003-2004, 2005-2006,
2007-2008, 2009-2010, 2011-2012, 2013-2014, and 2015-2016. The final data set was accessed
in September 2019. A total of 29,700 non-pregnant participants >20 years of age had RDW,
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blood cadmium and blood lead concentrations. Our analyses included the 24,608 who addi-
tionally had measures of demographic, behavioral and health factors. S1 Fig contains a flow
diagram outlining the study population selection.

Laboratory procedures

The CBC, which included RDW (%), was performed using the Beckman Coulter MAXM
Instrument (Beckman Coulter Corporation, Miami, FL). RDW is the coefficient of variation of
RBC size, expressed as a percentage, specifically, the standard deviation of RBC volume
divided by the mean corpuscular volume (MCV). MCV was also measured as part of the CBC
and is often used in clinical settings in combination with RDW.

The concentrations of cadmium and lead were quantified in whole blood using dynamic
reaction cell for inductively coupled plasma-mass spectrometry (ICP-DRC-MS) technology.
The limit of detection for cadmium was 0.89 nmol/L (0.10 pg/L) and for lead was 0.01 pmol/L
(0.25 pg/dL) for 2003-2012 and 0.003 pmol/L (0.07 pg/dL) for 2013-2016. NHANES assigned
samples with concentrations below the lower limit of detection (LLOD), a value of the detec-
tion limit divided by the square root of two. Nearly one in five participants (17%) had blood
cadmium concentrations below the LLOD (0.89 nmol/L), whereas only 0.26% had blood lead
concentrations below the LLOD (0.01 umol/L).

Whole blood hemoglobin and serum cotinine were measured; serum folate, vitamin B12
and ferritin were also measured for specific years. Detailed information of all laboratory proce-
dures is available at http://www.cdc.gov/nchs/about/major/nhanes/datalink.htm.

Statistical analysis

We estimated the mean difference in RDW across blood concentrations of lead and cadmium
using multivariable-adjusted linear regression models adjusting for variables determined a pri-
ori: age, sex, race/ethnicity, education, poverty-income ratio, body mass index (BMI), alcohol
consumption, smoking status, serum cotinine concentration, and survey cycle (main model).
In particular, the variable race/ethnicity as defined by NHANES was included to account for
variations in cadmium levels, RDW trends and anemias by this construct, which may be
driven by cultural diversity (e.g., diet), genetics (e.g., sickle cell anemia), or discrimination
[32-35]. Iron deficiency anemia is one mechanism by which RDW is altered [36]; therefore, to
determine the relationship between RDW and cadmium and lead independent of this defi-
ciency, we also estimated the mean difference in RDW across lead and cadmium concentra-
tions further adjusting the main model for iron-deficiency. Socio-demographic and health
characteristics were parameterized as outlined in Table 1 except for age and BMI, which were
modeled as continuous variables, and serum cotinine concentration, which was modeled as a
log-transformed continuous variable. Iron deficiency was defined as hemoglobin <13 g/dL in
men and hemoglobin <12 g/dL in women [37]. In addition to fitting separate models for
blood cadmium and lead, we also fitted models including both exposures.

For our primary analyses, we performed linear regressions for the main model and model
further adjusting for iron deficiency assessing differences in RDW 1) by quartiles of blood cad-
mium and lead and 2) per doubling of cadmium and lead concentrations (e.g., B [In (Cd)] x In
[2]). We modeled cadmium and lead in quartiles to assess the monotonicity of associations
with RDW and as log-transformed continuous variables to reduce the influence of potential
outliers. We also performed main model and added iron deficiency model logistic regressions
of the odds of high RDW for two-fold increases in continuous cadmium and lead. RDW was
categorized as high (>14.8%) as defined in previous studies relating RDW to health outcomes
[38-40].
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Table 1. Participant characteristics.

