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ARTICLE INFO ABSTRACT

Keywords: Data (N = 9882) from National Health and Nutrition Examination Survey for 2003-2014 for US adults aged
Lead =20 years were analyzed to evaluate the variabilities in concentrations of blood and urine lead across various
Glomerular function stages of glomerular function. Those who had estimated glomerular filtration rate (eGFR) > 90 mL/min/1.73 m?
Smoking were defined to be in glomerular function stage 1 (GF-1), those who had eGFR between 60 and 90 mL/min/
Hypertension 1.73 m? were defined to be in GF-2, those who had eGFR between 45 and 60 mL/min/1.73 m? were defined to be
in GF-3A, those who had eGFR between 15 and 45 mL/min/1.73 m? were defined to be in GF-3B/4. There were
consistent increases in adjusted geometric means (AGM) for both blood and urine lead from GF-1 to GF-3A even
though increases were not uniform from one GF stage to another. For the total population, AGMs for blood lead
were 1.23, 1.78, 2.25, and 2.25 pg/dL for GF-1, GF-2, GF-3A, and GF-3B/4 respectively. AGMs for urine lead
were 0.49, 0.61, 0.68, and 0.47 pug/L for GF-1, GF-2, GF-3A, and GF-3B/4 respectively. Thus, from GF-3A to GF-
3B/4, AGMs for both blood and urine lead decreased. However, percent increases from GF-1 to GF-3A for urine
lead were smaller than for blood lead and percent decreases from GF-3A to GF-3B/4 for urine lead were larger
than for blood lead. Females had lower AGMs than males for both blood and urine lead. Also, smoker-nonsmoker
differences for blood lead narrowed as kidney function deteriorated but smoker-nonsmoker differences for urine
cadmium lead as kidney function deteriorated. Smokers had sharper increases in AGMs for blood and urine lead

than nonsmokers from GF-1 to GF-3A but at GF-3B/4, this difference was reduced to 0.17 ug/dL.

1. Introduction

Lead, along with cadmium and mercury are among the most toxic
metals. Humans can be exposed to lead in a variety of occupational and
non-occupational settings. Humans are also exposed to lead via smoking.
Sources of exposure to lead, mechanisms involved in lead toxicity, and some
of the adverse health effects associated with lead have been described in a
review article by Jaishanker et al. [1]. Other recent publications that have
documented adverse health effects of lead include those by Obeng-Gyasi
[2], Lanphear et al. [3], and Geier et al. [4,5].

Human lead exposure traces back to the dawn of industrial activity.
Exposure is known to be associated with increased risk of kidney dis-
ease [6]. Also, a positive association between urinary lead levels and
eGFR was reported by Buser et al. [7]. More recently, associations be-
tween lead levels and reduced kidney function have been reported by
Harari et al. [8]. Navas-Acien et al. [9] reported adjusted elevated odds
of albuminuria defined as =30mg/g creatinine (1.31; 95% C.L
1.06-1.62) for fourth quartile of blood lead compared to first quartile,
and for eGFR < 60 mL/min/1.73m? to be 1.66 (95% C.I. 1.25-2.21)
for US adults aged =20 years.

Potential mechanism involved in nephrotoxicity induced by toxic
metals including lead are: tubular transport of these metals by apical
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uptake, basolateral uptake, apical export, and basolateral export
[10,11]. For example, organic anion transporters 1 and 3 play a role in
basolateral uptake of Hg [12].

Health of the kidneys is usually determined by how well the kidneys are
able to filter the blood by removing excess wastes and fluids. The process of
kidneys filtering excess wastes and fluids from the blood is called the glo-
merular filtration (https://www.healthlinkbe.ca/health-topics/aal54102).
Estimated GFR (eGFR) is usually used to estimate a person’s GFR. In order to
compute eGFR for a person, in addition to his/her age, gender, and race/
ethnicity, observed concentrations of creatinine and/or cystatin C in serum
are needed. Among the several equations that are available to compute
eGFR, Modification of Diet in Renal Disease (MDRD) equation developed by
Levey et al. [13] and Chronic Kidney Disease Epidemiology (CKD-EPI)
equation also developed by Levey et al. [14] are most often used. The full
spectrum of eGFR values is classified in five stages that indicate relative
health of the kidney/glomerular function (GF). In GF-1 or the first stage of
GF, a person may have some protein in urine but normal eGFR of > 90 mL/
min/1.73m% in GF-2, a person may have some kidney damage with mild
decrease in GFR with eGFR values between 60 and 89 mL/min/1.73 m?; in
GF-3A, a person may have mild to moderate decrease in eGFR with eGFR
values between 45 and 59 mL/min/1.73 m? in GF-3B, a person has mod-
erate to severe decrease in eGFR with eGFR values between 30 and 44 mL/
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Table 1

Unweighted sample sizes by gender, race/ethnicity for US adults aged > =20
year with matching data for urine and blood lead. Data from National Health
and Nutrition Examination Survey 2003-2014.

