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Aims: This study aimed to evaluate the association between blood lead level (BLL) and
abdominal aortic calcification (AAC) in US adults aged >40 years.

Methods: We obtained data from 2013 to 2014 National Health and Nutrition
Examination Survey (NHANES). Participants missing the data of BLL and AAC scores
were excluded. BLL was measured using inductively coupled plasma mass spectrometry
directly. AAC scores were quantified by Kauppila score system, and severe AAC was
defined as AAC score >6. Weighted multivariable regression analysis and subgroup
analysis were conducted to explore the independent relationship between BLL with AAC
score and severe AAC.

Results: A total of 1,530 participants were included with the mean BLL of 1.45 4+ 1.31
ng/dl and mean AAC score of 1.40 £ 3.13. The prevalence of severe AAC was 7.98%
overall, and participants in higher BLL quartile showed higher prevalence of severe AAC
(Quartile 1: 3.55%, Quartile 2: 7.28%, Quartile 3: 9.88%, Quartile 4: 12.58%, P < 0.0001).
BLL was positively associated with higher AAC score (3 = 0.15, 95% CI: 0.02, 0.27, P
= 0.021) and increased risk of severe AAC (OR = 1.11; 95% CI: 1.00-1.22; P = 0.047).
Subgroup analysis and interaction test indicated that the association between BLL and
AAC was similar in different population settings.

Conclusions: Higher BLL was associated with higher AAC score and increased risk of
severe AAC. Lead burden should be considered for people with AAC in clinical settings.

Keywords: lead poisoning, blood lead level, abdominal aortic calcification, NHANES, cross-sectional study

INTRODUCTION

Vascular calcification (VC) is the abnormal deposition of calcium, phosphorus, and other minerals
in the vessel wall and could be commonly observed in patients with chronic kidney disease (CKD)
and diabetes (1-3). It is also one of the most significant independent risk factor for cardiovascular
disease (CVD) and mortality, especially in CKD population (4, 5). The development of VC is
partly related to the disorder of mineral metabolism such as hyperphosphatemia, which induces
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phenotypic transformation of vascular smooth muscle cells
(VSMCs) into collagen-secreting osteoblasts (6). Kidney Disease:
Improving Global Outcomes (KDIGO) recommended that
patients with CKD stage 3-5 who have vascular or valve
calcification should be considered to have the highest risk of
CVD, which has been reported 20-30 times higher increased risk
than health population (7, 8). In the past decades, the primary
focus of VC was mostly coronary artery calcification, but more
recently, there has been increased attention on abdominal aortic
calcification (AAC) (9). The prevalence of AAC increased with
age, ranging from 60% at aged 65-69 years to 96% at 85 years
and older (10). AAC is a marker of subclinical atherosclerosis
and has been recognized as a good predictor of cardiovascular
events. Previous studies have reported that AAC deposition
detected on lateral lumbar radiographs was an independent
predictor of subsequent cardiovascular morbidity and mortality
(4). In another meta-analysis including 10 studies, AAC was a
strong predictor of CVD and mortality in the general population,
especially in those with higher aortic calcification levels (11).

In order to evaluate the severity of calcified vessels, Kauppila
et al. (12) developed an AAC grading quantification method
(AAC scores) by using lateral lumbar radiography and found
it could predict all-cause death and CVD in hemodialysis
patients independently. A higher AAC score corresponds to
a more serious calcified vascular condition. In 2009, KDIGO
recommended that AAC score could reflect aortic calcification
condition and the management based on AAC score was
necessary for peritoneal dialysis patients (13).

Lead exposure is one of the most common toxic
environmental diseases. In United States, more than 3 million
workers were reported to at risk of occupational lead exposure
(14). Lead exposure routes also include some food and water
sources such as seafood, rice, and so on (15-19). The half-life
of lead in the blood was thought to be 27-36 days, and the
lead exposure could be daily, thus leading to a chronic damage
and health burden (20). Lead exposure could damage the heart
and blood vessels, thus increasing the risk of hypertension and
cardiovascular disease by increasing oxidative stress, altering the
function of blood vessel cells, inducing inflammatory responses,
and disrupting calcium homeostasis (21-23).

Previous studies have reported that elevated blood lead level
(BLL) could increase the risk of CVD. A study evaluating
the combined effect of lead exposure and allostatic load
on cardiovascular mortality demonstrated that higher BLL
positively associated with elevated blood pressure and increased
the likelihood of cardiovascular disease mortality with the
interaction of allostatic load (24). Another study in a cohort
of community-based older men suggested a positive association
between blood and bone lead concentration with hypertension
(25). A study based on data from NHANES 1999-2016 also
reported that BLL was associated with higher prevalence of
hypertension and uncontrolled hypertension, especially in men
(26). However, the relationship between blood lead and AAC has
not been reported before.

Therefore, using data from the National Health and Nutrition
Examination Survey (NHANES), the aim of this study was to
explore the relationship between blood lead and AAC, which may

shed new light on the management and intervention of AAC
in clinical practice. We hypothesized that BLL was positively
associated with AAC score and the risk of severe AAC.

MATERIALS AND METHODS
Study Population

We obtained data from NHANES, a cross-sectional study aimed
to assess the health and nutrition status of the U.S. population
conducted by the National Center for Health Statistics (NCHS)
of the U.S. Center for Disease Control and Prevention (CDC).
NHANES is still going on with a 2-year repeated cycle, and the
survey data is updating as well. Due to the stratified multi-stage
probability method adopted in the NHANES study design, its
enrolled participants showed a relatively great representativeness
(27). Al NHANES data are publicly available at https://www.cdc.
gov/nchs/nhanes/.

