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ORIGINAL RESEARCH

Association Between Blood Lead Level 
and Uncontrolled Hypertension in the US 
Population (NHANES 1999–2016)
Hui Miao; Yan Liu, MD, PhD; Thomas C. Tsai, MD, MPH; Joel Schwartz, PhD; John S. Ji , ScD

BACKGROUND: This study aims to explore whether higher blood lead levels (BLL) may be associated with failure to control blood 
pressure and subsequent uncontrolled hypertension.

METHODS AND RESULTS: We used serial cross- sectional waves of the US National Health and Nutrition Examination Survey 
(NHANES) from 1999 to 2016. 30 762 subjects aged 20  years and above were included. Uncontrolled hypertension was 
defined as systolic blood pressure ≥130 mm Hg or diastolic blood pressure ≥80 mm Hg. We estimated odds ratios (ORs) of 
quartiles of BLL for any hypertension and uncontrolled hypertension by sex using logistic regression, adjusted for demograph-
ics, smoking status, serum cotinine, alcohol intake, body mass index, and menopause status in women. The weighted preva-
lence of hypertension was 46.7%, of which 80.1% were uncontrolled. Men, younger ages, ethnic minorities, people with lower 
income, never and current smokers, and people with higher BLL were less likely to have their hypertension controlled. In men, 
compared with the lowest quartile of BLL (<0.94 μg/dL), the highest 2 quartiles (0.94–1.50 μg/dL, 1.50–2.30 μg/dL) were asso-
ciated with hypertension (Q2: OR, 1.12; 95% CI, 0.96–1.30; Q3: OR, 1.16; 95% CI, 1.01–1.34; Q4: OR, 1.25; 95% CI, 1.08–1.45), 
but not in women. In hypertensive men, higher BLL was related to uncontrolled hypertension compared with the lowest quartile 
(Q2: OR, 1.34; 95% CI, 0.98–1.85; Q3: OR, 1.70; 95% CI, 1.26–2.30; Q4: OR, 1.96; 95% CI, 1.45–2.65). In women, the relation-
ship was similar (Q2: OR, 1.26; 95% CI, 0.95–1.67; Q3: OR, 1.48; 95% CI, 1.10–2.00; Q4: 1.70; 95% CI, 1.26–2.30).

CONCLUSIONS: BLL is associated with higher prevalence of hypertension and uncontrolled hypertension, with more pronounced 
association in men.

Key Words: cardiovascular disease ■ cardiovascular disease risk factors ■ environmental medicine ■ epidemiology ■ hypertension

Hypertension is one of the most important public 
health challenges worldwide.1 Blood pressure 
(BP) has a dose- response relationship with the 

risks of cardiovascular diseases, chronic kidney dis-
ease, and mortality.2 In the United States, hyperten-
sion was defined as having systolic blood pressure 
(SBP) ≥140 mm Hg, or diastolic blood pressure (DBP) 
≥90  mm  Hg, or taking antihypertensive medication.3 
In 2017, the American College of Cardiology/American 
Heart Association guidelines lowered the diagnos-
tic criteria to SBP/DBP ≥130/80 mm Hg.4 Previously, 
the control rate of hypertension in the United States 

steadily improved from 31.6% in 1999–2000 to 53.1% 
in 2009–2010, and remained stable through 2015–
2016 (48.3%).5 However, over half of those with hy-
pertension are either untreated or undertreated.5 The 
high prevalence of uncontrolled hypertension suggests 
that a substantial number of cardiovascular events are 
preventable.6

Lead poisoning contributes to cardiac and vas-
cular damage, increasing the risk of hypertension 
and cardiovascular disease.7 Potential mechanisms 
include lead- induced reductions in renal func-
tion, enhanced oxidative stress, stimulation of the 
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renin- angiotensin system, downregulation of nitric 
oxide, soluble guanylate cyclase, and desensitiza-
tion of ß- adrenergic receptors.8,9 An earlier study in 
National Health and Nutrition Examination Survey 
(NHANES) II (1976–1980) reported an association of 
blood lead level (BLL) with BP, with effects predom-
inantly in men,10 However, that study was at much 
higher BLLs than prevail currently. BLL in the US 
population has been substantially declining for de-
cades since the gradual removal of lead from gas-
oline in 1975.11 Prior studies in chronological order 
exploring the association between BLL and hyper-
tension in the low- level- lead exposed population had 
various findings. A study conducted with NHANES III 
(1988–1994) data found BLL was significantly associ-
ated only with higher SBP in black men and women, 
higher DBP in black women, and unexpectedly, 
lower DBP in white men and women. The investiga-
tors concluded that there was no consistent relation-
ship between BP and BLL, but some associations 
may exist based on demographic characteristics.12 
Further studies using 1999–2006 NHANES data 
and one with NHANES 2003–2010 also found sim-
ilar patterns of inconsistent relationships based on 
demographic characteristics, with more pronounced 

results in lower socioeconomic status.13,14 However, 
studies in a community- dwelling cohort of elderly 
men was able to identify both blood lead and bone 
lead (marker of cumulative lead exposure) to be as-
sociated with hypertension.9,15 Currently, the as-
sociation between lead exposure and uncontrolled 
hypertension in noninstitutionalized general popula-
tion in the United States has yet to be explored and 
is an important study question given the possible 
attributable effect of environmental toxicants on the 
burden of disease due to BP.

This study aims to examine whether higher BLL 
is associated with hypertension and uncontrolled 
hypertension.

METHODS
All data are publicly available and can be accessed 
at the NHANES website (https://wwwn.cdc.gov/nchs/
nhane s/conti nuous nhane s/defau lt.aspx). Our code is 
available upon request to the corresponding author.

Study Population
We used data collected in the NHANES, which is con-
ducted by the National Center for Health Statistics, to 
evaluate the health and nutritional status of a repre-
sentative sample of the noninstitutionalized, civilian US 
population.16 All procedures in the NHANES survey cy-
cles used in this study were approved by the National 
Center for Health Statistics Research Ethics Review 
Board, and written informed consent was obtained from 
all participants.

We examined data from 9 consecutive NHANES 
survey cycles covering the periods 1999–2016. We in-
cluded nonpregnant participants aged 20 and above 
who participated in the laboratory and physical ex-
amination. A total of 45  719 subjects were included 
(1999–2000 [n=4187], 2001–2002 [n=4731], 2003–2004 
[n=4523], 2005–2006 [n=4448], 2007–2008 [n=5650], 
2009–2010 [n=5991], 2011–2012 [n=5262], 2013–2014 
[n=5523], 2015–2016 [n=5404]). We excluded 14  957 
subjects whose data on BP, BLL, education, smoking 
status, serum cotinine, alcohol intake, body mass index 
(BMI), or family income- to- poverty ratio (PIR) variables 
were missing. The characteristics of excluded partic-
ipants tended to have a higher proportion of women 
and ethnic minorities but did not differ with respect to 
other characteristics (Table S1). Our final study popula-
tion consisted of 30 762 participants (15 679 men and 
15 083 women).

Outcomes
BP was measured by trained examiners using a 
standardized protocol. After participants sat quietly 
for 5  minutes and the maximum inflation level was 

CLINICAL PERSPECTIVE

What Is New?
• Elevated blood lead level is associated with un-

controlled hypertension.
• Men with high blood lead levels are more likely 

to have uncontrolled hypertension than women.

What Are the Clinical Implications?
• Especially among males, evaluation of blood 

lead level should be considered in the workup 
and prevention of uncontrolled hypertension.

Nonstandard Abbreviations and Acronyms

BLL    blood lead level
BMI    body mass index
BP    blood pressure
CCB    calcium channel blocker
DBP    diastolic blood pressure
NHANES     National Health and Nutrition 

Examination Survey
OR    odds ratio
PIR    income-to-poverty ratio
SBP    systolic blood pressure
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determined, 3 consecutive measurement of BP were 
obtained. For those with 3 readings, the first systolic 
and diastolic readings were discarded, and the mean 
of the second and third readings was calculated as 
the average BP; if only 2 readings were available, the 
second alone was considered to be the average; if 
only 1 reading was obtained, then it was used as the 
average BP.17 Among the 30 762 participants, 28 651 
(93.1%) had 3 BP readings, 1264 had 2, and 847 had 
1 reading.

Participants were considered to have any hyper-
tension if the average SBP was ≥130 mm Hg, or the 
average DBP ≥80 mm Hg, or their answer to the ques-
tion “are you now taking prescribed medicine for high 
blood pressure” was “yes.” Uncontrolled hypertension 
was identified if the average SBP was ≥130 mm Hg, or 
the average DBP was ≥80 mm Hg, regardless of med-
ication use (Figure 1).

Blood Lead Measurement
Whole blood specimens were analyzed in the 
Division of Laboratory Sciences, National Center for 
Environmental Health, and Centers for Disease Control 
and Prevention. Whole blood lead was determined 
on a PerkinElmer Model SIMAA 6000 (PerkinElmer, 
Norwalk, CT) simultaneous multielement atomic ab-
sorption spectrometer with Zeeman background cor-
rection in the 1999–2000 and 2001–2002 cycles.18 In 
the subsequent waves, BLL was determined using 
inductively coupled plasma mass spectrometry.19 To 
compare possible systematic differences of induc-
tively coupled plasma mass spectrometry and atomic 
absorption spectrometer methods,20 we conducted a 
stratified analysis.