Geometric mean concentration (SE)?
Variable N Blood Cadmium, nmol/L Blood Lead, pmol/L

Age (years)

20-39 8068 2.6 (0.01) 0.04 (0.01)

40-59 8084 3.3(0.01) 0.07 (0.01)

> 60 8456 3.6 (0.01) 0.08 (0.01)
Sex

Women 12147 3.4 (0.01) 0.05 (0.01)

Men 12461 2.8 (0.01) 0.07 (0.01)
Race/Ethnicity

Mexican 3978 2.6 (0.02) 0.06 (0.03)

Black 4959 3.5(0.02) 0.06 (0.02)

Other Hispanic 1969 2.7 (0.03) 0.05 (0.03)

Other Race 1856 3.9 (0.03) 0.06 (0.02)

White 11846 3.1 (0.01) 0.06 (0.01)
BMI (kg/m?)®

<25 7214 3.5(0.02) 0.06 (0.01)

25-29 8334 3.0 (0.02) 0.06 (0.01)

> 30 9060 2.9(0.01) 0.06 (0.01)
Education

< High School 6276 4.1 (0.02) 0.07 (0.02)

High School/GED® 5743 3.5(0.02) 0.06 (0.02)

> High School 12589 2.7 (0.01) 0.05 (0.01)
PovertyCl

Yes 4947 3.9 (0.03) 0.06 (0.02)

No 19661 3.0 (0.01) 0.06 (0.01)
Smoke

Never 13031 2.1(0.01) 0.05 (0.01)

Former 6256 2.9(0.01) 0.07 (0.01)

Active 5320 8.1 (0.02) 0.07 (0.02)
Alcohol (drinks/day)

<1 17621 3.1(0.01) 0.06 (0.01)

1to4 5541 2.9 (0.02) 0.07 (0.01)

>5 1446 4.1 (0.03) 0.07 (0.02)
Iron Deficiency®

Yes 2145 3.3(0.02) 0.06 (0.02)

No 22463 3.1(0.01) 0.06 (0.01)
Mean Corpuscular Volume (fL/red cell)

<80 1240 3.4(0.03) 0.05 (0.02)

80-95 20138 2.9 (0.01) 0.06 (0.01)

>95 3230 4.3 (0.02) 0.07 (0.02)
Red Cell Distribution Width (quartiles, %)

1(10.7- 12.2) 5682 2.8 (0.02) 0.06 (0.01)

2 (12.3-12.6) 6341 3.0 (0.01) 0.06 (0.01)

3(12.7-13.3) 6784 3.1(0.02) 0.06 (0.01)

(Continued)
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Table 1. (Continued)

Geometric mean concentration (SE)*
Variable N Blood Cadmium, nmol/L Blood Lead, umol/L
4(13.4-37.8) 5801 3.7 (0.02) 0.06 (0.01)

*Geometric mean blood concentrations of cadmium and lead (and standard errors of the mean [SE]) by participant
characteristics using the National Health and Nutrition Examination Survey (NHANES) sample weighting.

PBMI is body mass index calculated as weight (kg) divided by height squared (m?).

“GED is general education development or high school equivalency certificate.

9Poverty is defined as having poverty income ratio <1.00, where poverty income ratio is the ratio of the family
income to the appropriate poverty threshold.

“Iron deficiency is defined as hemoglobin <13 g/dL in men and hemoglobin <12 g/dL in women.

https://doi.org/10.1371/journal.pone.0245173.t001

We also performed stratified analyses. We first investigated the association of blood cad-
mium and lead with RDW, stratified by sex [33]. We second evaluated the associations with
strata of MCYV, further stratified by sex. MCV was categorized as low (<80 fL/red cell), normal
(80-95 fL/red cell) and high (>95 fL/red cell). We quantified differences in the metal-RDW
association across strata of sex and MCV status by including cross-products (e.g., centered
blood cadmium*sex) in models with continuous RDW.