Our study was based on NHANES 2013-2014, since only
this survey cycle included data both on blood lead and AAC
score. Because data about AAC score was not available for
participants aged <40 years old (they were excluded for DXA
scan in NHANES 2013-2014), we enrolled participants aged >40
years with complete data about blood lead and AAC score in our
analysis. A total of 10,175 individuals were enrolled at first, after
exclusion of participants aged <40 years old (n = 6,360), missing
the complete data about BLL (n = 2,030) and AAC score (n =
255), 1,530 subjects aged >40 years were included in our final
analysis (Figure 1).

The NCHS Ethic Review Board granted the human subject
approval for the conduction of NHANES, and written informed
consent was obtained from all participants.

NHANES 2013-2014
N=10175
Excluded age<40 years
N=6360
N=3815
Excluded incomplete data of
blood lean level
N=2030
N=1785
Excluded incomplete data of
abdominal aortic calcification score
N=255
N=1530
FIGURE 1 | Flowchart of the sample selection from NHANES 2013-2014.
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Exposure and Outcome Definitions

BLL was designed as exposure variable. Venous whole blood
samples were collected by phlebotomists in and analyzed
in the Division of Laboratory Sciences, National Center for
Environmental Health for CDC. The concentration of lead of
whole blood specimens was measured using inductively coupled
plasma mass spectrometry directly after a simple dilution sample
preparation step as previous described (28). It was noted that
the blood lead was above the detection limit for all non-missing
values in our analysis. The variable code used for blood lead
concentration was LBXBPB in NHANES.

AAC score and severe AAC were designed as outcome
variables. AAC score was used to evaluate the severity of
calcified abdominal aorta. A higher AAC score corresponded to a
more severe calcification condition. It was quantified according
to the Kauppila score system by assessing lateral lumbar
spine images obtained using dual-energy X-ray absorptiometry
(DXA, Densitometer Discovery A, Hologic, Marlborough,
MA, USA) (12). In the Kauppila scoring method for AAC,
different calcification severity of each segments of aortic walls
corresponding to the region in front of the lumbar vertebrate
L1-L4 was quantified to different scores according to the calcific
deposit proportions and the sum of scores for these four segments
was the total AAC scores, which ranged from 0 to 6 for each
segment and 0 to 24 for the total AAC score (12). Total AAC
score was designed as an outcome variable in our study and
was obtained directly from NHANES data, which scored after
reading the participant’s DXA scans images by an NHANES
affiliated staff member. The variable code used for total AAC
score was DXXAAC24 in NHANES. In addition, we defined
severe AAC as a total AAC score > 6, which was considered
as a significant calcified abdominal aorta according to previous
studies (1, 12, 29).

Covariates

Potential covariates may confound the association between
BLL and AAC were summarized in our multivariable-adjusted
models based on previous studies (26, 30-32). Continuous
variables in our study included age, systolic blood pressure
(SBP), diastolic blood pressure (DBP), serum creatinine,
serum cotinine, hemoglobin Alc, serum uric acid, serum
calcium, serum phosphorus, total cholesterol, and total 25-
hydroxyvitamin D. Categorical variables included gender, race,
education level, body mass index (BMI), hypertension, and
diabetes. BMI was categorized as <25, 25-29.9, and >30 kg/m?,
which corresponded to normal weight, overweight, and obese
population. All detailed measurement processes of these variables
were publicly available at https://www.cdc.gov/nchs/nhanes/.

Statistical Analysis
All statistical analysis was conducted according to CDC
guidelines, and an appropriate NHANES sampling weights was
applied which accounted for complex multistage cluster survey
design in the analysis (33).

Continuous variables were presented as mean with standard
deviation and categorical variables were presented as percentage.
Either a weighted student’s ¢ test (for continuous variables) or

weighted chi-square test (for categorical variables) was used
to evaluate the differences in groups divided by different
BLL quartiles. Multivariate logistic regression models were
employed to explore the independent relationship between BLL
and AAC (including AAC score and severe AAC) in three
different models. In model 1, no covariates were adjusted.
Model 2 was adjusted for gender, age, and race. Model 3
was adjusted for gender, age, race, education level, body mass
index, systolic blood pressure, diastolic blood pressure, serum
creatinine, serum cotinine, hemoglobin Alc, serum uric acid,
serum calcium, serum phosphorus, total cholesterol, total 25-
hydroxyvitamin D, hypertension, and diabetes status. Subgroup
analysis stratified by race, gender, age, BMI, hypertension, and
diabetes was also conducted by stratified multivariate regression
analysis. Additionally, an interaction term was added to test
the heterogeneity of associations between the subgroups. P <
0.05 was considered statistically significant. All analysis was
performed using Empower software (www.empowerstats.com;
X&Y solutions, Inc., Boston MA) and R version 3.4.3 (http://
www.R-project.org, The R Foundation).

RESULTS

Baseline Characteristics of Participants

The weighted demographic baseline characteristics of included
participants were shown in Table 1. A total of 1,530 participants
were included, of whom 48.71% were male and 51.29% were
female with the average age of 57.24 &+ 11.54 years old. The
mean of BLL was 1.45 £ 1.31 ng/dl overall, and the ranges
of BLL quartiles 1-4 were 0.16-0.80, 0.81-1.21, 1.22-1.84, and
1.85-24.60 ng/dl, respectively. Among different quartiles of BLL,
significant differences were observed in age, gender, BMI, SBP,
DBP, diabetes, hypertension, serum creatinine, serum cotinine,
serum uric acid, serum calcium, serum phosphorus and total
cholesterol, AAC scores, and the prevalence of severe AAC. Both
the AAC scores and the prevalence of severe AAC increase with
the higher BLL quartiles. The mean AAC score was 1.40 £ 3.13
overall, and 0.70 £ 2.25, 1.44 £ 3.18, 1.60 £ 3.36, and 2.01 £ 3.59
for Quartiles 1, 2, 3, and 4. The prevalence of severe AAC was
7.98% for the whole participants, and participants in higher BLL
quartile trended to show higher rates of severe AAC (Quartiles 1:
3.55,2:7.28,3:9.88, 4: 12.58%, P < 0.0001).