Glomerular Function Stage

GF-1 GF-2 GF-3A GF-3B/4 Total
Total 5710 3263 563 286 9822
Males 2853 1792 262 137 5044
Females 2857 1471 301 149 4778
Non-Hispanic white 2179 1911 365 179 4634
Non-Hispanic Black 1296 599 105 48 2048
Hispanic 1700 551 65 43 2359
Others 535 202 28 16 781
Nonsmoker 3748 2447 480 228 6903
Smoker 1962 816 83 58 2919

min/1.73 m% in GF-4, a person has severely decreased eGFR with eGFR
values between 15 and 29 mL/min/1.73 m% in GF-5, a person’s kidneys are
supposed to have failed with eGFR values < 15mL/min/1.73 m? (https://
www.kidney.org/sites/default/files/docs/11-10-1813_abe_patbro_gfr b.pdf,
https://renal.org/information-resources/the-uk-eckd-guide/ckd-stages/). A
person in GF-5 is identified as being in end stage renal disease.

It is well understood that deteriorating renal function, including
renal disease caused by toxic metals themselves, can affect excretion of
metals in advancing renal disease. It is hard to know what to do about
that well understood problem in epidemiologic studies. Consequently,
this study was undertaken to evaluate the variabilities in concentrations
of blood and urine lead across various stages of glomerular function.
The data from National Health and Nutritional Examination Survey
(NHANES, www.cdc.gov/nchs/nhanes/index.htm) for 2003-2014 for
US adults aged =20 years were selected for this purpose.

2. Materials and methods

Data from NHANES for the years 2003-2014 for US adults aged
=20 years were downloaded on demographics, body measures, blood
pressure, urine and blood lead, glycohemoglobin, serum and urine
creatinine, and serum cotinine and match merged by the ID of NHANES
participants. Data for urine lead were available for only one third of all
NHANES participants for every NHANES cycle. Data for blood lead
were available for all NHANES participants for 2003-2012 but for only
for half of all participants for 2013 —2014. Non-missing matching data
for both blood and urine lead were available for 9882 participants after
excluding females who were pregnant, those who had eGFR < 15mL/
min/1.73 m? and for whom data on smoking status, body mass index,
fasting, and poverty income ratio were missing. Sample size details are
provided in Table 1. Percent observations = the limit of detection
(LOD) were 95.8% for urine lead and 99.9% for blood lead. All ob-
servations below LOD were imputed as LOD/Sqrt(2).

CKD-EPI equation [14] was used to compute eGFR based on the
observed values of serum creatinine. For the purpose of this study, those
who had eGFR > 90 mL/min/1.73 m? were defined to be in glomerular
function stage 1 (GF-1), those who had eGFR between 60 and 90 mL/

Table 2
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min/1.73 m? were defined to be in GF-2, those who had eGFR between
45 and 60 mL/min/1.73 m? were defined to be in GF-3A, those who had
eGFR between 30 and 45 mL/min/1.73 m? were defined to be in GF-3B,
and those who had eGFR < 30 mL/min/1.73 m? were defined to be in
GF-4. However, to have adequate sample size, data for GF-3B and GF-4
were integrated.

2.1. Statistical analysis

All data for this study were analyzed by using SAS University
Edition software (www.sas.com). All analyses used appropriate sam-
pling weights and incorporated variables that defined sampling design
of NHANES. These variables represented stratification and clustering
used in NHANES. Specifically, SAS Procs FREQ and SURVEYREG were
used to do all analyses including fitting regression models, computing
unadjusted (UGM) and adjusted geometric means (AGM). In order to
evaluate the associations of blood and urine lead with eGFR, data on
eGFR were converted to quartiles of almost equal sizes within each
glomerular function stage. Data on lower and upper limits of eGFR
associated with quartiles in each GF stage are given in Table 2.

2.1.1. Unadjusted distributions of blood and urine lead across stages of
glomerular function

UGMs for matching urine and blood lead data were computed by
using SAS Proc SURVEYREG for each stage of glomerular function and
pairwise comparisons were made by t-test with adjustments made for
multiple comparisons by Tukey-Kremer method. These results are given
in Table 3.

2.1.2. Adjusted distributions of blood and urine lead across stages of
glomerular function

Regression models were fitted for each glomerular function stage for
both urine and blood lead. Since, there were four glomerular function
stages, a total of 8 regression models were fitted. Logl0 transformed
values of blood and urine lead were used as dependent variables. All
models included independent variables as follows: gender (male, fe-
male), race/ethnicity (non-Hispanic white or NHW, non-Hispanic black
or NHB, all Hispanics or HISP, other unclassified race/ethnicities or
OTHR), smoking status (nonsmoker, smoker with smokers defined as
those who had serum cotinine values = 10 ng/mL, eGFR quartiles (Q1,
Q2, Q3, Q4), age, log10 transformed values of body mass index, fasting
time in hours, survey year to adjust for changes over time, diabetes
status (no, yes), and hypertension status (no, yes). Models for urine lead
also included urine creatinine as an independent variable. For the
purpose of this study, those who reported being current users of insulin
and/or diabetic pills and/or had glycohemoglobin levels = 6.5% were
considered defined to be diabetic. All those with average systolic blood
pressure > 130 mm Hg and/or diastolic blood pressure > 80 mm Hg
were considered to be hypertensive. Results for AGMs are given in
Table 4.