In addition, we performed sensitivity analyses. Iron deficiency can be determined using
serum ferritin (<30 pg/L) [37]; however, NHANES only measured serum ferritin in adults in
cycles 2003-2004, 2005-2006, 2007-2008, 2009-2010 and 2015-2016, and in the later four
cycles, only in females 20-49 (N = 4,519). Thus, our first sensitivity analysis was to evaluate the
association of blood cadmium and lead with RDW on females 20-49 years of age using the def-
inition of iron deficiency based on serum ferritin to compare with results in that same group
using the definition based on hemoglobin. Vitamin B12/folate deficiency is also related to
changes RDW [41]. However, information on B12 deficiency was not available in cycles 2007-
2008, 2009-2010, and 2015-2016. Therefore, the second sensitivity analysis involved further
controlling for folate and vitamin B12 deficiencies in models controlling for iron deficiency
(N =13,372). To test the robustness of the cadmium analysis to confounding by cigarette
smoking, the third sensitivity analysis estimated the associations of cadmium biomarkers sepa-
rately for never smokers (reported never smoking and had low cotinine levels [<1 ng/mL])
and ever smokers (reported being past or current smokers or had high cotinine [>1 ng/mL])

All analyses accounted for the complex, multistage, probability sampling method of
NHANES. Analyses were performed using SAS version 9.4 (SAS Institute Inc., NC).

Results

The median (standard error; SE) RDW among the participants in our analysis was 12.6%
(0.01%) with a 25™ percentile of 12.2% (0.01%) and 75 percentile of 13.3% (0.02%). The clini-
cally normal range for RDW is 11.8-14.8% [42]; 1,688 (6.9%) of participants had RDWs above
14.8%. The geometric mean (GM) and (SE) for blood cadmium concentration was 3.1 nmol/L
(0.01) and for blood lead, 0.06 umol/L (0.01). The Spearman correlation between blood cad-
mium and blood lead was 0.35.

In unadjusted analyses, blood cadmium concentration was higher among participants who
were: older, female, non-Hispanic black and other race, current smokers, had less education,
higher poverty-to-income ratio, lower BMI, and higher alcohol consumption (Table 1). Unad-
justed associations of blood lead concentration with these variables were generally weaker but
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similar, with the exception of sex; blood lead concentration was higher among male
participants.

Associations of cadmium and lead with RDW

Mean RDW was progressively higher with higher quartile of blood cadmium, after adjustment
for age, sex, race/ethnicity, education, poverty income ratio, BMI, alcohol consumption, smok-
ing status, serum cotinine and survey cycle and also after further adjustment for iron defi-
ciency (Fig 1). Considering blood cadmium concentration as a log-transformed continuous
variable, a doubling of cadmium concentration was associated with 0.16 higher RDW (Table 2;
main model). Additional adjustment for iron deficiency attenuated these results only slightly
(difference in RDW per doubling of Cd concentration = 0.15; also see Table 2). A two-fold ele-
vation in cadmium concentration corresponded to 67% increased odds of high RDW

(RDW > 14.8%) (95 CI: 51%, 84%), an association that was strengthened with further adjust-
ment for iron deficiency (OR = 1.73 [95% CI: 1.56, 1.92]) (S1 Table).

By contrast, RDW did not follow a clear gradient with increasingly higher quartile of blood
lead concentration (Fig 2). Adjusting for variables in the main model, RDW was markedly
higher only among those in the highest blood lead quartile (range = 0.10-3.0 umol/L) com-
pared with those in the lowest quartile (range = 0.002-0.04 umol/L) (difference = 0.08 [(95%
CI: 0.01, 0.15]). With further adjustment for iron deficiency, the association to RDW between
the highest and lowest blood lead quartile was strengthened (0.12 [(95% CI: 0.06, 0.19]). A
two-fold elevation in continuous lead concentration was associated with a 0.04 increase in
RDW in the main model, and with a 0.05 increase in RDW in the model further adjusting for
iron deficiency (Table 2). A two-fold elevation in lead concentration corresponded to 10%
increased odds for high RDW (95% CI: 0.2%, 21%), a relationship that was strengthened with
additional adjustment for iron deficiency (OR = 1.21 [95%: 1.09, 1.34]) (S1 Table).