Higher BLL Is Associated With Higher AAC

Score and Increased Risk of Severe AAC

A positive association between BLL and AAC scores was observed
(Model 1: B = 0.22, 95% confidence interval, CI: 0.10-0.34, P =
0.0002; Model 2: = 0.12, 95% CI: 0.00-0.24, P = 0.045). In the
fully adjusted model (Model 3), this positive association was still
stable (B = 0.15, 95% CI: 0.02, 0.27, P = 0.021), indicating that
each unit of increased BLL was associated with 0.15 higher unit
of AAC score. We also converted BLL from a continuous variable
to a categorical variable (quartiles) to conduct sensitivity analysis.
AAC score increased with the higher BLL quartiles group. The
average AAC score of Quartiles 2, 3, and 4 was 0.58, 0.60, and
0.99 unit higher compared with the lowest quartile (Quartile 1),
respectively (Table 2).
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TABLE 1 | Baseline characteristics of participants, weighted.

BLL Overall Quartile 1 Quartile 2 (0.81-1.21)  Quartile 3 (1.22-1.84)  Quartile 4 (1.85-24.60) P-value
(0.16-0.80)

Age (year) 57.24 £ 11.54 52.04 +10.27 57.45 + 11.18 59.76 + 11.55 61.00 + 11.13 <0.0001

Gender (%)

Male 48.71 35.56 52.81 50.44 58.36 <0.0001

Female 51.29 64.44 47.19 49.56 41.64

Race (%)

Mexican American 6.99 8.40 6.17 7.39 5.87 0.067

Other Hispanic 4.45 6.55 2.75 4.73 3.67

Non-Hispanic White 71.77 70.55 75.49 67.77 72.56

Non-Hispanic Black 9.82 9.34 8.25 10.48 11.76

Other Races 6.97 5.16 7.34 9.63 6.14

Education level (%)

Less than high school 5.60 4.60 3.72 7.1 7.72 0.104

High school or GED 31.02 28.55 31.74 32.16 32.08

Above high school 63.38 66.85 64.53 60.74 60.20

BMI (%)

Normal weight 26.54 22.66 20.10 29.00 34.28 <0.0001

Overweight 39.02 30.79 44.98 39.34 40.00

Obese 34.43 46.55 34.93 31.66 25.72

SBP (mmHg) 125.02 £ 17.37 122.02 £ 14.72 12452 £17.10 126.26 £ 17.28 128.13 £+ 20.01 <0.0001

DBP (mmHg) 70.81 £+ 13.01 7258 £ 11.76 7119 +£11.16 69.43 + 14.14 69.50 + 15.02 0.0027

Diabetes (%) 12.52 14.39 15.29 9.18 9.96 0.020

Hypertension (%) 43.47 37.40 44.37 44.07 49.36 0.010

Serum creatinine (mg/dl) 0.93 + 0.47 0.86 + 0.20 0.92 +0.25 0.90 £+ 0.21 1.08 + 0.91 <0.0001

Serum cotinine (ng/ml) 57.71 +141.83 31.77 £ 97.33 51.45 + 141.65 82.70 £ 177.15 73.87 + 143.59 <0.0001

Hemoglobin Atc (%) 5.74 £0.97 5.70 + 1.00 5.77 +£0.96 581+ 1.12 5.68 +£0.78 0.24

Serum uric acid (uwmol/L) 319.09 + 81.61 298.26 + 77.65 326.48 + 86.97 317.23 £79.76 338.37 £ 74.78 <0.0001

Serum calcium (mmol/L) 2.37 £0.09 2.35 +0.08 2.37 £0.09 2.37 +£0.08 2.38 +£0.11 <0.0001

Serum phosphorus (mmol/L) 1.283£0.19 1.21£0.16 122 £0.18 1.26 £0.20 1.283+£0.20 0.0004

Total cholesterol (mmol/L) 5.10 + 1.06 4.97 +£0.98 512+ 112 5.16 £0.97 517 +1.14 0.035

Total 25-hydroxyvitamin D (nmol/L) 75.99 + 29.09 75.29 + 29.82 77.08 + 28.27 76.83 + 32.16 74.63 + 25.65 0.60

Blood lead level (ng/dl) 1.45 £ 1.31 0.60 £+ 0.14 0.99 &+ 0.11 1.45+0.17 3.08 +£1.97 <0.0001

AAC score 1.40 £ 3.13 0.70 £ 2.25 1.44 £3.18 1.60 + 3.36 2.01 + 3.59 <0.0001

Severe AAC (%) 7.98 3.55 7.28 9.88 12.58 <0.0001

GED, general educational develooment; RIR, ratio of family income to poverty; BMI, body mass index; SBFR, systolic blood pressure; DBF, diastolic blood pressure; AAC, abdominal

aortic calcification.

As for the occurrence of severe AAC, we found that increased
BLL was associated with a higher risk of severe AAC (Model 1:
OR = 1.10; 95% CI:1.00-1.20; P = 0.043; Model 2: OR = 1.11;
95% CI: 1.01-1.22; P = 0.024; Model 3: OR = 1.11; 95% CI: 1.00-
1.22; P = 0.047). In Model 3 which adjusted for all covariates, our
results indicated that each unit of increased BLL was associated
with 11% increased risk of severe AAC. In sensitivity analysis,
the adjusted OR (reference to Quartile 1) was 2.15 (95% CI:
1.10-4.19; P = 0.025) for Quartile 3 and 3.72 (95% CIL: 1.94-
7.12; P = < 0.0001) for Quartile 4, suggesting a stable positive
relationship between higher BLL and increased risk of severe
AAC with statistical significance (Table 2).