2.1.3. Associations between blood and urine lead and independent variables
Results for the associations that blood and urine lead had with other
independent variables are given in Table 5.

Lower and upper limits of estimated glomerular filtration rate (eGFR) in mL/min/1.73m? used to construct quartiles for eGFR within each stage of glomerular

function. Data from National Health and Nutrition Examination Survey 2003-2014.

Quartiles GF-1 GF-2 GF-3A GF-3B/4

Lower Limit Upper Limit Lower Limit Upper Limit Lower Limit Upper Limit Lower Limit Upper Limit
Q1 =90.000 < 98.655 =60.000 < 70.750 =45.000 < 50.300 =15.000 < 30.900
Q2 =98.655 < 107.320 =70.750 < 78.7000 =50.300 < 54.300 =30.900 < 37.500
Q3 >107.320 < 117.600 =78.700 < 84.760 =54.300 < 57.300 =37.500 < 41.800
Q4 >117.600 =84.760 < 90.000 =57.300 < 60.000 =>41.800 < 45.000
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Table 3

Unadjusted geometric means with 95% confidence intervals for blood lead in pg/dL and urine lead in pg/L for US adults aged > =20 years by gender, race/ethnicity, and smoking status by stages of glomerular function.

Data from National Health and Nutrition Examination Survey.2003-2016.

Glomerular Function Stage

GF-2 GF-3A GF-3B/4 SSD*

GF-1

Blood Lead

Total

GF-1 < GF-2 (p < 0.01), GF-1 < GF-3A (p < 0.01), GF-1 < GF-3B (p < 0.01), GF-2 < GF-3A (p < 0.01), GF-2 < GF-3B (p < 0.01)
GF-1 < GF-2 (p < 0.01), GF-1 < GF-3A (p < 0.01), GF-1 < GF-3B (p < 0.01), GF-2 < GF-3A (p < 0.01), GF-2 < GF-3B (p < 0.01)

GF-1 < GF-2 (p < 0.01), GF-1 < GF-3A (p < 0.01), GF-1 < GF-3B (p < 0.01), GF-2 < GF-3A (p < 0.01), GF-2 < GF-3B (p < 0.01)
GF-1 < GF-2 (p < 0.01), GF-1 < GF-3A (p < 0.01), GF-1 < GF-3B (p < 0.01), GF-2 < GF-3A (p < 0.01), GF-2 < GF-3B (p < 0.01)

GF-1 < GF-2 (p < 0.01), GF-1 < GF-3A (p < 0.01), GF-1 < GF-3B (p < 0.01), GF-2 < GF-3A (p < 0.01)

1.42 (1.37-1.47) 1.74(1.63-1.87) 1.87 (1.70 - 2.05)

1.05 (1.02 - 1.09)

1.28 (1.22-1.33) 1.65(1.58-1.72) 1.98 (1.72-2.27) 2.30 (2.06 - 2.58)

Males

0.88 (0.85-0.90) 1.20(1.15-1.25) 1.59(1.46-1.73) 1.63 (1.46 —1.83)

Females

0.93(0.90 - 0.96) 1.32(1.27 -1.37) 1.64(1.49-1.79) 1.82(1.64 -2.02)

Nonsmoker
Smokers

1.78 (1.69 - 1.88) 2.50 (1.98 —3.15) 2.13 (1.85 - 2.44)

1.32 (1.26 - 1.39)

Urine Lead

Total

GF-1 < GF-2 (p < 0.01), GF-1 < GF-3A (p < 0.01), GF-3A > GF-3B (p = 0.03)

GF-1 < GF-2 (p < 0.01), GF-1 < GF-3A (p < 0.01)
GF-1 < GF-2(p < 0.01), GF-1 < GF-3A (p < 0.01)
GF-1 < GF-2 (p < 0.01), GF-1 < GF-3A (p < 0.01)

GF-1 < GF-2 (p < 0.01)

0.51 (0.49 - 0.53) 0.53 (0.49 - 0.57) 0.44 (0.40 - 0.49)

0.43 (0.41 - 0.44)

0.50 (0.48 - 0.53) 0.61 (0.58 - 0.65) 0.60 (0.54 - 0.67) 0.48 (0.39 - 0.59)

Males

0.36 (0.35-0.38) 0.41 (0.39 - 0.44) 0.49 (0.43 - 0.55) 0.42 (0.37 - 0.49)