Analyzing blood cadmium and lead together, in the main model, a two-fold elevation in
cadmium concentration was associated with a 0.16 increase in RDW and a two-fold elevation

0.8 ~ & Main Model A Main Model + ID

<o
=)
|

%

<
'S
.

%

Adjusted Difference in RDW

0.2
0 *A
-0.2 -
o 1 2 3 4 5 6 7 8 9 10

Median of Quartiles of Blood Cadmium Concentrations

Quartile range

(nmol/L) (0.6,1.9) (2.0,2.9) (3.0,5.3) (5.4,96)
N Participants 6376 5797 6308 6127
Reference

Fig 1. The relation of quartiles of blood cadmium to red cell distribution (RDW). Adjusted for age, sex, race/
ethnicity, education, poverty income ratio, body mass index, alcohol consumption, smoking status, serum cotinine,
and survey cycle (main model) and in addition, iron deficiency (ID).

https://doi.org/10.1371/journal.pone.0245173.9001
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Table 2. Multivariable-adjusted differences in red cell distribution width (RDW) for two-fold increases in blood cadmium and blood lead exposures.

Mean difference in RDW, % (95% CI) per doubling of blood metal

concentration
N Cadmium Lead
All, main model® 24,608 0.16 | (0.14, 0.18) 0.04 | (0.01, 0.06)
Further adjusted for iron deficiency (ID) b 0.15 | (0.13,0.17) 0.05 | (0.03, 0.08)
All, main model, adjusted for the other metal® 24,608 0.16 | (0.14,0.18) 0.00 | (-0.02, 0.03)
Further adjusted for ID 0.15 | (0.13,0.17) 0.02 | (0.00, 0.05)
Females, main model 12,147 0.24 | (0.20, 0.28) 0.06 | (0.02, 0.10)
Further adjusted for ID 0.22 | (0.18, 0.25) 0.09 | (0.04, 0.13)
Males, main model 12,461 0.08 | (0.06, 0.10) 0.02 | (0.00, 0.05)
Further adjusted for ID 0.09 | (0.06,0.11) 0.03 | (0.01, 0.06)
Normal Mean Corpuscular Volume (MCV), main model? 20,138 0.11 | (0.09, 0.13) 0.03 | (0.01, 0.05)
Further adjusted for ID 0.11 | (0.09, 0.13) 0.04 | (0.02, 0.06)
Low MCV, main model 1,240 0.71 | (0.67, 0.75) 0.03 | (0.01, 0.05)
Further adjusted for ID 0.57 | (0.54, 0.60) 0.12 | (0.09, 0.16)
High MCV, main model 3,229 0.07 | (0.01, 0.14) 0.02 | (-0.05, 0.08)
Further adjusted for ID 0.09 | (0.03,0.15) 0.04 | (-0.02,0.11)
Ever smoker, main model 11,576 0.10 | (0.08,0.12) 0.06 | (0.03. 0.09)
Further adjusted for ID 0.12 | (0.10,0.13) 0.08 | (0.05, 0.10)
Never smoker, main model 13,031 0.24 | (0.20, 0.28) 0.04 | (0.00, 0.07)
Further adjusted for ID 0.21 | (0.18, 0.25) 0.06 | (0.02, 0.09)

Multivariable-adjusted beta estimates for RDW for two-fold increases in blood cadmium and blood lead exposures, analyzed separately and together, for all adults and
stratified by categories of sex, MCV and smoking status.

*Adjusted for age, sex, race/ethnicity, education, poverty income ratio, body mass index, alcohol consumption, smoking status, serum cotinine, and survey cycle.

P Adjusted for all variables in the multivariable-adjusted main model, and in addition, iron deficiency.

“Model including both blood cadmium and blood lead exposures.