Subgroup Analysis
Subgroup analysis was performed to evaluate the robustness
of association between BLL and AAC. We also tested the

interactions with race, gender, age, BMI, hypertension, and
diabetes to evaluate that if there was any significant dependence
of the effect modifier on this relationship. However, no
correlation with the P for interaction meet the statistical
significance was detected, indicating that there was no
dependence on these effect modifiers for this association
(all P for interaction >0.05).

For the association between BLL and AAC score, in subgroup
stratified by gender, age, hypertension, and diabetes, this positive
association was stable (all P for trend < 0.05 and P for
interaction >0.05). BLL positively associated with higher AAC
score in overweight ( = 0.09, 95% CIL 0.01, 022, P =
0.0019) and obese population (B = 0.32, 95% CI: 0.12, 0.52,
P = 0.0023), while this positive relationship did not meet
the statistical significance in normal weight group (P = 0.36).
However, interaction test results indicated that there was no
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TABLE 2 | Association of blood lead level with AAC score and severe AAC.

Blood lead B1/OR2(95% CI®), P-value
level
Model 14 Model 25 Model 3¢
AAC score
Continuous 0.22 (0.10, 0.34) 0.12 (0.00, 0.24) 0.15(0.02, 0.27)
0.0002 0.045 0.021
Categories
Quartile 1 Reference Reference Reference
Quartile 2 0.74 (0.33, 1.16) 0.32 (-0.09, 0.73) 0.58 (0.15, 1.02)
0.0005 0.12 0.0089
Quartile 3 0.90 (0.46, 1.34) 0.34 (-0.09, 0.78) 0.60 (0.14, 1.07)
<0.0001 0.12 0.011
Quartile 4 1.31(0.87, 1.75) 0.79 (0.35, 1.22) 0.99 (0.50, 1.48)
<0.0001 0.0004 <0.0001
Severe AAC
Continuous 1.10 (1.00, 1.20) 1.11(1.01,1.22) 1.11(1.00, 1.22)
0.043 0.024 0.047
Categories
Quartile 1 Reference Reference Reference
Quartile 2 2.29 (1.28, 4.28) 2.14 (1.14, 4.02) 1.68 (0.86, 3.25)
0.0093 0.018 0.13
Quartile 3 2.42 (1.30, 4.51) 2.49 (1.33, 4.68) 2.15(1.10, 4.19)
0.0054 0.0046 0.025
Quartile 4 3.85(2.13, 6.97) 3.90 (2.13,7.13) 3.72(1.94,7.12)
<0.0001 <0.0001 <0.0001

In sensitivity analysis, blood lead level was converted from a continuous variable to a
categorical variable (quartiles). 'B: effect sizes; °OR: odd ratio; °95% Cl: 95% confidence
interval; “Model 1: no covariates were adjusted; °Model 2: adjusted for gender, age and
race; SModel 3: adjusted for gender, age, race, education level, body mass index, systolic
blood pressure, diastolic blood pressure, serum creatinine, serum cotinine, hemoglobin
ATlc, serum uric acid, serum calcium, serum phosphorus, total cholesterol, total 25-
hydroxyvitamin D, hypertension, and diabetes. AAC, abdominal aortic calcification.

dependence on BMI for this association (P for interaction = 0.61)
(Figure 2).

As for the association between BLL and severe AAC, subgroup
analysis showed the similar results. BLL was positively associated
with increased risk of severe AAC in overweight and obese
subgroup, but this positive association did not meet the statistical
significance in normal weight participants (P = 0.59), with
a P for interaction of 0.23. Similarly, we did not find any
significant dependence on effect modifiers (all P for interaction
>0.05). These results indicated that the positive correlation was
similar in population with different race, gender, age, BMI,
hypertension, and diabetes status and could be appropriate for
various population setting as well (Figure 3).

DISCUSSION

In this cross-sectional study including 1,530 adults, we found that
higher BLL was independently associated with higher AAC score
and increased risk of severe AAC. For AAC score, compared with
the lowest BLL quartile, higher BLL quartile trended to show
higher AAC score (0.58, 0.60, and 0.99 unit higher for Quartile 2,
3,and 4) and higher risk of severe AAC (OR 0f 1.68, 2.15, and 3.72
for Quartile 2, 3, and 4), indicating that the association is driven

not only by high blood lead. That is, increasing blood lead burden
could augment the severity of aortic calcification condition. This
association was similar in subgroups stratified by race, gender,
age, BMI, hypertension, and diabetes status, suggesting that this
association may be appropriate for different population setting.
Our finding suggests that lead burden should be considered for
people with AAC in clinical settings.

To our knowledge, this is the first study assessing the
association between BLL and AAC. Previous studies have
reported the association between BLL and CVD with varying
epidemiological methods and target populations (18, 24,
34, 35). A population-based cohort with 18,602 participants
aged 40 and above in America found a positive association
between hematocrit- or hemoglobin-corrected blood lead and
CVD mortality. To be specific, relative odds for CVD
mortality associated with 10-fold increases for hematocrit-
and hemoglobin-corrected blood were estimated to be 1.44
and 1.46, respectively (36). Similarly, a significant positive
relationship between serum lead level and an increased risk of
10-year cardiovascular events has been reported. A doubling
of serum lead was associated with the a 10% increased risk
of 10-year CVD according to a population-based study with
9602 Korean participants included (37). Another cross-sectional
study demonstrated that BLL was associated with higher
prevalence of hypertension and uncontrolled hypertension, with
more pronounced in men (26). However, there also have
been several studies shown the opposite results (38, 39). A
mendelian randomization study with 2,603 twins and their
families in UK reported blood lead was unrelated to coronary
artery disease, diabetes, and blood pressure (38). Another
study with 15,431 subjects in NHANES III did not find
consistent association between BLL and blood pressure across
all demographic groups (39). In our study, consistent with most
studies, higher BLL was independently associated with higher
AAC score and increased risk of severe AAC, suggesting that
blood lead load may have a significant negative impact on
cardiovascular health.