Females

0.48 (0.45 - 0.50) 0.51 (0.46 — 0.56) 0.43 (0.39 - 0.49)

0.38 (0.36 - 0.39)

Nonsmokers
Smokers

0.66 (0.60 - 0.72) 0.76 (0.59 —0.98) 0.50 (0.40 — 0.64)

0.56 (0.53 — 0.60)

@ Statistically significant with p-values adjusted for multiple comparisons by Tukey-Kremer method.
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3. Results

3.1. Unadjusted geometric means (UGM) of blood and urine lead across
stages of glomerular function

UGMs for blood lead consistently increased from GF-1 through GF-
3B/4 for the total population, males, females, and nonsmokers
(Table 3). UGMs were found to be in order GF-1 < GF-2 < GF-
3A < GF-3B/4 and all pairwise differences except those between GF-
3A and GF-3B/4 were statistically significant (p < 0.01, Table 3). For
example, UGMs for nonsmokers were 0.93, 1.32, 1.64, and 1.82 ug/dL.
For smokers, UGMs increased from GF-1 through GF-3A (from 1.32 to
2.50 pug/dL) but decreased for GF-3B/4 to 2.13 pg/dL.

UGMs for urine lead consistently increased from GF-1 through GF-
3A but then, decreased for GF-3B/4 for the total population, males,
females, smokers, and nonsmokers (Table 3). For example, for females,
UGMs were found to be 0.36, 0.41, 0.49, and 0.42 pg//L for GF-1, GF-2,
GF-3A, and GF-3B/4 respectively. However, pairwise differences were
found to be statistically significant between GF-1 and GF-2, and GF-1
and GF-3A (p < 0.01). In addition, for the total population, GF-3A
(0.53 ug/L) > GF-3B/4 (0.44 ug/L, Table 3, p = 0.03).

3.2. Adjusted geometric means (AGM) of blood and urine lead across stages
of glomerular function

AGMs for blood lead consistently increased from GF-1 through GF-
3A and then, decreased for GF-3B/4 for the total population, males,
females, NHW, NHB, HISP, nonsmokers, and eGFR Q2, Q3, and Q4
(Table 4). For example, for females, AGMs were 1.03, 1.53, 1.95, and
1.79 pg//dL for GF-1, GF-2, GF-3A, and GF-3B/4 respectively (Table 4).
For nonsmokers, OTHR, and eGFR Q1, AGMs consistently increased
from GF-1 through GF-3B/4.

Males had statistically significantly higher AGMs for blood lead for
every GF stage (p < 0.01, Table 4). For example, for GF-1, AGMs for
blood lead for males and females were 1.47 vs. 1.03 pug/dL respectively.
NHW had statistically significantly lower AGMs than NHB for GF-1, GF-
2, and GF-3A and then HISP for GF-1. For example, for GF-1, AGMs for
blood lead were 1.11, 1.24, and 1.27 pg/dL for NHW, NHB, and HISP
respectively (p < 0.01, Table 4). Nonsmoker had statistically sig-
nificantly lower AGMs than smokers (p < 0.1) for GF-1, GF-2, and GF-
3A. For example, for GF-3A, AGMs were 1.79 vs. 2.82 ug/dL for non-
smoker and smokers respectively (p < 0.01, Table 4). AGMs for
quartiles of eGFR did not differ for any GF stage.

Irrespective of gender, race/ethnicity, smoking status, and eGFR
quartiles, AGMs for urine lead consistently increased from GF-1 through
GF-3A and then decreased for GF-3B/4 (Table 4). For example, for NHB,
AGMs for GF-1, GF-2, GF-3A, and GF-3B/4 were 0.42, 0.58, 0.69, and
0.44 ng/L respectively.

Males had statistically significantly higher AGMs than females for
GF-1 and GF-2 (p < 0.02, Table 4). For example, for GF-2, AGMs for
males and females were 0.64 and 0.59 ug/L respectively (p = 0.02).
Nonsmoker had statistically significantly lower AGMs than smokers
(p < 0.1) for GF-1 and GF-2 (p < 0.01). For example, for GF-1, AGMs
for smokers and nonsmokers were 0.56 and 0.43pg/L respectively
(p < 0.01, Table 4). For both GF-1 and GF-2, eGFR Q1 had lower
AGMs than Q2, Q3, and Q4. For example, for GF-2, urine lead AGMs
were 0.53, 0.60, 0.64, and 0.68 ug/L for Q1, Q2, Q3, and Q4 respec-
tively (p < 0.01).