Antihypertensive Medications
Medication usage information was collected dur-
ing home interviews. The interviewers recorded the 
names of medications directly from the drug contain-
ers if available.21 We looked at the primary agents 
listed by the latest guideline, including angiotensin- 
converting enzyme inhibitors, angiotensin receptor 
blocker, calcium channel blocker (CCB), and thiazide 

or thiazide- type diuretics, as well as the secondary 
agents.4 The therapeutic classifications of medica-
tions were based on the Multum Lexicon Plus drug 
database (Table S2).21 In addition, we calculated the 
number of classes of primary agents taken, from 0 to 
4, and the number of classes of both primary and sec-
ondary agents, from 0 to 12. We also examined the 
use of chelating agents for lead, but no participants 
reported using such medication.

Covariates
We included demographic variables, smoking (never, 
former, current, and serum cotinine), alcohol intake 
(never, former, current), BMI (kg/m2), and menopause 
status (only for women) as covariates. Demographic 
variables included sex, age, race/ethnicity (non- 
Hispanic white, non- Hispanic black, Hispanic, and 
other), family PIR, and education (less than a high 
school degree, high school degree or general educa-
tional development, college degree or above). Serum 
cotinine was right skewed and therefore natural log- 
transformed for analyses. Glomerular filtration rate 
was estimated from the standardized serum creati-
nine using the Modification of Diet in Renal Disease 
4- variable equation.22 We also used estimated glo-
merular filtration rate to indicate the renal function 
of participants in an additional analysis. Among the 
covariates, age, family PIR, serum cotinine, and es-
timated glomerular filtration rate were analyzed as 
continuous.

Statistical Analysis
We used SAS University Edition for most data analy-
ses and Stata, version 14.0 for the splines. All analy-
ses used newly constructed 18- year NHANES weights 
adjusting for nonresponse, noncoverage, and un-
equal probabilities of selection. New weights waves 
were calculated as two- ninths of WTMEC4YR (a 
weight variable in NHANES data) for 1999–2000 and 
2001–2002 survey cycles, one- ninth of WTMEC2YR 
for 2003–2004, 2005–2006, 2007–2008, 2009–2010, 
and 2011–2012 waves, and one- ninth of WTSH2YR 
(blood metal weight) for 2013–2014 and 2015–2016 
survey cycles.23

Descriptive statistics used SAS survey procedures 
(PROC SURVEYFREQ, PROC SURVEYMEANS) 
 because of the complex multistage sampling de-
sign. Comparisons between groups used the χ2 test 
for categorical variables and t test for continuous 
variables.

The primary analyses included 3 key logistic re-
gression models using PROC SURVEYLOGISTIC. In 
model I we considered individuals with any hyper-
tension as cases, and those with no hypertension 
were controls. Model II was limited to participants 

Figure 1. Definition of hypertension, controlled hypertension,  
and uncontrolled hypertension.
DBP indicates diastolic blood pressure; and SBP, systolic blood 
pressure.
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with hypertension; we took those with uncontrolled 
hypertension as cases and those with controlled hy-
pertension as controls. In model III, we took those 
with uncontrolled hypertension as cases again, and 
those with controlled hypertension or no hyper-
tension were combined as the control group. In all 
analyses, BLL served as the exposure of interest; it 
was modeled as a categorical variable defined by 
quartiles. In addition to the odds ratio (ORs) of each 
quartile, we also calculated the P- trend for an ordi-
nal variable coded 1, 2, 3, 4 for the quartiles of BLL. 
Moreover, we examined BLL as a continuous linear 
variable and as a nonlinear variable, modeled with 
restricted cubic splines with 5 knots. Considering 
the sex disparity of the BLL and the biology of the 
incidence of hypertension,24 we ran the stratified 
analyses by sex. Both crude and adjusted analy-
ses were conducted. The basic covariates were 
age, race/ethnicity, family PIR, education, smoking 
status, serum cotinine (natural log- transformed), al-
cohol intake, BMI, and menopause status (only for 
women).

In addition to the primary analyses, we also per-
formed a number of exploratory analyses. To esti-
mate the interaction of various antihypertensive 
medications and BLL, we conducted stratified anal-
ysis by antihypertensive agents in 2 ways. First, we 
limited the analysis to individuals receiving single 
agent antihypertensive medications and examined 
the association between BLL and hypertension in 
each antihypertensive class. Then, we extended the 
analyses to individuals receiving any (single or multia-
gent) antihypertensives. In the second part of the ex-
ploratory analyses, we conducted stratified analysis 
by different BLL measuring methodologies, because 
the consistency of the recent inductively coupled 
plasma mass spectrometry methodology and the 
earlier atomic absorption spectrometer method with 
Zeeman correction in measuring BLL was unclear. 
Third, we further adjusted for estimated glomerular 
filtration rate in the primary models so as to explore 
the role of renal function in the relationship between 
BLL and uncontrolled hypertension. Fourth, we ran a 
series of models further adjusting for the number of 
primary antihypertensive agents taken or the number 
of any agents (both primary and secondary), which 
could better represent the accessibility of medica-
tions than income. Fifth, we took stratified analyses, 
examining people taking or not taking antihyper-
tensives separately. Last, we performed additional 
analyses with the definition of hypertension in the 
Seventh Report of the Joint National Committee on 
Prevention, Detection, Evaluation, and Treatment of 
High Blood Pressure: The JNC 7 Report for com-
parative purposes. The Joint National Committee 7 
Report defined hypertension as the average SBP 

≥130 mm Hg, the average DBP ≥80 mm Hg, or taking 
antihypertensive agents.25

RESULTS
Descriptive Analyses
Among a total of 30 762 participants, the weighted 
prevalence of hypertension was 46.7% (n=15  851). 
Among those with any hypertension, 80.1% (n=12 711) 
were uncontrolled hypertension. We found that the 
tendency of having hypertension varied by most de-
mographic characteristics (Table 1). For example, men 
were more likely to have hypertension than women; 
older people tended to have hypertension compared 
with younger people. Lifestyle factors, menopausal 
status, BMI, and cotinine levels also differed in hy-
pertensive and nonhypertensive groups. BLL was 
significantly higher in people with any hypertension 
than in the nonhypertensive participants for most sub-
groups. Among people with hypertension, people of 
various characteristics showed different possibilities of 
having their BP controlled to satisfactory levels (SBP 
<130 mm Hg and DBP <80 mm Hg). Men compared 
with women, and younger people compared with 
older people tended to have uncontrolled hyperten-
sion (P<0.001). Surprisingly, the BMI of participants 
with uncontrolled hypertension was significantly lower 
than for those having their BP controlled (29.9 versus 
31.4, P<0.001). In most subgroups, people with uncon-
trolled hypertension had higher BLL than those having 
hypertension controlled (P<0.05).

Primary Analyses
In the crude analysis, we found that higher BLL had 
a strong relationship with hypertension in both sexes. 
However, among people with any hypertension, higher 
BLL was not associated with uncontrolled hyperten-
sion. In model 1, in men, comparing with the first quartile 
of BLL (<0.94 μg/dL), the ORs (95% CI) of hyperten-
sion were 1.335 (1.174–1.517), 1.589 (1.404–1.798), and 
1.895 (1.681–2.138) for quartile 2 (Q2: 0.94–1.50 μg/
dL), quartile 3 (Q3: 1.50–2.30 μg/dL), and quartile 4 
(Q4: >2.30 μg/dL) respectively (P- trend<0.001), com-
paring with Q1. Among men, each 1 μg/dL increase 
in BLL was associated with 10% greater odds of hy-
pertension (95% CI, 1.067, 1.135). The ORs (95% CI) 
of hypertension in women were 1.752 (1.498–2.048), 
2.572 (2.186–3.025), 3.778 (3.209–4.448) for quartile 
2 (Q2: 0.70–1.08 μg/dL), quartile 3 (Q3: 1.08–1.66 μg/
dL), and quartile 4 (Q4: >1.66 μg/dL) respectively (P- 
trend<0.001), and the OR (95% CI) for per μg/dL in-
crease in BLL was 1.525 (1.416–1.643). In model 2, 
among men with hypertension, higher BLL was not 
associated with uncontrolled hypertension; whereas 
in women, those with BLL >1.66 μg/dL (Q4) had 1.37 
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(95% CI, 1.08, 1.73) times the odds of uncontrolled hy-
pertension compared with women with BLL <0.7 μg/
dL (Q1). In addition, for hypertensive women, each 
1  μg/dL increase in BLL was associated with 7.4% 
greater odds of uncontrolled hypertension (95% CI, 
1.006, 1.147). In model 3, the results were similar to 
those of Model 1 (Table S3).