The exact mechanism of the positive association between BLL
and AAC still remains unclear. The damage of cardiovascular
system caused by lead poisoning via increasing oxidative stress,
enhancing inflammatory responses and disrupting calcium
homeostasis maybe a possible explanation to support our
results (21-23). Animal studies have shown that elevated
lead could induce oxidative stress and get involved with
hypertension in mice model (40, 41). In addition, lead
can promote the production of reactive oxygen species
(ROS) and oxidative stress by participating in Fenton-
and Haber-Weiss-type reactions. By promoting oxidative
stress, lead exposure lowers nitric oxide (NO) production
and causes NO inactivation, thus downregulating soluble
guanylate cyclase and reducing cGMP production. Then, the
increasing cytosolic Ca2+ concentration in VSMCs could
lead to heightening systemic vascular resistance, raising
arterial pressure and promoting VC in turn (22). Oxidative
stress could promote inflammation, fibrosis, and apoptosis by
activating NF-kappa B pathway as well, which is the general
transcription factor for numerous pro-inflammatory cytokines,
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AAC Score B (95% ClI) P for trend
Race
Mexican American -0.02 (-0.28, 0.24) 09
Other Hispanic 0.37 (-0.05, 0.78) 0.084
Non-Hispanic White 0.34 (0.09, 0.59) 0.0075
Non-Hispanic Black -0.07 (-0.22, 0.09) 04
Other Races 0.01 (-0.33, 0.34) 0.98
Gender
Male 0.16 (0.02, 0.30) 0.025
Female 0.27 (0.17,0.37) 0.045
Age (years)
Age < 60 0.11 (0.00, 0.22) 0.031
Age 2 60 0.23 (0.16, 0.29) 0.042
BMI
Normal weight 0.05(-0.14, 0.38) 0.36
Overweight 0.09 (0.01, 0.22) 0.0019
Obese 0.32 (0.12, 0.52) 0.0023
Hypertension
Yes 0.17 (0.09, 0.42) 0.021
No 0.13 (0.00, 0.25) 0.044
Diabetes
Yes 0.05(0.01,0.12) 0.02
No 0.16 (0.04, 0.28) 0.01
FIGURE 2 | Subgroup analysis for the association between BLL and AAC score.
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chemokines, and adhesion molecules, thus participating in
the calcification process. In addition, vascular activity and
volume regulation hormones could also be affected by lead
exposure, such as adrenergic system, endothelin, prostatin,
and atrial natriuretic peptide, thus mediating vascular changes.
Lead also regulates calcium signaling pathways through
interaction with calcium ions and directly mediating the VSMCs
differentiation to osteoblast-like cells, thus leading to calcified
vessels (22).

Our results of subgroup analysis demonstrated that there
was no dependence of race, gender, age, BMI, hypertension,
and diabetes on this positive association between BLL with
AAC scores and severe AAC (all P for interaction >0.05),
indicating that these positive correlations were similar in
different population settings. Consistent results have been
reported for the analysis between lead exposure with CVD
before. A meta-analysis included 58,518 subjects showed
that there was no difference for the association between
blood lead and blood pressure both in men and women
(42). However, a study with 30,762 participants based on
NHANES found that men maybe more vulnerable to the
negative effect of lead burden than women (26). Specifically,
the effect between BLL and uncontrolled hypertension in
men was greater than that of women, not only due to the

higher BLL in men in general, but also possibly owing to
some potential gender based biological effects modification.
Physiological differences, such as hormone environment of
ovary and testis and sex chromosome, maybe the reasons
of this difference (43). Health-seeking behavior might play
a role as well, regarding a cross-sectional study in French
adults found that women tended to have a better awareness
of hypertension than men and their hypertension was better
controlled (44).

This study has several strengths. Data in our study was based
on NHANES, a nationwide population-based sampling survey
with a standard protocol and all analysis was performed with
consideration of an appropriate NHANES sampling weights,
making the study more representative. Additionally, we adjusted
confounding covariates and the selection of covariates was
mainly based on previous studies to reduce the confounding
bias. However, the limitations should also be noted. Firstly, due
to cross-sectional study design, we could not obtain a causal
relationship between BLL and AAC. Therefore, longitudinal
studies with larger sample size maybe needed to clarify whether
increased BLL precedes AAC. Secondly, although we adjusted
for some potential covariates, we could not completely rule
out the influence from other possible confounders. Finally,
patients aged <40 years did not went through DXA in
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Severe AAC OR (95% CI) P for trend P for interaction
Race
Mexican American 1.07 (0.73, 1.58) 0.73 - 0.19
Other Hispanic 1.02 (0.93, 1.20) 0.065 ——

Non-Hispanic White 1.33(1.11, 1.58) 0.0017 L
Non-Hispanic Black 0.98 (0.61, 1.47) 0.32 -
Other Races 0.96 (0.68, 1.56) 0.35 -
Gender
Male 1.09 (1.00, 1.20) 0.037 — 0.21
Female 1.24 (1.07, 1.41) 0.012 i
Age (years)
Age < 60 1.09 (1.01, 1.29) 0.023 — 0.53
Age 2 60 1.16 (1.04, 1.28) 0.036 ——
BMI
Normal weight 1.07 (0.84, 1.36) 0.59 I 0.23
Overweight 1.09 (1.01, 1.31) 0.02 ;-
Obese 1.13 (1.04, 1.36) 0.019 i
Hypertension
Yes 1.14 (1.01, 1.29) 0.039 [ 0.32
No 1.08 (1.01, 1.25) 0.017 i
Diabetes
Yes 1.10(1.03, 1.29) 0.022 N 0.14
No 1.17 (1.04, 1.31) 0.0092 e
FIGURE 3 | Subgroup analysis for the association between BLL and severe AAC.