3.3. Associations of blood and urine lead with independent variables across
the stages of glomerular function

Adjusted levels of both blood and urine lead were found to be po-
sitively associated with age for every GF stage (p < 0.01, Table 5). BMI
was negatively associated with the levels of blood lead for GF-1 (= -
0.42455, p < 0.01) and GF-2 (= - 0.28917, p < 0.01) and with the
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Table 5
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Adjusted regression coefficients with p-values associated with age, log10 transformed values of body mass index (BMI), poverty income ratio (PIR), fasting time,
survey year, and diabetes and hypertension status for logl0 transformed vales of blood and urine lead by stages of glomerular function (GF) for US adults
aged > =20years. Data from National Health and Nutrition Examination Survey 1999-2014.

Glomerular Function Stage

GF-3A

GF-3B/4

0.00776 (< 0.01)
—0.28917 (< 0.01)
—0.01096 (0.02)
0.00395 (0.75)
—0.10315 (< 0.01)

GF-1 GF-2
Blood Lead
Age 0.00951 (< 0.01)
Log10(BMI) —0.42455 (< 0.01)
PIR —0.00734 (0.01)
Hypertensive 0.01227 (0.29)
Diabetic —0.10360 (< 0.01)
Fast 0.00075 (0.28)

Survey Year

—0.04222 (< 0.01)

Urine Lead

Age 0.01200 (< 0.01)
Log10(BMI) —0.23745 (< 0.01)
PIR —0.01041 (< 0.01)
Hypertensive —0.00326 (0.77)
Diabetic —0.03785 (0.02)
Fast —0.00362 (< 0.01)

Survey Year
Urine Creatinine

—0.06441 (< 0.01)
0.00301 (< 0.01)

0.00125 (0.21)
—0.04158 (< 0.01)

0.01056 (< 0.01)
—0.24096 (< 0.01)
—0.01270 (0.01)
—0.01777 (0.22)
—0.05226 (< 0.01)
—0.00336 (0.01)
—0.05765 (< 0.01)
0.00312 (< 0.01)

0.00436 (< 0.01)
—0.13588 (0.30)
—0.01812 (0.11)
0.02580 (0.40)
—0.12784 (< 0.01)
—0.00005 (0.98)
—0.03221 (< 0.01)

0.00802 (< 0.01)
—0.36053 (0.02)
—0.01217 (0.34)
—0.00078 (0.98)
—0.06925 (0.04)
—0.00242 (0.29)
—0.05336 (< 0.01)
0.00265 (< 0.01)

0.00396 (< 0.01)
—0.32850 (0.25)
—0.00432 (0.70)
0.07546 (< 0.01)
—0.02918 (0.36)
0.00057 (0.83)
—0.03289 (< 0.01)

0.00794 (< 0.01)
—0.07651 (0.69)
0.00951 (0.52)
0.09238 (0.01)
—0.01356 (0.76)
—0.00302 (0.32)
—0.04733 (< 0.01)
0.00339 (< 0.01)

Table 6

Percent change in adjusted geometric means from GF-1 and GF-3A and from
GF-3A to GF-3B/4 for blood lead and urine lead. Data from National Health and
Nutrition Examination Survey 1999 —201.

For Blood Lead For Urine Lead

Change from  Change from  Change from Change from

GF-1 to GF- GF-3A to GF-  GF-1 to GF- GF-3A to GF-
3A 3B/4 3A 3B/4
Total 83.3 —-4.5 36.3 —-29.3
Males 77.4 -0.8 41.6 -32.3
Females 89.5 -8.0 49.0 —-22.2
Non-Hispanic 100.8 -3.4 62.0 —36.5
White
Non-Hispanic 117.1 —-14.2 16.9 —-41.0
Black
Hispanic 45.8 -7.0 321 -21.3
Others 77.7 7.9 33.8 -21.3
Nonsmoker 71.7 15.2 44.3 —39.2
Smoker 95.7 —20.8 47.5 —-25.7
Q1 81.3 11.7 48.7 -31.6
Q2 83.1 -6.8 36.3 -31.5
Q3 82.0 —-4.3 24.6 —-34.1
Q4 87.0 -16.4 38.9 -30.8

levels of urine lead for GF-1 (f= - 0.23745, p < 0.01), GF-2 (B= -
0.24096, p < 0.01), and GF-3A (B= - 0.36053, p = 0.02). Being hy-
pertensive was associated with higher levels of blood lead
(B =0.07546, p < 0.01) as well as urine lead for GF-3B/4
(B = 0.09238, p < 0.01). Being diabetic was associated with lower
levels of blood and urine lead for GF-1, GF-2, and GF3A (p < 0.04,
Table 5). Adjusted levels of both blood and urine lead decreased over
1999-2014 (p < 0.01) for every GF stage (Table 5).