Higher BLL was found to be correlated to hy-
pertension in men and uncontrolled hypertension in 
both sexes, after adjusting for age, sex, race/eth-
nicity, family PIR, education, smoking status, serum 
cotinine, alcohol intake, BMI, and menopause status 
(in female) (Table 2). From Model 1 we observed that 
Q3 and Q4 of BLL were associated with a greater 
prevalence of any hypertension compared with Q1 
in men (Q3: OR, 1.163; 95% CI, 1.006–1.344; Q4: 
OR, 1.249; 95% CI, 1.076–1.450; P- trend=0.005) 
but not in women. Each 1  μg/dL increase in BLL 
showed 1.037 times the odds of any hypertension 
(95% CI, 1.015–1.060) in men and 1.020 times the 
odds (95% CI, 0.970–1.074) in women. From Model 
II, we found that among hypertensive men, those 
with BLL >1.50 μg/dL (Q3) had a higher prevalence 
of uncontrolled hypertension compared with men 
with BLL <0.94 μg/dL (Q1) (Q3: OR, 1.700; 95% CI, 
1.258–2.298; Q4: OR, 1.964; 95% CI, 1.453–2.654; 
P- trend<0.001). The result in hypertensive women 
were similar to that in men (Q3: OR, 1.479; 95% CI, 
1.096–1.996; Q4: OR, 1.703; 95% CI, 1.263–2.295; 
P- trend<0.001). The OR (95% CI) for per μg/dL in-
crease in BLL was 1.157 (1.080–1.239) in men and 
1.109 (1.020–1.205) in women. In Model III, we found 
that among all men, Q2–Q4 of BLL were correlated 
to greater prevalence of uncontrolled hypertension 
compared with Q1 (Q2: OR, 1.191; 95% CI, 1.032–
1.375; Q3: OR, 1.331, 95% CI: 1.169–1.515; Q4: OR, 
1.480, 95% CI: 1.280–1.710). However, in women, 
only Q3 and Q4 of BLL showed this effect (Q3: OR, 
1.244; 95% CI, 1.041–1.486; Q4: OR, 1.316; 95% 
CI, 1.080–1.603). Figure 2 showed restricted cubic 
splines indicating nonlinear association between 
BLL and any or uncontrolled hypertension. The 
splines were based on all the models involved in the 
primary analysis.

The association of higher BLL with the control 
of hypertension was found to vary across 
antihypertension medications. First, we looked at 
the participants taking primary antihypertensive 
agents of single category. For men using only CCB, 
per μg/dL increase in BLL was associated with 
22.9% greater odds of uncontrolled hypertension 
(95% CI: 1.019, 1.481). For women taking only 
thiazide and thiazide- like diuretics, compared with 
those with BLL <0.70 μg/dL (Q1), BLL >1.66 μg/dL 
(Q4) was associated with 3.753 times the odds of 
uncontrolled hypertension (95% CI, 1.234, 11.410), 

and the P- trend for the quartiles of BLL was 0.043 
(Table 3). Then, we observed the participants taking 
single or multiple primary antihypertensive agents. 
We estimated the relationship between BLL and 
uncontrolled hypertension, by groups of people 
taking certain medications, including angiotensin- 
converting enzyme inhibitors, CCB and (or) thiazides 
and thiazide- like diuretics (Table 4). For those taking 
more than 1 kind of medication, they would appear 
in 2 or more groups. In the men taking CCB and (or) 
thiazides and thiazide- like diuretics and the women 
using thiazides and thiazide- like diuretics, higher 
BLL was inconsistently associated with greater 
prevalence of uncontrolled hypertension. In these 
analyses, the sample size varied by model, and 
thus the statistical power could be affected to some 
extent.

To exclude the influence of the different measuring 
methodology of blood lead, we conducted additional 
analyses stratified by the BLL assessment meth-
ods: atomic absorption spectrometer (1999–2002) 
and inductively coupled plasma mass spectrometry 
(2003–2016) (Table S4). However, stratified analysis 
may reduce statistical predictive power leading to null 
findings. We did not find any significant association 
between BLL and any hypertension with either BLL 
measuring way. Among hypertensive participants, in 
1999–2002, women with Q2 and Q4 of BLL were more 
likely to have uncontrolled hypertension; in 2003–2016, 
Q3 and Q4 of BLL in men were associated with un-
controlled hypertension. Among men with or without 
hypertension, Q4 of BLL in 1999–2002 and Q2–Q4 
of BLL in 2003–2016 were all associated with uncon-
trolled hypertension. Moreover, in our analysis further 
adjusted for estimated glomerular filtration rate (Table 
S5), the significant association between BLL and any 
hypertension became weaker, but the effect size for 
the association between BLL and uncontrolled hyper-
tension was larger.

In the additional analyses involving the types of 
antihypertensive medications, we had similar find-
ings. First, when we further adjusted for the number 
of classes of antihypertensive medications taken, we 
found the association between higher BLL and un-
controlled hypertension was somewhat attenuated 
after the further adjustment but still significant in both 
sexes (Table S6). Additionally, in the stratified analy-
ses by whether taking antihypertensive medications, 
we also found significant association between BLL 
and uncontrolled hypertension in men and women 
(Table S7).

In the supplemental analyses based on the Joint 
National Committee 7 definition of hypertension, the 
prevalence of any hypertension in US adults was 31.1% 
(n=11 368), but 47.7% (n=6305) of hypertensive peo-
ple did not have the BP controlled (Table S8). We also 
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conducted the 3 models as in the primary analyses. 
From both models 2 and 3, we found that Q3 and Q4 
of BLL in men and Q4 in women were related to higher 
prevalence of uncontrolled hypertension, with Q1 as 
reference (Table S9).

DISCUSSION
The main finding of this study is that BLL is associated 
with hypertension in men and uncontrolled hyperten-
sion in both sexes, and men may be more vulner-
able to the negative effect of lead than women. Our 
results are in alignment with the previous findings, 
indicating a strong relationship between lead expo-
sure and higher BP.7 We also found that men have 
a higher prevalence of hypertension than women in 
the United States.2,10 Moreover, the greater effect 
size between BLL and uncontrolled hypertension in 
men than women may result from not only the higher 
general BLL in men but also some potential biologi-
cal effect modification based on sex. Physiological 
differences like the ovarian and testicular hormonal 
milieu and sex chromosomes may contribute to the 
difference.24 Health- seeking behavior may play a role, 
as 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.26 Although it is clear that higher 
BMI is positively correlated with higher SBP and 
DBP,27 we found that BMI in the uncontrolled hyper-
tension group was lower than those with controlled 
hypertension. We did not determine the reasons or 
etiology for this counterintuitive finding. Although the 
association between BMI and hypertension was sta-
tistically significant, it was not clinically significant. 
As far as we know, no previous studies focused on 
the association between blood lead level and uncon-
trolled hypertension in a cohort representative of the 
US noninstitutionalized general population.

A number of studies examined the association be-
tween blood lead and BP with varying epidemiolog-
ical methods and target populations. A case- control 
study with 108 men aged 24 to 59 in Saudi Arabia 
found significant positive correlations between BLL 
and SBP as well as DBP (BLL: 1.85±0.132 μg/dL in 
controls versus 2.21±0.125 μg/dL in hypertensive pa-
tients, P<0.05).28 In South Korea, a study suggested 
that BLL is associated with higher BP and increased 
risk of hypertension based on a representative 
sample of 11  979 adults in 2008–2013.29 Similarly, 
a population- based study with 948 Brazilian adults 
aged 40 and above demonstrated that the highest 
quartile of BLL (>2.76 μg/dL) led to an increased DBP 
by 0.06 mm Hg (P<0.001) compared with the lowest 
quartile (≤1.32 μg/dL). Participants in the 90th per-
centile of BLL showed higher OR (OR, 2.77; 95% CI, 
1.41–5.46) for hypertension comparing with those in 
the 10th percentile.30 In the Normative Aging Study, 
long- term lead accumulation, indicated by bone lead 
levels, indicated higher risk of developing of hyperten-
sion in adult men.15 However, a cross- sectional study 
with 310 male smelting workers in South Korea failed 
to find a relationship between BLL and BP.31 A study 
of 15 431 subjects using NHANES III (1988–1994) did 
not find consistent association between BLL and BP 
across all demographic groups.12 A study with 12 725 
participants in NHANES 2003–2010 also found only 
a small and inconsistent association between BLL 
and BP.14

Although BLL has been declining in the United 
States,11 BLL in the US population in recent years 
still contributes to high blood pressures. The various 
null and positive findings could result from several 
reasons as the etiology of high blood pressure is 
complex and depends on a variety of genetic, life-
style, and environmental factors. In our analysis, we 
had a larger sample size of 30 762, which enhanced 
the ability of detecting small statistical associations. 
Second, the outcome of the previous study was BP, 
although our study focused on “having hyperten-
sion” or “having uncontrolled hypertension,” which 

Figure 2. Restricted cubic splines for blood lead level and 
any hypertension or uncontrolled hypertension.
All models were adjusted for age, sex, race/ethnicity, ratio 
of family income to poverty, education (< high school, high 
school, > high school), smoking status (never, former, current), 
serum cotinine (natural log- transformed), alcohol intake 
(never, former, current), BMI (kg/m2), and menopause status 
(yes/no, only for female). BLL indicates blood lead level; HTN, 
hypertension; and OR, odds ratio.
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specified outcome assessment beyond previous 
studies. Furthermore, we also conducted analysis 
based on previous and current guidelines by using 
the 130/80 mm Hg (SBP/DBP) criteria. Nevertheless, 
there is a possibility that unknown confounders of hy-
pertension have altered over years, thereby resulting 
in the different findings of the relationship between 
BLL and hypertension.