NHANES study design and their AAC scores were missing;
thus, we could not analyze this association for a widely
age group.

CONCLUSION

Higher blood lead burden was associated with higher AAC score
and increased risk of severe AAC. Considering the negative effect
of lead exposure on the cardiovascular health, lead burden should
be considered for people with AAC in clinical settings. However,
further large-scale prospective studies are still needed to clarify
the precise causality of this relationship.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by the NCHS Ethic Review Board. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

ZQ: data analysis and writing—original draft. HL: formal analysis
and writing—original draft. YX: data analysis and software. JL:
data analysis. BS: methodology, conceptualization, and funding
acquisition. RL: conceptualization and writing—reviewing and
editing. All the authors approved the final version.

FUNDING

This work was supported by the National Natural Science
Foundation of China [Grant No. 82000702], the Science and
Technology Achievement Transformation Fund of West China
Hospital of Sichuan University [Grant No. CGZH19006],
the 1.3.5 project for disciplines of excellence from West
China Hospital of Sichuan University [Grant No. ZYJC21010],
National Clinical Research Center for Geriatrics, West China
Hospital, Sichuan University [Grant No. Z2018B10], and Med+
Biomaterial Institute of West China Hospital/West China School
of Medicine of Sichuan University [Grant No. ZYME20001].

ACKNOWLEDGMENTS

We thank the assistance of Dr. Changzhong Chen for providing
statistical methodology consultation.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

October 2021 | Volume 8 | Article 747498


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Qin et al.

Higher BLL and Increased AAC

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Wilson PWE Kauppila LI,

. Paloian NJ,

. Gorriz JL, Molina P, Cerveron MJ, Vila R, Boyer J, Nieto J, et al. Vascular

calcification in patients with nondialysis CKD over 3 Years. Clini ] Am Soc
Nephrol. (2015) 10:654-66. doi: 10.2215/CJN.07450714

. London GM, Guerin AP, Marchais SJ, Metivier F, Pannier B, Adda H.

Arterial media calcification in end-stage renal disease: impact on all-cause
and cardiovascular mortality. Nephrol Dial Transplant. (2003) 18:1731-
40. doi: 10.1093/ndt/gfg414

. Qin Z, Liao RX, Xiong YQ, Jiang LJ, Li JM, Wang LY, et al. A narrative

review of exosomes in vascular calcification. Ann Translat Med. (2021)
9:579. doi: 10.21037/atm-20-7355

O’Donnell CJ, Kiel DP, Hannan M,
Polak JM, et al. Abdominal aortic calcific deposits are an important
predictor of vascular morbidity and mortality. Circulation. (2001)
103:1529-34. doi: 10.1161/01.CIR.103.11.1529

. Detrano R, Guerci AD, Carr JJ, Bild DE, Burke G, Folsom AR, et al. Calcium

as a predictor of coronary events in four racial or ethnic groups. N Engl ] Med.
(2008) 358:1336-45. doi: 10.1056/NEJM0a072100

Giachelli CM. A current understanding of vascular
calcification in CKD. Am ] Physiol Renal Physiol. (2014)
307:F891-900. doi: 10.1152/ajprenal.00163.2014

. Ketteler M, Block GA, Evenepoel P, Fukagawa M, Herzog CA, McCann L, et al.

Diagnosis, evaluation, prevention, and treatment of chronic kidney disease-
mineral and bone disorder: synopsis of the kidney disease: improving global
outcomes 2017 clinical practice guideline update. Ann Intern Med. (2018)
168:422. doi: 10.7326/M17-2640

. Raggi P, Bellasi A, Ferramosca E, Islam T, Muntner P, Block GA.

Association of pulse wave velocity with vascular and valvular calcification
in hemodialysis patients. Kidney Int. (2007) 71:802-7. doi: 10.1038/sj.ki.50
02164

. Jayalath RW, Mangan SH, Golledge J. Aortic calcification. Eur J Vasc Endovasc

Surg. (2005) 30:476-88. doi: 10.1016/j.€jvs.2005.04.030

Rodondi N, Taylor BC, Bauer DC, Lui LY, Vogt MT, Fink HA,
et al. Association between aortic calcification and total and
cardiovascular mortality in older women. ] Intern Med. (2007)
261:238-44. doi: 10.1111/.1365-2796.2007.01769.x

Goncalves FB, Voute MT, Hoeks SE, Chonchol MB, Boersma EE, Stolker
RJ, et al. Calcification of the abdominal aorta as an independent
predictor of cardiovascular events: a meta-analysis. Heart. (2012) 98:988-
94. doi: 10.1136/heartjnl-2011-301464

Kauppila LI, Polak JE Cupples LA, Hannan MT, Kiel DP, Wilson PWF.
New indices to classify location, severity and progression of calcific lesions
in the abdominal aorta: A 25-year follow-up study. Atherosclerosis. (1997)
132:245-50. doi: 10.1016/S0021-9150(97)00106-8

Kidney Disease: Improving Global Outcomes (KDIGO) CKD-MBD
Work Group. KDIGO clinical practice guideline for the diagnosis,
evaluation, prevention, and treatment of chronic kidney disease-
mineral and bone disorder (CKD-MBD). kidney Int Suppl. (2009)
$1-130. doi: 10.1038/ki.2009.188

Landrigan PJ, Todd AC, Wedeen RP. Lead-Poisoning. Mt Sinai ] Med.
(1995) 62:360-4.