4. Discussion

There was no doubt that there was a consistent change from GF-1 to
GF-3A for both blood and urine lead due to increased uptake of lead as
kidney function deteriorated from GF-1 to GF-3A (Table 6). For blood
lead, increase from GF-1 to GF-3A varied from 45.8% for Hispanics to
117.1% for non-Hispanic blacks (Table 6). These increases, however,
for urine lead were much smaller from 16.9% for non-Hispanic blacks
to 62% for non-Hispanic whites. Decreases from GF-3A to GF-3B/4,
possibly due to reduced re-absorption of lead, for blood lead were from
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3.4% for non-Hispanic white to 20.8% for smokers. Decreases from GF-
3A to GF-3B/4 for urine lead were from 21.3% for Hispanics to 41% for
non-Hispanic blacks. Thus, it must be noted that percent increases from
GF-1 to GF-3A for urine lead were smaller than for blood lead (36.3% vs
83.3%, Table 6) and percent decreases from GF-3A to GF-3B/4 for urine
lead were larger than for blood lead (29.3% vs. 4.5%, Table 6, Fig. 1,
Panel A).

The increases from GF-1 to GF-3A for blood lead for males and fe-
males were comparable (Fig. 1, Panel B) but while for males, there was
almost no decrease from GF-3A to GF-3B/4 (2.60 to 2.58 pg/dL), de-
crease for females was about 20% from 1.95 to 1.79 pg/dL. It may be
that reduction in reabsorption among females is larger than among
males. However, decrease among males and females from GF-3A to GF-
3B/4 for urine lead was similar (Fig. 1, Panel C).

There have been quite a few studies that have reported on the effect
of factors like gender, race/ethnicity, and smoking status on the con-
centration levels of blood and urine lead. However, almost all of these
studies reported their results for the data that were not stratified by GF
stages contrary to what was done for this study. Since, the sample sizes
for GF-1 and GF-2 of 5710 and 3263 respectively were overwhelmingly
larger than the sample sizes of 563 and 286 (Table 1) for GF-3A and GF-
3B/4 respectively, it should be expected that the results of studies un-
stratified by GF stages should be more like the results we had for the
models fitted for GF-1 and GF-2. In a study [15] that used NHANES data
for blood lead for 2003-2012, US males aged 20-64 years were found to
have higher adjusted blood lead levels than females aged 20-64 years
(1.66 for males vs. 1.13 ug/dL for females). Adjusted levels of 1.47 pg/
dL for males and 1.03 ug/dL for this study for GF-1 are closer to the
results obtained by Jain [15] than the results for any other GF stage.
The results by Jain [15] are too far apart from the results, for example
for GF-3A (2.60 pg/dL for males vs. 1.95 ug/dL for females) or GF-3B/4
(2.58 pg/dL for males vs. 1.79 ug/dL for females). Richter et al. [16]
used NHANES data for 1999-2008 and showed males aged = 19 years
to have higher levels of blood lead than females aged =19 years. Kim
et al. [17] and Bonberg et al. [18] also showed males to have higher
blood lead levels than females.

For blood lead, curves for NHB and NHW keeps diverging from GF-1 to
GF-3A but than from GF-3A onwards, they start coming closer together
signifying a larger decrease among NHB than NHW (Fig. 1, Panel D). For
urine lead, however, curves for NHB and NHW almost coincide with each
other (Fig. 2, Panel A). The steep drop for urine lead for HISP from GF-3A to
GF-3B/4 from 0.68 to 0.40 ug/L is worth noticing (Fig. 2, Panel A).
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For this study, NHW were found to have lower levels of blood lead
than NHB for GF-1 and GF-2, NHW had lower levels of blood lead than
HISP at GF-1, and NHW as well as NHB were found to have lower levels
of urine lead than HISP at GF-1 (Table 4). Richter et al. [16] also re-
ported NHW to have lower levels of blood lead than NHB and Mexican
Americans. Jain [15] reported adjusted levels of blood lead to be 1.22
and 1.42 pg/dL for NHW and NHB respectively which are close to the
adjusted levels of 1.11 and 1.24 pg/dL for NHW and NHB respectively
at GF-1 but substantially lower than the adjusted levels of 2.15 and
2.31 pug/dL for NHW and NHB respectively at GF-3B/4.

Nonsmoker, probably was one of the demographic groups for which
there was a straight forward increase in blood lead from 1.05 to
2.07 ug/dL (Fig. 2, Panel B). Increases in blood lead for smokers from
GF-1 to GF-3A were substantially sharper than for nonsmokers but at
GF-3B/4, smokers had only an advantage of 0.13pg/dL over non-
smokers compared to the advantage of 1.03 ug/dL they had at GF-3A
(Fig. 2, Panel B). Thus, smokers spill lead in urine much faster than
nonsmokers in advance kidney failure. Similar trends were observed for
urine lead also. Compared to the decrease of 0.32 ug/L from GF-3A to
GF-3B/4 for smokers, the decrease for nonsmokers was 0.12 pug/L.

Jain [15] reported adjusted levels of blood lead among US
20-64 year old smokers and nonsmokers to be 1.54 and 1.22 ug/dL, the
adjusted levels that were close to the adjusted levels of 1.44 and
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1.05pg/dL found for smokers and nonsmokers respectively at GF-1
(Table 4). Richter et al. [16] also reported blood lead levels to be higher
among smokers than nonsmokers. Quite a few other studies [18-24]
have reported association between elevated lead levels and mainstream
and/or passive smoking.