There are some possible factors that may account 
for the association between uncontrolled hyperten-
sion and BLL. First, people with higher BLL may have 
less access to antihypertensive medications or health 
care as a whole. Although we adjusted for family in-
come and educational level in the models, the inter-
fering effect of socioeconomic status may still remain. 
After further adjusting for the number of classes of 
antihypertensive medications taken and the stratified 
analysis among people taking and not taking antihy-
pertensive medications, we still found a weaker but 
significant relationship between higher BLL and un-
controlled hypertension in men, and no significant 
results presented in women. Therefore, even if taking 
this variable into consideration, BLL is consistently 
related to uncontrolled hypertension in men. Poor 

medication adherence in the low- socioeconomic sta-
tus group with higher blood lead levels may also be 
a possible mechanism, but previous evidence on low 
socioeconomic status and nonadherence to antihy-
pertensive medications did not show a strong rela-
tionship.32 Second, higher BLL possibly inhibit the 
effect of some types of antihypertensive medications. 
Among participants taking or only taking angiotensin- 
converting enzyme inhibitors, CCB, or thiazide and 
thiazide- like diuretics, higher BLL was related to un-
controlled hypertension, which did not exist in those 
taking only angiotensin receptor blocker. It indicated 
that the reduction of renal function is the major cause 
of lead- induced hypertension,8 which is consistent 
with the unsatisfactory effect of diuretics. Lead can 
also result in hypertension by stimulating the renin- 
angiotensin system , whereas both angiotensin- 
converting enzyme inhibitors and angiotensin 
receptor blocker lower BP by inhibiting the renin- 
angiotensin system. Toxicology studies have shown 
that lead induces smooth muscle contraction through 
release of calcium.33,34 Further research is needed 
to better elucidate the relationship between BLL 
and the effects of specific types of antihypertensive 

Table 3. ORs (95% CI) of Uncontrolled Hypertension by Quartiles of BLL (μg/dL) in US Adults, Stratified by Use of Single 
Antihypertensive Medications

Medication Used 
Only Cases* Non- Cases *

Model 1† ‡

Model 2‡ ||Q1 Q2 Q3 Q4 P- Trend§

Male <0.94 0.94 to 1.50 1.50 to 2.30 >2.30

ACEI 613 423 Ref. 1.679 (0.897–3.143) 1.695 (0.929–3.092) 1.628 
(0.917–2.891)

0.149 1.034 
(0.923–1.158)

ARB 209 112 Ref. 0.761 (0.227–2.554) 0.792 (0.263–2.385) 0.634 
(0.184–2.183)

0.506 0.998 
(0.792–1.256)

CCB 399 172 Ref. 0.758 (0.271–2.117) 0.835 (0.293–2.383) 1.368 
(0.489–3.826)

0.266 1.229 
(1.019–1.481)

Thiazide and 
thiazide- like 
diuretics

140 81 Ref. 4.876 (0.921–25.810) 3.436 (0.524–22.545) 3.415 
(0.703–16.592)

0.284 1.150 
(0.912–1.450)

Female <0.70 0.70 to 1.08 1.08 to 1.66 >1.66

ACEI 528 338 Ref. 1.070 (0.567–2.019) 1.254 (0.642–2.446) 1.256 
(0.630–2.502)

0.451 1.122 
(0.924–1.364)

ARB 250 175 Ref. 1.118 (0.397–3.148) 1.871 (0.793–4.415) 1.122 
(0.472–2.666)

0.607 0.935 
(0.732–1.193)

CCB 441 207 Ref. 1.191 (0.448–3.165) 1.527 (0.616–3.786) 1.462 
(0.617–3.462)

0.321 1.061 
(0.910–1.237)

Thiazide and 
thiazide- like 
diuretics

224 113 Ref. 2.446 (0.915–6.539) 2.393 (0.874–6.552) 3.753 
(1.234–11.410)

0.043 1.442 
(0.939–2.213)

ACEI indicates angiotensin- converting enzyme inhibitors; ARB, angiotensin receptor blocker; BLL, blood lead level; CCB, calcium channel blocker; OR, odds 
ratio.

*Cases: people with uncontrolled hypertension; non- cases: those having their hypertension controlled.
†Model 1: estimating odds ratio (95% CI) for quartiles of BLL.
‡All models were adjusted for age, sex, race/ethnicity, ratio of family income to poverty, education (< high school, high school, > high school), smoking status 

(never, former, current), serum cotinine (natural log- transformed), alcohol intake (never, former, current), body mass index (kg/m2), and menopause status (yes/
no, only for female).

§P- trend: the P value for the dummy variable coded 1, 2, 3, 4 for the quartiles.
||Model 2: taking the continuous BLL (μg/dL) as the major independent variable and estimating odds ratio (95% CI) for the increase of 1 μg/dL BLL.
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medication. Whether there is an association between 
blood lead and indications of types of medication 
needs to be explored. Third, most of the lead in the 
body is excreted through kidney.35 When hyperten-
sion begins, it will further increase the kidney burden 
and may lead to hypertensive renal disease. Thus, 
the excretion rate of lead will decrease, and lead will 
be more likely to accumulate in the body, which is a 
vicious cycle (Figure 3).

Before the publishing of the latest guideline for hy-
pertension in adults in 2017, the definition of hyperten-
sion was SBP ≥140 mm Hg or DBP ≥90 mm Hg or 
currently taking antihypertensive medications, based 
on the Seventh Report of the Joint National Committee 
on Prevention, Detection, Evaluation, and Treatment 
of High Blood Pressure: The JNC 7 Report.25 In this 
study, we compared the main results based on the 2 
definitions of hypertension and found they were quite 
similar. The consistency of the results enhanced the 
validity of the conclusion that BLL is associated with 
uncontrolled hypertension.

Our analysis has several strengths. First, this study 
combined 9 waves of data, covering over a decade 
from 1999 to 2016. The nationally representative sam-
ple of the US population is also one of our strengths. 
Additionally, we adjusted for comprehensive covariates 
in the analyses, including socioeconomic status indica-
tors. Furthermore, this study used the latest definition 
of hypertension, and thus has greater significance in 
clinical practice. However, the limitations of this study 
should also be noted. First, we used serial cross- 
sectional data, which do not imply a causal relation-
ship of BLL and uncontrolled hypertension. Second, 
when applying the definitions in the latest guideline in 
this study, this group of people were sorted as uncon-
trolled hypertension, which might contribute to a higher 
estimation of prevalence of uncontrolled hypertension. 
The supplemental analyses based on the Joint National 
Committee 7 definition is provided for comparison. Last, 
type I error inflation may exist in the results because of 
multiple statistical tests in our exploratory analyses.

In conclusion, considering the negative effect of 
lead exposure on the control of blood pressure, lead 

burden should be considered for people with uncon-
trolled hypertension in clinical settings.

ARTICLE INFORMATION
Received December 17, 2019; accepted April 28, 2020.

Affiliations
From the Environmental Research Center, Duke Kunshan University, 
Kunshan, China (H.M., J.S.J.); Department of Medicine, University of Texas 
Dell Medical School, Austin, TX (Y.L.); Department of Surgery, Brigham 
and Women’s Hospital, Boston, MA (T.C.T.); Harvard T.H. Chan School of 
Public Health, Harvard University, Boston, MA (J.S.); Nicholas School of the 
Environment, Duke University, Durham, NC (J.S.J.).

Sources of Funding
This work was supported by the Kunshan Government.

Disclosures
None.

Supplementary Materials
Tables S1–S9

REFERENCES
 1. Buford TW. Hypertension and aging. Ageing Res Rev. 2016;26:96–111.
 2. Carretero OA, Oparil S. Essential hypertension: part I: definition and 

etiology. Circulation. 2000;101:329–335.
 3. Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA, Izzo 

JL Jr, Jones DW, Materson BJ, Oparil S, Wright JT Jr. The seventh re-
port of the Joint National Committee on prevention, detection, evalu-
ation, and treatment of high blood pressure: the JNC 7 report. JAMA. 
2003;289:2560–2571.

 4. Whelton PK, Carey RM, Aronow WS, Casey DE, Collins KJ, Himmelfarb 
CD, DePalma SM, Gidding S, Jamerson KA, Jones DW, et  al. 2017 
ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA 
guideline for the prevention, detection, evaluation, and management 
of high blood pressure in adults: a report of the American College of 
Cardiology/American Heart Association Task Force on Clinical Practice 
Guidelines. Hypertension. 2018;71:e13–e115.

 5. Fryar CD, Ostchega Y, Hales CM, Zhang G, Kruszon-Moran D. Hypertension 
prevalence and control among adults: United States, 2015–2016. NCHS data 
brief, no 289. Hyattsville, MD. National Center for Health Statistics. 2017.

 6. Wang TJ, Vasan RSJC. Epidemiology of uncontrolled hypertension in 
The United States. Circulation. 2005;112:1651–1662.

 7. Flora G, Gupta D, Tiwari A. Toxicity of lead: a review with recent up-
dates. Interdiscip Toxicol. 2012;5:47–58.

 8. Navas-Acien A, Guallar E, Silbergeld EK, Rothenberg SJ. Lead expo-
sure and cardiovascular disease: a systematic review. Environ Health 
Perspect. 2007;115:472–482.

 9. Zheutlin AR, Hu H, Weisskopf MG, Sparrow D, Vokonas PS, Park 
SK. Low- level cumulative lead and resistant hypertension: a pro-
spective study of men participating in the Veterans Affairs Normative 
Aging Study. J Am Heart Assoc. 2018;7:e010014. DOI: 10.1161/
JAHA.118.010014.

 10. Schwartz J. The relationship between blood lead and blood pressure in 
the NHANES II survey. Environ Health Perspect. 1988;78:15–22.

 11. Pirkle JL, Brody DJ, Gunter EW, Kramer RA, Paschal DC, Flegal KM, 
Matte TD. The decline in blood lead levels in the United States: the 
National Health and Nutrition Examination Surveys (NHANES). JAMA. 
1994;272:284–291.

 12. Den Hond E, Nawrot T, Staessen JA. The relationship between blood 
pressure and blood lead in NHANES III. J Hum Hypertens. 2002;16:563.