Desai G, Anzman-Frasca S, Vernarelli JA, Ravenscroft J, Yang J, Burstein G,
et al. Examining links between diet and lead exposure in young children:
2009 to 2014 national health and nutrition examination survey. Acad Pediatr.
(2020) 21:471-9. doi: 10.1016/j.acap.2020.06.009

Glenn BS, Stewart WE, Links JM, Todd AC, Schwartz BS. The longitudinal
association of lead with blood pressure. Epidemiology. (2003) 14:30-
6. doi: 10.1097/00001648-200301000-00011

Moore MR, Goldberg A, Meredith PA, Lees R,
Pocock §J, et al. Concentrations. Clinica Chimica Acta.
95:129-33. doi: 10.1016/0009-8981(79)90345-0

Lanphear BP, Rauch S, Auinger P, Allen RW, Hornung RW. Low-level lead
exposure and mortality in US adults: a population-based cohort study. Lancet
Public Health. (2018) 3:E177-84. doi: 10.1016/52468-2667(18)30025-2

Wells EM, Kopylev L, Nachman R, Radke EG, Segal D. Seafood, wine,
rice, vegetables, and other food items associated with mercury biomarkers

Low RA,
(1979)

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

. Ahamed M,

among seafood and non-seafood consumers: NHANES 2011-2012. ] Expo
Anal Environ Epidemiol. (2020) 30:504-14. doi: 10.1038/s41370-020-0206-6
Siddiqui MK]J. Low level lead exposure and
oxidative stress: current opinions. Clinica Chimica Acta. (2007)
383:57-64. doi: 10.1016/j.cca.2007.04.024

Gonick HC, Ding YX, Bondy SC, Ni ZM, Vaziri ND. Lead-induced
hypertension - interplay of nitric oxide and reactive oxygen species.
Hypertension. (1997) 30:1487-92. doi: 10.1161/01.HYP.30.6.1487
Vaziri ND. Mechanisms of lead-induced hypertension
cardiovascular disease. Am ] Physiol Heart Circ Physiol.
295:H454-65. doi: 10.1152/ajpheart.00158.2008

Chang WC, Chang CC, Wang YS, Wang YS, Weng WT, Yoshioka

and
(2008)

T. Involvement of the epidermal growth factor receptor in
Pb2+-induced activation of cPLA(2)/COX-2 genes and PGE(2)
production in vascular smooth muscle cells. Toxicology. (2011)

279:45-53. doi: 10.1016/j.t0x.2010.09.004

Obeng-Gyasi E, Armijos RX, Weigel MM, Filippelli GM, Sayegh MA.
Cardiovascular-related outcomes in US adults exposed to lead. Int | Environ
Res Public Health. (2018) 15:759. doi: 10.3390/ijerph15040759

Zheutlin AR, Hu H, Weisskopf MG, Sparrow D, Vokonas PS, Park SK. Low-
level cumulative lead and resistant hypertension: a prospective study of men
participating in the veterans affairs normative aging study. ] Am Heart Assoc.
(2018) 7:¢010014. doi: 10.1161/JAHA.118.010014

Miao H, Liu Y, Tsai TC, Schwartz J, Ji JS. Association between blood lead level
and uncontrolled hypertension in the US population (NHANES 1999-2016).
J Am Heart Assoc. (2020) 9:e015533. doi: 10.1161/JAHA.119.015533

Zipf G, Chiappa M, Porter KS, Ostchega Y, Lewis BG, Dostal J. National
health and nutrition examination survey: plan and operations, 1999-2010.
Vital Health Stat 1. (2013) 1-37.

Caldwell KL, Cheng PY, Jarrett JM, Makhmudov A, Vance K, Ward CD,
et al. Measurement challenges at low blood lead levels. Pediatrics. (2017) 140.
doi: 10.1542/peds.2017-0272

Chen W, Eisenberg R, Mowrey WB, Wylie-Rosett ], Abramowitz MK,
Bushinsky DA. Association between dietary zinc intake and abdominal
aortic calcification in US adults. Nephrol Dial Transplant. (2020) 35:1171-
8. doi: 10.1093/ndt/gfz134

Chen YX, Chang ZG, Zhao YK, Liu YB, Fu ], Zhang YQ. Association
between the triglyceride-glucose index and abdominal aortic calcification in
adults: A cross-sectional study. Nutr Metab Cardiovasc Dis. (2021) 31:2068-
76. doi: 10.1016/j.numecd.2021.04.010

Obeng-Gyasi E, Ferguson AC, Stamatakis KA, Province MA. Combined
effect of lead exposure and allostatic load on cardiovascular disease
mortality-a preliminary study. Int ] Environ Res Public Health. (2021)
18:6879. doi: 10.3390/ijerph18136879

Tsoi ME, Lo CWH, Cheung T'T, Cheung BMY. Blood lead level and risk of
hypertension in the United States national health and nutrition examination
survey 1999-2016. Sci Rep. (2021) 11:3010. doi: 10.1038/s41598-021-82435-6
Johnson CL, Paulose-Ram R, Ogden CL, Carroll MD, Kruszon-Moran D,
Dohrmann SM. National health and nutrition examination survey: analytic
guidelines, 1999-2010. Vital Health Stat 2. (2013) :1-24.