Positive association between age and the levels of blood lead as
observed for this study was also reported by Jain [15] and Richter et al.
[16]. For this study, at least at GF-1 and GF-2, body mass index was
observed to be negatively associated with blood as well as urine lead
levels. Jain [15) also reported obese to have lower levels of blood lead
which is in conformity with what was found for this study. Scinicariello
et al. [25] also reported a negative association between body mass
index and quartiles of blood lead.

For this study, positive association between hypertension and
blood/urine lead levels was observed only among those who were in
GF-3B/4 or had moderate to severe loss of glomerular function. There
have been many studies that have evaluated the associations between
blood lead levels and blood pressure as well as prevalence of hy-
pertension and the results have not necessarily been consistent from
one study to another. Park et al. [26] and Lee et al. [27] found systolic
and diastolic blood pressure to be positively associated with blood lead
levels in a Korean population. In an occupational population, Han et al.
[28] reported positive association between blood lead levels and
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systolic and diastolic blood pressure and hypertension related mor-
bidity. An et al. [29] did not find elevated blood pressure levels to be
associated with blood lead levels among workers of a smelting industry.
Low blood lead concentrations were reported to be positively associated
with diastolic blood pressure and increased odds of hypertension
among = 40year old Brazilians [30]. In a Swedish follow up study
among 46-67 years old, Gambelunghe et al. [31] reported positive
associations between blood lead levels in fourth quartile to be asso-
ciated with higher systolic and diastolic blood pressure as well as in-
creased prevalence of hypertension. Among non-hypertensive Korean
adults, Lee et al. [32] reported blood lead levels in the fourth quartile o
be associated with prehypertension. Based on a Canadian survey,
Bushnik et al. [33] reported a modest association between blood lead
levels and systolic blood pressure among 40-54 years old and with
diastolic blood pressure among 40-79 years old but no associations
were reported with hypertension.

A negative association between blood as well as urine lead with
diabetes was observed for this study (Table 5) for those who were in GF-
1, GF-2, and GF-3A. We could not find a study that could confirm or
deny these findings. More research may be needed to investigate this
associations.

For this study, levels of both blood and urine lead increased as
glomerular function declined from stage 1 to stage 3A or as eGFR de-
creased. Thus, a negative associations between blood as well as urine
lead levels with eGFR was observed. However, this association did not
continue to GF-3B/4. Yu et al. [6] reported an increase of 1 pg/dL in
blood lead levels to be associated with a reduction of 4 mL/min in
eGFR. Harari et al. [8], for a follow up study, reported higher levels of
decrease in eGFR for those who were in third or fourth quartiles of
blood lead than those who were in first and second quartiles of blood
lead. Trzeciakowski et al. [34] also reported a negative relationship
between blood and urine lead and kidney function. Thus, findings of Yu
et al. [6], Harari et al. [8], and Trzeciakowski et al. [34] align with
what was observed for this study in spite of the differences in study
design. Buser et al. [7], however, reported a positive association be-
tween urine lead levels and eGFR which is contrary to the findings of
this study. The reasons for this contradiction are not known.

4.1. Concluding remarks

Concentration levels of both blood and urine lead follow inverted U-
shaped distributions across the full spectrum of glomerular function
with points of inflections located at GF-3A.

Conflicts of interests

Ram B Jain declares that he had no financial and/or other conflicts
that could have affected the conclusions arrived at in this commu-
nication. No human subjects were involved in this research and all data
used in this research are available free of cost at www.cdc.gov/nchs/
nhanes.htm.

References

[1] M. Jaishankar, T. Tseten, N. Anbalagan, B.B. Mathew, K.N. Beeregowda, Toxicity,
mechanism and health effects of some heavy metals, Interdiscip. Toxicol. 7 (2014)
60-72, https://doi.org/10.2478/intox-2014-0009.

E. Obeng-Gyasi, Lead Exposure, Oxidative stress-a life course approach in U.S.
adults, Toxics 6 (2018), https://doi.org/10.3390/toxics6030042 pii: E42.

B.P. Lanphear, S. Rauch, P. Auinger, R.W. Allen, R.W. Hornung, Low-level lead
exposure and mortality in US adults: a population-based cohort study, Lancet Publ.
Health 3 (2018) e177-e184, https://doi.org/10.1016/52468-2667(18)30025-2.
D.A. Geier, J.K. Kern, M.R. Geier, Blood lead levels and learning disabilities: a cross-
sectional study of the 2003-2004 national health and nutrition examination survey
(NHANES), Int. J. Environ. Res. Publ. Health 14 (2017), https://doi.org/10.3390/
ijerph14101202 pii: E1202.