 13. Scinicariello F, Abadin HG, Murray HE. Association of low- level 
blood lead and blood pressure in NHANES 1999–2006. Environ Res. 
2011;111:1249–1257.

 14. Hara A, Thijs L, Asayama K, Gu Y-M, Jacobs L, Zhang Z-Y, Liu Y-P, 
Nawrot TS, Staessen JA. Blood pressure in relation to environmental 

Figure 3. The vicious circle in lead and hypertension.

https://doi.org/10.1161/JAHA.118.010014
https://doi.org/10.1161/JAHA.118.010014


J Am Heart Assoc. 2020;9:e015533. DOI: 10.1161/JAHA.119.015533 13

Miao et al Blood Lead and Uncontrolled Hypertension in the US

lead exposure in the National Health and Nutrition Examination Survey 
2003 to 2010. Hypertension. 2015;65:62–69.

 15. Hu H, Aro A, Payton M, Korrick S, Sparrow D, Weiss ST, Rotnitzky A. 
The relationship of bone and blood lead to hypertension: the Normative 
Aging Study. JAMA. 1996;275:1171–1176.

 16. Johnson CL, Dohrmann SM, Burt VL, Mohadjer LK. National Health and 
Nutrition Examination Survey: sample design, 2011–2014. Vital Health 
Stat. 2014;2:1–33.

 17. Centers for Disease Control and Prevention (CDC), National Center for 
Health Statistics (NCHS). National Health and Nutrition Examination 
Survey: physician examination procedures manual. 2019.

 18. Centers for Disease Control and Prevention (CDC), National Center for 
Health Statistics (NCHS). NHANES 1999–2000 data documentation, 
codebook, and frequencies: Cadmium, lead, mercury, cotinine & nutri-
tional biochemistries (lab06). 2007.

 19. Centers for Disease Control and Prevention (CDC), National Center for 
Health Statistics (NCHS). NHANES 2015–2016 data documentation, 
codebook, and frequencies: lead, cadmium, total mercury, selenium & 
manganese—blood (PBCD_I). 2018.

 20. Palmer CD, Lewis ME Jr, Geraghty CM, Barbosa F Jr, Parsons PJ. 
Determination of lead, cadmium and mercury in blood for assessment 
of environmental exposure: a comparison between inductively cou-
pled plasma–mass spectrometry and atomic absorption spectrometry. 
Spectrochim Acta Part B At Spectrosc. 2006;61:980–990.

 21. Centers for Disease Control and Prevention (CDC), National Center for 
Health Statistics (NCHS). National Health and Nutrition Examination 
Survey 1988–2016 data documentation, codebook, and frequencies: 
prescription medications—drug information (rxq_drug). 2007.

 22. Levey AS, Coresh J, Greene T, Stevens LA, Zhang YL, Hendriksen S, 
Kusek JW, Van Lente F. Using standardized serum creatinine values in 
the modification of diet in renal disease study equation for estimating 
glomerular filtration rate. Ann Intern Med. 2006;145:247–254.

 23. Centers for Disease Control and Prevention (CDC), National Center for 
Health Statistics (NCHS). National Health and Nutrition Examination 
Survey: analytic guidelines, 2011–2014 and 2015–2016. 2018.

 24. Sandberg K, Ji H. Sex differences in primary hypertension. Biol Sex 
Differ. 2012;3:7.

 25. Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA, Izzo JL 
Jr, Jones DW, Materson BJ, Oparil S, Wright JT Jr. The seventh report 
of the Joint National Committee on prevention, detection, evaluation, 
and treatment of high blood pressure: the JNC 7 report. ACC Current 
Journal Review. 2003;12:31–32.

 26. Marques-Vidal P, Arveiler D, Amouyel P, Bingham A, Ferrières J. Sex 
differences in awareness and control of hypertension in France. J 
Hypertens. 1997;15:1205–1210.

 27. Dua S, Bhuker M, Sharma P, Dhall M, Kapoor S. Body mass index re-
lates to blood pressure among adults. N Am J Med Sci. 2014;6:89.

 28. Alghasham AA, Meki A-RM, Ismail HA. Association of blood lead level 
with elevated blood pressure in hypertensive patients. Int J Health Sci 
(Qassim). 2011;5:17.

 29. Lee B-K, Ahn J, Kim N-S, Lee CB, Park J, Kim Y. Association of blood 
pressure with exposure to lead and cadmium: analysis of data from the 
2008–2013 Korean National Health and Nutrition Examination Survey. 
Biol Trace Elem Res. 2016;174:40–51.

 30. de Almeida Lopes ACB, Silbergeld EK, Navas-Acien A, Zamoiski 
R, da Cunha Martins A Jr, Camargo AEI, Urbano MR, Mesas AE, 
Paoliello MMB. Association between blood lead and blood pressure: 
a population- based study in Brazilian adults. Environ Health Perspect. 
2017;16:27.

 31. An HC, Sung JH, Lee J, Sim CS, Kim SH, Kim Y. The association be-
tween cadmium and lead exposure and blood pressure among work-
ers of a smelting industry: a cross- sectional study. Ann Occup Environ 
Med. 2017;29:47.

 32. Alsabbagh MHDW, Lemstra M, Eurich D, Lix LM, Wilson TW, Watson 
E, Blackburn DF. Socioeconomic status and nonadherence to antihy-
pertensive drugs: a systematic review and meta- analysis. Value Health. 
2014;17:288–296.

 33. Piccinini F, Favalli L, Chiari MC. Experimental investigations on the 
contraction induced by lead in arterial smooth muscle. Toxicology. 
1977;8:43–51.

 34. Pounds JG. Effect of lead intoxication on calcium homeostasis and calcium- 
mediated cell function: a review. Neurotoxicology. 1984;5:295–331.

 35. Agency for toxic substances & disease registry. Lead toxicity: what are 
routes of exposure to lead? 2019.



 

 

 

 

 

Supplemental Material 

 

 

 



Table S1. Characteristics of included and excluded participants (unweighted). 

 Overall  Included  Excluded 

 n %  n %  n % 

Overall 45719 100.0  30762 100.0  14957 100.0 

Sex         

  Male 22658 49.6  15679 51.0  6979 46.7 

  Female 23061 50.4  15083 49.0  7978 53.3 

Age         

  20-39 15019 32.9  10081 32.8  4938 33.0 

  40-59 14897 32.6  10113 32.9  4784 32.0 

  60+ 15803 34.6  10568 34.4  5235 35.0 

Race/ethnicity         

  Non-Hispanic white 20594 45.0  15050 48.9  5544 37.1 

  Non-Hispanic black 9603 21.0  5988 19.5  3615 24.2 

  Hispanic 11803 25.8  7728 25.1  4075 27.2 

  Other 3719 8.1  1996 6.5  1723 11.5 

Family PIR         

  0≤PIR<1 8676 19.0  5945 19.3  2731 18.3 

  1≤PIR<2 11165 24.4  8152 26.5  3013 20.1 

  2≤PIR<3 6460 14.1  4817 15.7  1643 11.0 

  PIR≥3 15467 33.8  11848 38.5  3619 24.2 

  Missing 3951 8.6  NA NA  3951 26.4 

Education         

  Below high school 12877 28.2  8302 27.0  4575 30.6 

  High school 10572 23.1  7164 23.3  3408 22.8 

  College or above 22200 48.6  15296 49.7  6904 46.2 

  Missing 70 0.2  NA NA  70 0.5 

Smoking          

  Never 24460 53.5  16127 52.4  8333 55.7 

  Former 11368 24.9  7927 25.8  3441 23.0 

  Current 9840 21.5  6708 21.8  3132 20.9 

  Missing 51 0.1  NA NA  51 0.3 

Alcohol         

  Never 6097 13.3  4234 13.8  1863 12.5 



  Former 6165 13.5  4522 14.7  1643 11.0 

  Current 29163 63.8  22006 71.5  7157 47.9 

  Missing 4294 9.4  NA NA  4294 28.7 

BMI (kg/m2) * 28.8 (6.7)      

  Missing 953 2.1       

Cotinine (ng/mL) * 57.4 (126.5)      

  Missing 2845 6.2       

BLL (μg/dL) * 1.9 (1.9)      

  Missing 7492 16.4       

 

family PIR = ratio of family income to poverty, BMI = body mass index, BLL = blood lead level. 

* Mean (standard deviation). 

 



Table S2. Classes of antihypertensive medications. 

Drug classes 
1st-2nd-3rd Level  

Category ID 
Generic drug code 

Primary agents 

1 ACEI 40-42 
d00006, d00013, d00242, d00365, d00728, d00730, d00732, d03835, d04008, 
d04440, h00032 

2 ARB 40-56 d03821, d04113, d04222, d04266, d04322, d04364, d04801, d07754 
3 CCB 40-48 d00045, d00048, d00051, d00231, d00270, d00315, d00689, d03825 

4 Thiazide and thiazide-like diuretics 40-49-156 
c00156, d00190, d00192, d00253, d00260, d00299, d00641, d00643, d00645, 
d00646 

Secondary agents 

5 Diuretics—loop 40-49-154 d00070, d00179, d00649, d03189 

6 Diuretics—potassium sparing 40-49-155 d00169, d00373, d00396 

7 Diuretics—aldosterone antagonists N/A d04815, d00373 

8 β-blocker 40-47 
c00047, d00004, d00016, d00018, d00032, d00128, d00134, d00137, d00139, 
d00176, d00332, d00371, d00709, d03847, d05265 

9 Direct renin inhibitors  d06665 

10 
Peripheral α-Adrenergic receptor 
antagonist 

40-43 
d00131, d00138, d00367, d00386, d00725, d00726, d03151, d04121, d04797, 
d07354, d07634 

11 
Central-acting and other 
antiadrenergic drugs 

40-44 d00044, d00130, d00133, d00717 

12 Direct Vasodilators N/A d00132, d00135 

 

 

 



Table S3. Unadjusted ORs (95% CI) of hypertension and uncontrolled hypertension by quartiles of blood lead level in US adults. 