4Normal MCV defined as 80-95 fL/red cell, low MCV as <80 fL/red cell, and high MCV as >95 fL/red cell.

https://doi.org/10.1371/journal.pone.0245173.t1002

in lead concentration with a 0.01 increase in RDW (Table 2). In the model further adjusted for
iron deficiency, a two-fold elevation in cadmium concentration was associated with a 0.15
increase in RDW and a two-fold elevation in lead concentration with a 0.02 increase in RDW
(Table 2). In addition, cadmium remained a strong predictor of high RDW. In analysis with a
multiplicative term of cadmium times high lead concentration (highest lead quartile;

range = 0.10-3.0 pmol/L), those with high lead had a difference of 0.04 (95% CI: 0.02, 0.07) for
a two-fold increase in cadmium. Similarly, analysis with a multiplicative term of lead times
high cadmium (highest cadmium quartile; range = 5.4-96 nmol/L), those with high cadmium
had a difference in RDW of 0.02 (95% CI: 0.01, 0.03) with a two-fold increase in lead.

Stratified analyses

Associations by sex. In stratified analyses, the relationship of blood cadmium to RDW
was stronger in females than in males (Table 2). In analysis including a multiplicative term for
effect modification, females had a difference in RDW of 0.05 (95% CI: 0.03, 0.08) for a two-
fold elevation in cadmium in the fully adjusted model (main model further adjusting for iron
deficiency). For lead, the relationship was also stronger in females than in males in the fully-
adjusted model-a difference in RDW of 0.01 (95% CI: -0.01, 0.03) in females. The relationship
of cadmium and lead to high RDW was stronger in females than in males.
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Fig 2. The relation of quartiles of blood lead to red cell distribution (RDW). Adjusted for age, sex, race/ethnicity,
education, poverty income ratio, body mass index, alcohol consumption, smoking status, serum cotinine, and survey
cycle (main model) and in addition, iron deficiency (ID).

https://doi.org/10.1371/journal.pone.0245173.9002

Associations by mean corpuscular volume. Table 2 shows the relationship of RDW for a
two-fold increase in blood cadmium and lead stratified by categories of MVC (normal, low
and high). Those with low MCV had a difference in RDW of 0.45 (95% CI: 0.32, 0.59) per two-
fold increase in cadmium compared to those with normal MCV and those with high MCV had
a difference in RDW of 0.02 (95% CI: -0.02, 0.05) per two-fold increase in cadmium compared
with those with normal MCV. In general, a positive effect of cadmium on RDW was more pro-
nounced in those with low MCV and particularly in women with low MCV.

For lead, in continuous analysis of the fully adjusted model, those with low MCV had a dif-
ference in RDW of 0.02 (95% CI: -0.09, 0.04) per two-fold increase in lead compared to those
with normal MCV and those with high MCV a difference in RDW of 0.04 (95% CI: 0.02, 0.05)
per two-fold increase in lead. Odds ratios for high RDW in relation to lead were more pro-
nounced for women with normal and low MCV.

Association by smoking status. The association between cadmium and RDW was greater
among never smokers (Table 2). In the fully adjusted model, the difference in effect on RDW
per two-fold increase in cadmium for never smokers compared to ever smokers was 0.05 (95%
CI: 0.02, 0.08). The odds ratio for high RDW for never smokers was 2.20 (95% CI: 1.92, 2.52)
and for ever smokers 1.43 (95% CI: 1.29, 1.59). Of note, 26% of never smokers had cadmium
levels below LLOD compared to 8% of ever smokers. Fifty-eight percent of never smokers and
40% of ever smokers were female. In model with all interaction terms (i.e., cadmium®sex, cad-
mium*MCYV, and cadmium*ever smoker), the interactions held by sex and MCV for the con-
tinuous RDW. The association between lead and RDW was similar among never smokers and
ever smokers (Table 2).