Ruiz-Hernandez A, Navas-Acien A, Pastor-Barriuso R, Crainiceanu CM,
Redon J, Guallar E. Declining exposures to lead and cadmium contribute to
explaining the reduction of cardiovascular mortality in the US population,
1988-2004. Int ] Epidemiol. (2017) 46:1903-12. doi: 10.1093/ije/dyx176
Menke A, Muntner P, Batuman V, Silbergeld EK. Guallar E. Blood lead below
048 mu mol/L (10 mu g/dL) and mortality among US adults. Circulation.
(2006) 114:1388-94. doi: 10.1161/CIRCULATIONAHA.106.628321

Aoki Y, Brody DJ, Flegal KM, Fakhouri THI, Axelrad DA, Parker JD. Blood
lead and other metal biomarkers as risk factors for cardiovascular disease
mortality. Medicine. (2016) 95:¢2223. doi: 10.1097/MD.0000000000002223
Nguyen HD, Oh H, Hoang NHM, Kim MS. Association between
heavy metals, high-sensitivity C-reaction protein and 10-year risk of
cardiovascular diseases among adult Korean population. Sci Rep. (2021)
11:14664. doi: 10.1038/s41598-021-94158-9

Schooling CM, Johnson GD, Grassman J. Effects of blood lead on coronary
artery disease and its risk factors: a mendelian randomization study. Sci Rep.
(2019) 9:15995. doi: 10.1038/541598-019-52482-1

Frontiers in Cardiovascular Medicine | www.frontiersin.org

October 2021 | Volume 8 | Article 747498


https://doi.org/10.2215/CJN.07450714
https://doi.org/10.1093/ndt/gfg414
https://doi.org/10.21037/atm-20-7355
https://doi.org/10.1161/01.CIR.103.11.1529
https://doi.org/10.1056/NEJMoa072100
https://doi.org/10.1152/ajprenal.00163.2014
https://doi.org/10.7326/M17-2640
https://doi.org/10.1038/sj.ki.5002164
https://doi.org/10.1016/j.ejvs.2005.04.030
https://doi.org/10.1111/j.1365-2796.2007.01769.x
https://doi.org/10.1136/heartjnl-2011-301464
https://doi.org/10.1016/S0021-9150(97)00106-8
https://doi.org/10.1038/ki.2009.188
https://doi.org/10.1016/j.acap.2020.06.009
https://doi.org/10.1097/00001648-200301000-00011
https://doi.org/10.1016/0009-8981(79)90345-0
https://doi.org/10.1016/S2468-2667(18)30025-2
https://doi.org/10.1038/s41370-020-0206-6
https://doi.org/10.1016/j.cca.2007.04.024
https://doi.org/10.1161/01.HYP.30.6.1487
https://doi.org/10.1152/ajpheart.00158.2008
https://doi.org/10.1016/j.tox.2010.09.004
https://doi.org/10.3390/ijerph15040759
https://doi.org/10.1161/JAHA.118.010014
https://doi.org/10.1161/JAHA.119.015533
https://doi.org/10.1542/peds.2017-0272
https://doi.org/10.1093/ndt/gfz134
https://doi.org/10.1016/j.numecd.2021.04.010
https://doi.org/10.3390/ijerph18136879
https://doi.org/10.1038/s41598-021-82435-6
https://doi.org/10.1093/ije/dyx176
https://doi.org/10.1161/CIRCULATIONAHA.106.628321
https://doi.org/10.1097/MD.0000000000002223
https://doi.org/10.1038/s41598-021-94158-9
https://doi.org/10.1038/s41598-019-52482-1
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Qin et al.

Higher BLL and Increased AAC

39.

40.

41.

42.

43.

44.

Den Hond E, Nawrot T, Staessen JA. The relationship between blood
pressure and blood lead in NHANES III. ] Hum Hypertens. (2002) 16:563—
8. doi: 10.1038/sj.jhh.1001452

Ding YX, Vaziri ND, Gonick HC. Lead-induced hypertension - II. Response to
sequential infusions of L-arginine, superoxide dismutase, and nitroprusside.
Environ Res. (1998) 76:107-13. doi: 10.1006/enrs.1997.3796

Khalil-Manesh E Gonick HC, Weiler EW, Prins B, Weber MA, Purdy R,
et al. Effect of chelation treatment with dimercaptosuccinic acid (DMSA)
on lead-related blood pressure changes. Environ Res. (1994) 65:86-99.
doi: 10.1006/enrs.1994.1023

Nawrot TS, Thijs L, Hond EMD, Roels HA, Staessen JA. An epidemiological
re-appraisal of the association between blood pressure and blood lead: a meta-
analysis. ] Hum Hypertens. (2002) 16:123-31. doi: 10.1038/sj.jhh.1001300
Sandberg K, Ji H. Sex differences in primary hypertension. Biol Sex Differ.
(2012) 3:7. doi: 10.1186/2042-6410-3-7

MarquesVidal P, Arveiler D, Amouyel P, Bingham A, Ferrieres J. Sex
differences in awareness and control of hypertension in France. ] Hypertens.
(1997) 15:1205-10. doi: 10.1097/00004872-199715110-00003

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Qin, Li, Xu, Li, Su and Liao. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

October 2021 | Volume 8 | Article 747498


https://doi.org/10.1038/sj.jhh.1001452
https://doi.org/10.1006/enrs.1997.3796
https://doi.org/10.1006/enrs.1994.1023
https://doi.org/10.1038/sj.jhh.1001300
https://doi.org/10.1186/2042-6410-3-7
https://doi.org/10.1097/00004872-199715110-00003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Higher Blood Lead Level Is Associated With Increased Likelihood of Abdominal Aortic Calcification
	Introduction
	Materials and Methods
	Study Population
	Exposure and Outcome Definitions
	Covariates
	Statistical Analysis

	Results
	Baseline Characteristics of Participants
	Higher BLL Is Associated With Higher AAC Score and Increased Risk of Severe AAC
	Subgroup Analysis

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