Sex BLL (μg/dL) 

Model 1 

Cases: Any HTN 

Non-cases: non-HTN 

 

Model 2 

Cases: uncontrolled HTN 

Non-cases: controlled HTN 

 

Model 3 

Cases: uncontrolled HTN 

Non-cases: controlled HTN + non-HTN 

Cases Non-cases OR (95% CI)  Cases Non-cases OR (95% CI)  Cases Non-cases OR (95% CI) 

Men 

Q1 (<0.94) 1205 1633 Reference  1019 186 Reference  1019 1819 Reference 

Q2 (0.94-1.50) 1850 1740 1.335 (1.174 to 1.517)  1511 339 0.966 (0.697 to 1.339)  1511 2079 1.274 (1.109 to 1.462) 

Q3 (1.50-2.30) 2253 1802 1.589 (1.404 to 1.798)  1816 437 1.022 (0.760 to 1.376)  1816 2239 1.501 (1.331 to 1.694) 

Q4 (>2.30) 3230 1966 1.895 (1.681 to 2.138)  2677 553 1.021 (0.772 to 1.352)  2677 2519 1.736 (1.523 to 1.979) 

P-trend * <0.001  0.752  <0.001 

Continuous BLL 8538 7141 1.100 (1.067 to 1.135)  7023 1515 1.039 (0.997 to 1.082)  7023 8656 1.089 (1.058 to 1.121) 

Women 

Q1 (<0.70) 871 2176 Reference  649 222 Reference  649 2398 Reference 

Q2 (0.70-1.08) 1468 2076 1.752 (1.498 to 2.048)  1113 355 1.135 (0.871 to 1.478)  1113 2431 1.718 (1.454 to 2.030) 

Q3 (1.08-1.66) 2115 1859 2.572 (2.186 to 3.025)  1648 467 1.266 (0.971 to 1.651)  1648 2326 2.470 (2.115 to 2.886) 

Q4 (>1.66) 2859 1659 3.778 (3.209 to 4.448)  2278 581 1.368 (1.082 to 1.730)  2278 2240 3.461 (2.954 to 4.056) 

P-trend * <0.001  0.006  <0.001 

Continuous BLL 7313 7770 1.525 (1.416 to 1.643)  5688 1625 1.074 (1.006 to 1.147)  5688 9395 1.406 (1.322 to 1.496) 

 

 BLL = blood lead level, HTN = hypertension, OR = odds ratio, CI = confidence interval. 

* P-trend: the P-value for the ordinal variable coded as 1, 2, 3, 4 for the quartiles. 

 



Table S4. ORs (95% CI) of hypertension and uncontrolled hypertension by quartiles of blood lead level in US adults, stratified by the 

blood lead measuring methodology. 

Methodology Sex BLL (μg/dL) 

Model 1 

Cases: Any HTN 

Non-cases: non-HTN 

 

Model 2 

Cases: uncontrolled HTN 

Non-cases: controlled HTN 

 

Model 3 

Cases: uncontrolled HTN 

Non-cases: controlled HTN + non-HTN 

Cases Non-cases OR (95% CI) †  Cases Non-cases OR (95% CI) †  Cases Non-cases OR (95% CI) † 

Atomic absorption 

spectrometry 

(1999-2002) 

Men 

Q1 (<1.4) 285 359 Reference  257 28 Reference  257 387 Reference 

Q2 (1.4-2.0) 403 355 1.025 (0.808 to 1.300)  350 53 0.930 (0.397 to 2.179)  350 408 1.057 (0.853 to 1.311) 

Q3 (2.0-2.9) 493 386 1.010 (0.762 to 1.339)  435 58 1.372 (0.695 to 2.710)  435 444 1.130 (0.874 to 1.461) 

Q4 (>2.9) 727 412 1.358 (0.990 to 1.862)  658 69 1.864 (0.807 to 4.307)  658 481 1.539 (1.099 to 2.156) 

P-trend * 0.087  0.070  0.022 

Continuous BLL 1908 1512 1.037 (1.005 to 1.070)  1700 208 1.216 (1.044 to 1.415)  1700 1720 1.053 (1.019 to 1.088) 

Women 

Q1 (<0.9) 195 407 Reference  164 31 Reference  164 438 Reference 

Q2 (0.9-1.3) 307 381 0.951 (0.661 to 1.369)  269 38 1.901 (1.011 to 3.576)  269 419 1.169 (0.854 to 1.601) 

Q3 (1.3-2.0) 505 447 0.977 (0.731 to 1.306)  429 76 1.410 (0.805 to 2.471)  429 523 1.104 (0.836 to 1.458) 

Q4 (>2.0) 645 359 0.927 (0.640 to 1.341)  573 72 2.889 (1.493 to 5.590)  573 431 1.285 (0.935 to 1.765) 

P-trend * 0.729 
 

0.011  0.168 

Continuous BLL 1652 1594 1.020 (0.929 to 1.119)  1435 217 1.096 (0.937 to 1.281)  1435 1811 1.037 (0.966 to 1.113) 

Inductively coupled 

plasma–mass 

spectrometry 

(2003-2016) 

Men 

Q1 (<0.88) 925 1267 Reference  777 148 Reference  777 1415 Reference 

Q2 (0.88-1.36) 1421 1368 1.059 (0.907 to 1.235)  1152 269 1.461 (0.998 to 2.138)  1152 1637 1.190 (1.030 to 1.375) 

Q3 (1.36-2.10) 1752 1430 1.121 (0.958 to 1.312)  1380 372 1.639 (1.171 to 2.296)  1380 1802 1.291 (1.120 o 1.488) 

Q4 (>2.10) 2532 1564 1.132 (0.960 to 1.335)  2014 518 1.782 (1.291 to 2.461)  2014 2082 1.335 (1.145 to 1.557) 

P-trend * 0.125  <0.001  <0.001 



Continuous BLL 6630 5629 1.028 (1.001 to 1.056)  5323 1307 1.105 (1.031 to 1.184)  5323 6936 1.049 (1.017 to 1.081) 

Women 

Q1 (<0.70) 624 1673 Reference  461 163 Reference  461 1836 Reference 

Q2 (0.70-1.08) 1114 1708 1.060 (0.861 to 1.307)  810 304 1.016 (0.736 to 1.402)  810 2012 1.058 (0.844 to 1.325) 

Q3 (1.08-1.66) 1666 1508 1.000 (0.788 to 1.270)  1265 401 1.300 (0.895 to 1.888)  1265 1909 1.152 (0.919 to 1.444) 

Q4 (>1.66) 2257 1287 1.003 (0.779 to 1.291)  1717 540 1.356 (0.950 to 1.937)  1717 1827 1.179 (0.919 to 1.512) 

P-trend * 0.871  0.028  0.134 

Continuous BLL 5661 6176 1.001 (0.941 to 1.064)  4253 1408 1.069 (0.974 to 1.174)  4253 7584 1.033 (0.979 to 1.090) 

BLL = blood lead level, HTN = hypertension, OR = odds ratio, CI = confidence interval. 

* P-trend: the P-value for the ordinal variable coded as 1, 2, 3, 4 for the quartiles. 

† All models were adjusted for age, sex, race/ethnicity, ratio of family income to poverty, education (< high school, high school, > high school), smoking status (never, former, current), serum cotinine (natural 

log-transformed), alcohol intake (never, former, current), body mass index (kg/m2), and menopause status (yes/no, only for female). 

 

 

 

 

 

 



Table S5. ORs (95% CI) of hypertension and uncontrolled hypertension by quartiles of blood lead level in US adults, further adjusted 

for estimated glomerular filtration rate (eGFR).  

Sex BLL (μg/dL) 

Model 1 

Cases: Any HTN 

Non-cases: non-HTN 

 

Model 2 

Cases: uncontrolled HTN 

Non-cases: controlled HTN 

 

Model 3 

Cases: uncontrolled HTN 

Non-cases: controlled HTN + non-HTN 

Cases Non-cases OR (95% CI) †   Cases Non-cases OR (95% CI) †   Cases Non-cases OR (95% CI) † 

Men 

Q1 (<0.94) 1197 1626 Reference  1012 185 Reference  1012 1811 Reference 

Q2 (0.94-1.50) 1841 1738 1.108 (0.949 to 1.292)  1502 339 1.368 (0.997 to 1.878)  1502 2077 1.188 (1.031 to 1.370) 

Q3 (1.50-2.30) 2244 1799 1.154 (0.998 to 1.334)  1808 436 1.736 (1.287 to 2.341)  1808 2235 1.332 (1.171 to 1.515) 

Q4 (>2.30) 3216 1954 1.238 (1.065 to 1.438)  2666 550 2.042 (1.510 to 2.762)  2666 2504 1.486 (1.285 to 1.718) 

P-trend * 0.007  <0.001  <0.001 

Continuous BLL 8498 7117 1.037 (1.015 to 1.060)  6988 1510 1.167 (1.086 to 1.255)  6988 8627 1.063 (1.038 to 1.089) 

Women 

Q1 (<0.70) 864 2166 Reference  644 220 Reference  644 2386 Reference 

Q2 (0.70-1.08) 1457 2067 1.060 (0.881 to 1.275)  1106 351 1.291 (0.975 to 1.708)  1106 2418 1.163 (0.973 to 1.392) 

Q3 (1.08-1.66) 2099 1854 1.039 (0.853 to 1.266)  1636 463 1.541 (1.137 to 2.089)  1636 2317 1.245 (1.042 to 1.488) 

Q4 (>1.66) 2845 1650 1.042 (0.836 to 1.298)  2266 579 1.793 (1.324 to 2.427)  2266 2229 1.325 (1.086 to 1.616) 

P-trend * 0.801 
 

<0.001  0.005 

Continuous BLL 7265 7737 1.018 (0.968 to 1.072)  5652 1613 1.124 (1.033 to 1.225)  5652 9350 1.057 (1.012 to 1.104) 

BLL = blood lead level, HTN = hypertension, OR = odds ratio, CI = confidence interval. 