Sensitivity analyses. In fully adjusted analysis, in women ages 20-49 years controlling for
iron deficiency categorized using ferritin, there was a similar positive relationship between
blood cadmium concentration and an increase in RDW and high RDW; for example, a two-
fold increase in blood cadmium concentration corresponded to a 0.11 (95% CI: 0.06, 0.16)
increase in RDW using ferritin and 0.19 (0.14, 0.24) using hemoglobin. In similar analysis
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with lead as the predictor, we also found a positive relationship between lead and an increase
in RDW and high RDW; for example, a two-fold increase in blood lead concentration corre-
sponded to a 0.14 (95% CI: 0.08, 0.21) increase in RDW using ferritin and 0.16 (0.10, 0.23)
using hemoglobin.

In the fully adjusted analysis additionally controlling for B12 and folate, there was a positive
relationship between blood cadmium and RDW. A two-fold increase in blood cadmium con-
centration corresponded to a 0.15 increase in RDW (95% CI: 0.12, 0.17). A two-fold increase
in blood lead concentration to a 0.02 increase in RDW (95% CI: 0.01, 0.03).

Discussion

This population-based study provides evidence that environmental cadmium and lead expo-
sures are associated with elevated RDW. These findings have potential implications given con-
tinuing reports of associations between elevated RDW and mortality in CVD patients and in
the general population. We found that the associations of cadmium and lead with RDW were
independent of socio-demographic characteristics, health behavior and nutritional deficien-
cies. The association was especially strong in relation to cadmium exposure. Furthermore, the
relations of cadmium and of lead to RDW were more pronounced among women.

In the U.S., major sources of cadmium exposure include emissions from industrial activity
and waste management operations, consumption of foods such as leafy greens, grains, peanuts,
soybeans and organ meats, and exposure to cigarette smoke [6, 43]. Lead exposure has signifi-
cantly declined in the U.S. following the phase out of lead in gasoline and paint in the 1970s
and 1980s. However, because in adults, approximately 95% of lead in the body is stored in
bone with a half-life of years to decade, even with the decline in sources of environmental lead,
lead released from bone stores to blood and soft tissue can act as an ongoing source [44, 45].
Current exposure to lead may be from paint in old houses, lead pipes, food containers such as
improperly glazed ceramic dishes, hazardous waste sites, busy highways once contaminated,
and cigarette smoke [5].

Our observation that environmental exposure to cadmium, and to a lesser extent lead, are
associated with elevated RDW has implications for cadmium’s impact on health given increas-
ing literature supporting RDW as a marker of mortality [27-30]. Previous studies have found
that a percentage point increase in RDW has been associated with a 23% increase in mortality
risk in the general population [46]. Our observation also has implications related to the global
impact of anemia insofar as anemia is characterized by increased RDW. Anemia was observed
in the case of a mass cadmium poisoning in the Toyama Prefecture, Japan (i.e., the Itai-itai dis-
ease) and among industrial exposed workers [47]. The anemia observed in Itai-itai disease
patients was believed to be primarily the result of impaired production of EPO [48]. Indeed,
cadmium accumulates in the liver and kidney, both EPO producing organs [49].

Lead can both inhibit heme synthesis and shorten the lifespan of erythrocytes [5, 50]. Lead
inhibits delta aminolevulinic acid dehydratase (8-ALAD) of erythrocytes and ferrochelatase,
which disrupts heme synthesis [51, 52]. Inhibition of ferrochelatase is probably a result of the
action of lead on bone marrow erythroblasts which contain mitochondria and synthesize
heme [51]. Lead can also affect EPO production thereby affecting the maturation of blood pro-
genitor cells [5]. The inhibition of heme synthesis may be secondary to RBC destruction
(hemolysis). Lead poisoning has been associated with hemolysis through acquired pyrimidine
5-nucleotidase (P5°N) deficiency [53, 54].