* P-trend: the P-value for the ordinal variable coded as 1, 2, 3, 4 for the quartiles. 

† All models were adjusted for age, sex, race/ethnicity, ratio of family income to poverty, education (< high school, high school, > high school), smoking status (never, former, current), serum 

cotinine (natural log-transformed), alcohol intake (never, former, current), body mass index (kg/m2), menopause status (yes/no, only for female), and eGFR. 

 



Table S6. ORs (95% CI) of hypertension and uncontrolled hypertension by quartiles of blood lead level (μg/dL) in US adults. 

 

Models † Cases * Non-cases * Q1 Q2 Q3 Q4 

Male   <0.94 0.94-1.50 1.50-2.30 >2.30 

Model 1 7021 1514 Ref. 1.263 (0.914 to 1.746) 1.512 (1.118 to 2.045) 1.697 (1.251 to 2.304) 

Model 2 7021 1514 Ref. 1.324 (0.957 to 1.831) 1.610 (1.186 to 2.185) 1.851 (1.370 to 2.500) 

Female   <0.70 0.70-1.08 1.08-1.66 >1.66 

Model 1 5685 1625 Ref. 1.211 (0.914 to 1.606) 1.464 (1.104 to 1.941) 1.636 (1.221 to 2.191) 

Model 2 5685 1625 Ref. 1.201 (0.902 to 1.600) 1.401 (1.051 to 1.868) 1.635 (1.221 to 2.191) 

* Cases: people with controlled hypertension; non-cases: those having their hypertension controlled. 

† All models were adjusted for age, sex, race/ethnicity, ratio of family income to poverty, education (< high school, high school, > high school), smoking status (never, former, 

current), serum cotinine (natural log-transformed), alcohol intake (never, former, current), body mass index (kg/m2), and menopause status (yes/no, only for female). Model 1 

was further adjusted for number of primary agents taken, and model 2 was further adjusted for number of primary and secondary agents taken. 

 

 

 



Table S7. Association between uncontrolled hypertension and blood lead level (μg/dL), stratified by the use of antihypertensive 

medications. 

Models 

Reported not taking antihypertensive medications 

Cases: w/ uncontrolled HTN; Non-cases: w/o HTN  
Reported taking antihypertensive medications 

Cases: w/ uncontrolled HTN; Non-cases: w/ controlled HTN 

Male (M) Female (F)  Male (M) Female (F) 

Cases 4727 3078  2296 2610 

Non-cases 7141 7770  1515 1625 

Model 1: 

ORs 

(95%CI) 

Q1 (M: <0.94; F: <0.70) Ref. Ref.  Ref. Ref. 

Q2 (M: 0.94-1.50; F: 0.70-1.08) 1.183 (1.009 to 1.387) 1.208 (0.992 to 1.472)  1.209 (0.858 to 1.703) 1.085 (0.782 to 1.504) 

Q3 (M: 1.50-2.30; F: 1.08-1.66) 1.351 (1.158 to 1.575) 1.193 (0.965 to 1.477)  1.335 (0.961 to 1.856) 1.378 (1.013 to 1.875) 

Q4 (M: >2.30; F: >1.66) 1.484 (1.253 to 1.758) 1.340 (1.037 to 1.731)  1.542 (1.118 to 2.126) 1.366 (1.005 to 1.856) 

P-trend ‡ <0.001 0.038  0.006 0.018 

Model 2 OR (95% CI) 1.058 (1.031 to 1.085) 1.064 (1.006 to 1.126)  1.099 (1.033 to 1.170) 1.053 (0.979 to 1.133) 

 BLL = blood lead level, HTN = hypertension, OR = odds ratio, CI = confidence interval. 

* Model 1: examining ORs (95%CI) of quartiles of BLL. 

† P-trend: the p-value for the ordinal variable coded 1,2,3,4 for the quartiles. 

‡ Model 2: taking the continuous BLL (μg/dL) as the major independent variable. 

§ All models were adjusted for age, sex, race/ethnicity, ratio of family income to poverty, education (< high school, high school, > high school), smoking status (never, former, current), serum cotinine (natural 

log-transformed), alcohol intake (never, former, current), body mass index (kg/m2), and menopause status (yes/no, only for female). 

 

 



Table S8. Participant characteristics and geometric mean of blood lead level (BLL, μg/dL) by hypertension status. (based on the JNC 

7 definition). 

 Overall  Non-hypertension  

Hypertension 

Characteristics 

  

Overall   Controlled  Uncontrolled 

P # P ** 

 

n % (SE) BLL (SE) 

 

n % (SE) BLL (SE) 

 

n % (SE) P § BLL (SE) P ||  n % (SE) BLL (SE)  n % (SE) BLL (SE) 

Sex    

 

   

 

  0.276            0.004   

  Male 15679 49.7 (0.3) 1.50 (0.02) 

 

9983 50.0 (0.4) 1.43 (0.02) 

 

5696 49.2 (0.6)  1.69 (0.03) <0.001  2453 47.1 (1.1) 1.63 (0.04)  3243 51.1 (0.8) 1.74 (0.03)  <0.001 

  Female 15083 50.3 (0.3) 1.07 (0.01) 

 

9411 50.0 (0.4) 0.97 (0.01) 

 

5672 50.8 (0.6)  1.34 (0.02) <0.001  2610 52.9 (1.1) 1.23 (0.03)  3062 48.9 (0.8) 1.45 (0.03)  <0.001 

Age    

 

   

 

  <0.001           <0.001  

  20-39 10081 36.5 (0.6) 0.95 (0.01) 

 

9225 48.7 (0.6) 0.94 (0.01) 

 

856 9.6 (0.5)  1.01 (0.03) 0.282   246 6.3 (0.6) 0.82 (0.04)  610 12.5 (0.7) 1.11 (0.03)  <0.001 

  40-59 10113 38.9 (0.4) 1.38 (0.02) 

 

6737 38.7 (0.6) 1.37 (0.02) 

 

3376 39.4 (0.8)  1.40 (0.02) 0.006   1604 42.3 (1.2) 1.30 (0.03)  1772 36.8 (0.9) 1.51 (0.04)  <0.001 

  60+ 10568 24.6 (0.5) 1.72 (0.02) 

 

3432 12.6 (0.4) 1.73 (0.03) 

 

7136 51.0 (0.8)  1.71 (0.02) 0.402   3213 51.4 (1.1) 1.60 (0.03)  3923 50.7 (1.0) 1.81 (0.03)  <0.001 

Race/ethnicity    

 

   

 

  <0.001           <0.001  

  Non-Hispanic white 15050 71.5 (1.1) 1.27 (0.02) 

 

9353 70.4 (1.1) 1.17 (0.02) 

 

5697 73.9 (1.2)  1.50 (0.02) <0.001  2682 77.2 (1.2) 1.41 (0.03)  3015 70.9 (1.4) 1.60 (0.03)  <0.001 

  Non-Hispanic black 5988 10.1 (0.6) 1.33 (0.03) 

 

3224 8.8 (0.5) 1.17 (0.03) 

 

2764 12.8 (0.8)  1.62 (0.04) <0.001  1213 11.6 (0.8) 1.51 (0.05)  1551 13.9 (0.9) 1.71 (0.05)  0.002 

  Hispanic 7728 12.6 (0.8) 1.22 (0.03) 

 

5403 14.6 (0.9) 1.19 (0.02) 

 

2325 8.3 (0.7)  1.35 (0.04) 0.305   921 6.9 (0.7) 1.19 (0.05)  1404 9.6 (0.9) 1.47 (0.05)  <0.001 

  Other 1996 5.8 (0.3) 1.28 (0.03) 

 

1414 6.2 (0.3) 1.23 (0.03) 

 

582 5.0 (0.4)  1.44 (0.05) <0.001  247 4.3 (0.4) 1.40 (0.08)  335 5.6 (0.5) 1.47 (0.06)  0.357 

Family PIR    

 

   

 

  <0.001           <0.001  

  0≤PIR<1 5945 13.3 (0.4) 1.30 (0.03) 

 

3917 13.9 (0.5) 1.21 (0.03) 

 

2028 11.9 (0.5)  1.59 (0.04) <0.001  845 10.5 (0.6) 1.40 (0.04)  1183 13.1 (0.7) 1.74 (0.06)  <0.001 

  1≤PIR<2 8152 20.4 (0.5) 1.34 (0.02) 