Both cadmium and lead have been related to cardiovascular outcomes [55-57]. It is posited
that the most likely mechanism of action for these metals is that they compete with intracellu-
lar iron, increasing the amount of unbound iron ions that can accelerate the generation of
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reactive oxygen intermediates (ROI) through the super oxide/metal/hydrogen peroxide system
[11, 58, 59]. Cadmium, for example, has been shown to generate intracellular ROI [11] and to
be related to alterations in the antioxidant defense system [60]. Generation of ROI may under-
lie the ability of cadmium to inhibit hypoxia-inducible factor (HIF-1) activity and EPO induc-
tion [11, 49]. HIF-1 plays a major role in preventing ischemic CVD [61]. In addition, the
generation of ROI may induce oxidative hemolysis [62]. Lead can substitute for iron when
ingested and be actively transported into the body [63, 64]. Lead affects the activity of enzymes
responsible for maintenance of oxidative-reductivity balance increasing the activity of glutathi-
one peroxidase and superoxide dismutases [65].

Given the potential of these metals to disrupting iron’s action, it is relevant that we observed
greater associations of both blood cadmium and lead exposure with RDW in the presence of
iron deficiency (S2 Table). However, the fact that these associations were present even in the
absence of iron deficiency may strengthen the hypothesis that the predominant pathway is
through the metals’ ability to increase hemolysis. For example, in rodent models, cadmium
was also shown to induce hemolysis [7]. Another consideration is the possible additive or mul-
tiplicative effect of exposure to both cadmium and lead. It has been suggested that combined
exposure to lead and cadmium may increase the bioavailability of lead ion to enzymes in the
heme pathway [51] and there was a suggestion of this in our observations.

Chronic kidney disease (CKD) is known to increase the risk of anemia, usually related to
EPO deficiency [66, 67]. Studies have also independently related RDW to kidney function tests
[68] and to mortality in kidney transplant recipients and acute kidney injury patients [69, 70].
Additionally, cadmium and lead have been shown to affect the renal system [71, 72]. Associa-
tions of cadmium and lead exposure with RDW persisted after additional adjustment for CKD
(defined as estimated glomerular filtration rate) (S3 Table); however, because CKD may be
one pathway by which these exposures affect RDW, such adjustments are inappropriate for
estimating the overall association of the exposures with RDW.

This study has some limitations. It is a cross-sectional study so we cannot propose a causal
pathway. There is a lack of understanding of the timing of the physical change in blood cell
structure as it relates to subcellular insult. For instance, cadmium could induce iron deficiency
or, and cadmium’s positive association with RDW could result from iron deficiency. Because
the molecular pathways are just beginning to be elucidated, there is uncertainty regarding the
dose and time-dependent nature of the mechanisms by which cadmium and lead relate to iron
absorption. However, if lead or cadmium affects the risk of iron-deficiency anemia, our analy-
ses adjusting for this condition could be affected by collider bias and could explain the attenua-
tion of cadmium-RDW results. Also, although we adjusted for a number of confounders, we
may not have adjusted adequately for important confounders such as tobacco smoke. For
example, we were not able to adjust for pack-years of smoking because of limited data. Finally,
blood cadmium concentrations in our population were relatively low with a number of non-
detectable levels, potentially biasing our analyses of this measure as a continuous variable;
however, we observed similar results when we divided blood cadmium into quartiles. The
limit of detection for lead decreased an order of magnitude from the 2002-2011 cycles in the
2012-2016 cycles. Survey cycle was a significant confounder in the lead-RDW analyses possi-
bly indicating a difference in the relationship of lead to RDW at very low lead levels or/and
that the strongest influence of lead occurs at higher levels.

Strength of this study include that the association between environmental cadmium and
lead on RDW was determined in a representative sample of U.S. population. Also, because of
the relatively large sample size and wealth of data, we were able to test the associations strati-
fied by sex, MCV category and smoking status.
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Conclusions

Our study provides evidence of a relationship between cadmium and RDW and between lead
and RDW in the U.S. adult population. These results are consistent with and build upon ani-
mal and high exposure studies linking cadmium and lead exposure to hemolysis and erythro-
poietic disruption. Our results may shed light on differences in response with similar
exposure. For example, the relationship of blood cadmium and lead to RDW was amplified in
women and those with low MCV. Although prospective studies are needed to confirm the
findings, our study underscores the need to address environmental exposures to cadmium and
lead in the general population and in especially affected groups.
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