 

4824 19.3 (0.5) 1.20 (0.02) 

 

3328 22.7 (0.8)  1.63 (0.03) <0.001  1387 20.7 (0.9) 1.54 (0.04)  1941 24.6 (1.0) 1.70 (0.04)  0.016 

  2≤PIR<3 4817 15.8 (0.4) 1.25 (0.02) 

 

2911 15.5 (0.4) 1.14 (0.03) 

 

1906 16.5 (0.5)  1.51 (0.03) <0.001  867 16.8 (0.8) 1.42 (0.04)  1039 16.1 (0.7) 1.61 (0.05)  0.003 

  PIR≥3 11848 50.6 (0.9) 1.24 (0.01) 

 

7742 51.3 (0.9) 1.16 (0.01) 

 

4106 48.9 (1.1)  1.42 (0.02) <0.001  1964 51.9 (1.3) 1.35 (0.03)  2142 46.2 (1.3) 1.50 (0.03)  <0.001 

Education    

 

   

 

  <0.001           0.003   

  Below high school 8302 16.7 (0.5) 1.62 (0.02) 

 

4711 15.2 (0.5) 1.51 (0.03) 

 

3591 20.0 (0.7)  1.80 (0.03) <0.001  1480 18.5 (0.8) 1.73 (0.04)  2111 21.4 (0.8) 1.86 (0.04)  0.002 

  High school 7164 23.5 (0.5) 1.35 (0.02) 

 

4321 22.3 (0.5) 1.26 (0.02) 

 

2843 26.2 (0.7)  1.53 (0.03) <0.001  1270 26.0 (0.9) 1.40 (0.04)  1573 26.4 (0.8) 1.66 (0.05)  <0.001 



  College or above 15296 59.8 (0.8) 1.16 (0.01) 

 

10362 62.5 (0.8) 1.07 (0.01) 

 

4934 53.8 (1.0)  1.39 (0.02) <0.001  2313 55.6 (1.2) 1.31 (0.03)  2621 52.2 (1.1) 1.46 (0.03)  <0.001 

Smoking     

 

   

 

  <0.001           0.009   

  Never 16127 52.8 (0.6) 1.08 (0.01) 

 

10472 54.1 (0.7) 0.99 (0.01) 

 

5655 49.8 (0.8)  1.31 (0.02) <0.001  2437 48.1 (1.2) 1.22 (0.03)  3218 51.3 (0.9) 1.38 (0.02)  <0.001 

  Former 7927 25.4 (0.5) 1.45 (0.02) 

 

4127 21.7 (0.5) 1.34 (0.02) 

 

3800 33.7 (0.8)  1.63 (0.03) <0.001  1813 35.7 (1.1) 1.56 (0.04)  1987 31.8 (0.9) 1.70 (0.04)  0.002 

  Current 6708 21.8 (0.5) 1.61 (0.02) 

 

4795 24.2 (0.6) 1.52 (0.02) 

 

1913 16.6 (0.5)  1.93 (0.05) <0.001  813 16.2 (0.8) 1.72 (0.05)  1100 16.9 (0.6) 2.15 (0.07)  <0.001 

Alcohol    

 

   

 

  <0.001           0.001   

  Never 4234 11.1 (0.5) 1.10 (0.02) 

 

2394 10.3 (0.6) 0.97 (0.03) 

 

1840 13.0 (0.6)  1.35 (0.03) <0.001  767 11.5 (0.7) 1.23 (0.04)  1073 14.4 (0.8) 1.44 (0.03)  <0.001 

  Former 4522 12.5 (0.3) 1.21 (0.02) 

 

2549 11.2 (0.3) 1.11 (0.02) 

 

1973 15.4 (0.5)  1.40 (0.03) <0.001  873 15.0 (0.7) 1.31 (0.04)  1100 15.8 (0.6) 1.48 (0.05)  0.002 

  Current 22006 76.3 (0.7) 1.30 (0.01) 

 

14451 78.5 (0.7) 1.21 (0.01) 

 

7555 71.5 (0.9)  1.55 (0.02) <0.001  3423 73.4 (1.0) 1.45 (0.03)  4132 69.8 (1.0) 1.65 (0.03)  <0.001 

Menopause *    

 

   

 

  <0.001           0.001   

  Pre-menopausal 7803 58.4 (0.7) 0.84 (0.01) 

 

6561 71.8 (0.7) 0.82 (0.01) 

 

1242 29.3 (1.0)  1.00 (0.03) <0.001  613 32.2 (1.4) 0.94 (0.04)  629 26.5 (1.2) 1.08 (0.04)  <0.001 

  (Post-) menopausal 7280 41.6 (0.7) 1.50 (0.02) 

 

2850 28.2 (0.7) 1.48 (0.02) 

 

4430 70.7 (1.0)  1.51 (0.02) 0.011   1997 67.8 (1.4) 1.41 (0.03)  2433 73.5 (1.2) 1.61 (0.03)  <0.001 

BMI (kg/m2) † 30762 28.7 (0.1) N/A  19394 27.7 (0.1) N/A  11368 30.8 (0.1) <0.001 N/A N/A  5063 31.5 (0.1) N/A  6305 30.1 (0.1) N/A <0.001 N/A 

Cotinine (ng/mL) ‡ 30762 0.4 (0.0) N/A  19394 0.4 (0.0) N/A  11368 0.2 (0.0) <0.001 N/A N/A  5063 0.2 (0.0) N/A  6305 0.3 (0.0) N/A 0.325  N/A 

: family PIR = ratio of family income to poverty, BMI = body mass index.            

* Only for women. 

    

   

       

       

  
† Arithmetic mean (SE). 

   

   

       

       

  
‡ Geometric mean (SE). 

   

   

       

       

  
§ P value: to compare the characteristics between non-hypertensive and hypertensive people, using Chi-square test for categorical variables and t-test for continuous variables.     

  
|| P value: to compare BLL between non-hypertensive and hypertensive people, using t-test.       

# P value: to compare the characteristics between participants with controlled and uncontrolled hypertension, using Chi-square test for categorical variables and t-test for continuous variables.   

  
** P value: to compare BLL between participants with controlled and uncontrolled hypertension, using t-test.     

 

 



Table S9. ORs (95% CI) of hypertension and uncontrolled hypertension by quartiles of 

blood lead level in US adults (based on the JNC 7 definition). 

 

Sex 
BLL 

(μg/dL) 

Model 1 

Cases: Any HTN 

Non-cases: non-HTN 

 

Model 2 

Cases: uncontrolled HTN 

Non-cases: controlled HTN 

 

Model 3 

Cases: uncontrolled HTN 

Non-cases: controlled HTN + 

non-HTN 

Cas

es 

Non-

cases 

OR (95% CI) 

† 
  

Cas

es 

Non-

cases 

OR (95% CI) 

† 
  

Cas

es 

Non-

cases 

OR (95% CI) 

† 

Men 

Q1 

(<0.94) 
669 2169 Reference  368 301 Reference  368 2470 Reference 

Q2 (0.94-

1.50) 

121

1 
2379 

1.093 (0.891 

to 1.340)  671 540 
1.344 (0.939 

to 1.924)  671 2919 
1.264 (1.004 

to 1.590) 

Q3 (1.50-

2.30) 

154

5 
2510 

1.005 (0.825 

to 1.225)  830 715 
1.430 (1.054 

to 1.940)  830 3225 
1.231 (1.012 

to 1.497) 

Q4 

(>2.30) 

227

1 
2925 

1.037 (0.855 

to 1.259)  
137

4 
897 

1.768 (1.252 

to 2.497)  
137

4 
3822 

1.424 (1.163 

to 1.743) 

P-trend * 0.995  <0.001  <0.001 

Continuou

s BLL 

569

6 
9983 

1.008 (0.983 

to 1.033)  
324

3 
2453 

1.107 (1.046 

to 1.172)  
324

3 
12436 

1.042 (1.013 

to 1.072) 

Wo

men 

Q1 

(<0.70) 
582 2465 Reference  249 333 Reference  249 2798 Reference 

Q2 (0.70-

1.08) 

105

8 
2486 

0.911 (0.724 

to 1.147)  498 560 
1.110 (0.828 

to 1.487)  498 3046 
1.045 (0.806 

to 1.356) 

Q3 (1.08-

1.66) 

166

0 
2314 

0.951 (0.749 

to 1.208)  889 771 
1.237 (0.915 

to 1.672)  889 3085 
1.181 (0.922 

to 1.513) 

Q4 

(>1.66) 

237

2 
2146 

0.908 (0.730 

to 1.129)  
142

6 
946 

1.740 (1.299 

to 2.331)  
142

6 
3094 

1.431 (1.126 

to 1.818) 

P-trend * 0.518 
 

<0.001  <0.001 

Continuou

s BLL 

567

2 
9411 

1.002 (0.956 

to 1.051)  
306

2 
2610 

1.129 (1.047 

to 1.217)  
306

2 
12021 

1.080 (1.033 

to 1.129) 

BLL = blood lead level, HTN = hypertension, OR = odds ratio, CI = confidence interval. 

* P-trend: the P-value for the ordinal variable coded as 1, 2, 3, 4 for the quartiles. 

† All models were adjusted for age, sex, race/ethnicity, ratio of family income to poverty, education (< high school, high school, > 

high school), smoking status (never, former, current), serum cotinine (natural log-transformed), alcohol intake (never, former, 

current), body mass index (kg/m2), and menopause status (yes/no, only for female). 

 