D.A. Geier, J.K. Kern, M.R. Geier, A cross-sectional study of the relationship be-
tween blood lead levels and reported attention deficit disorder: an assessment of the
economic impact on the United States, Metab. Brain Dis. 33 (2018) 201-208,

[2]

[3]

[4]

[5]

42

[6]

[71

[8

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Journal of Trace Elements in Medicine and Biology 54 (2019) 36-43

https://doi.org/10.1007/s11011-017-0146-6.

C.C. Yu, J.L. Lin, D.T. Lin-Tan, Environmental exposure to lead and progression of
chronic renal diseases: a four-year prospective longitudinal study, J. Am. Soc.
Nephrol. 15 (2004) 1016-1022.

M.C. Buser, S.Z. Ingber, N. Raines, D.A. Fowler, F. Scinicariello, Urinary and blood
cadmium and lead and kidney function: NHANES 2007-2012, Int. J. Hyg. Environ.
Health 219 (2016) 261-267, https://doi.org/10.1016/j.ijheh.2016.01.005.

F. Harari, G. Sallsten, A. Christensson, M. Petkovic, B. Hedblad, N. Forsgard,

O. Melander, P.M. Nilsson, Y. Borné, G. Engstrom, L. Barregard, Blood lead levels
and decreased kidney function in a population-based cohort, Am. J. Kidney Dis. 72
(2018) 381-389, https://doi.org/10.1053/j.ajkd.2018.02.358.

A. Navas-Acien, M. Tellez-Plaza, E. Guallar, P. Muntner, E. Silbergeld, B. Jaar,

V. Weaver, Blood cadmium and lead and chronic kidney disease in US adults: a joint
analysis, Am. J. Epidemiol. 170 (2009) 1156-1164, https://doi.org/10.1093/aje/
kwp248.

S.E. Orr, C.C. Bridges, Chronic kidney disease and exposure to nephrotoxic metals,
Int. J. Mol. Sci. 18 (2017) 1039, https://doi.org/10.3390/ijims.18051039.

M.N. Rana, J. Tangpong, M.M. Rahman, Toxicodynamics of lead, cadmium, mer-
cury and arsenic-induced kidney toxicity and treatment strategy: a mini review,
Toxicol. Rep. 5 (2018) 704713, https://doi.org/10.1016/j.toxrep.2018.05.012.
R.K. Zalups, Basolateral uptake of inorganic mercury in the kidney, Toxicol. Appl.
Pharmacol. 151 (1998) 192-199, https://doi.org/10.1006/taap.1998.8416.

A.S. Levey, J. Coresh, T. Greene, L.A. Stevens, Y.L. Zhang, S. Hendriksen,

J.W. Kusek, F. Van Lente, Chronic Kidney Disease Epidemiology Collaboration,
Using standardized serum creatinine values in the modification of diet in renal
disease study equation for estimating glomerular filtration rate, Ann. Intern. Med.
145 (2006) 247-254.

A.S. Levey, L.A. Stevens, C.S. Schmid, Y.L. Zhang, A.S. Castro III, H.I. Feldman,
J.W. Kusak, P. Eggers, F. Van Lente, T. Green, J. Coresh, MHS, A new equation to
estimate glomerular filtration rate, Ann. Intern. Med. 150 (2009) 604-612.

R.B. Jain, Trends and variability in blood lead concentrations among U.S. adults
aged 20-64 years and senior citizens aged =65 years, Environ. Sci. Pollut. Res. Int.
23 (2016) 14056-14067, https://doi.org/10.1007/s11356-016-6583-7.

P.A. Richter, E.E. Bishop, J. Wang, R. Kaufmann, Trends in tobacco smoke exposure
and blood lead levels among youths and adults in the United States: the National
Health and Nutrition Examination Survey, 1999-2008, Prev. Chronic Dis. 19 (2013)
10, https://doi.org/10.5888/pcd10.130056 E213.

S.H. Kim, Y.H. Kim, H.C. An, J.H. Sung, C.S. Sim, Levels of blood lead and urinary
cadmium in industrial complex residents in Ulsan, Ann. Occup. Environ. Med. 29
(2017) 26, https://doi.org/10.1186/s40557-017-0179-7.

N. Bonberg, B. Pesch, N. Ulrich, S. Moebus, L. Eisele, A. Marr, M. Arendt,

K.H. Jockel, T. Briining, T. Weiss, The distribution of blood concentrations of lead
(Pb), cadmium (Cd), chromium (Cr) and manganese (Mn) in residents of the
German Ruhr area and its potential association with occupational exposure in metal
industry and/or other risk factors, Int. J. Hyg. Environ. Health 220 (2017)
998-1005, https://doi.org/10.1016/j.ijheh.2017.05.009.

A. Parnia, D. Chakravartty, C.L.S. Wiseman, J. Archbold, R. Copes, N. Zawar,

S.X. Chen, D.C. Cole, Environmental factors associated with blood lead among
newcomer women from South and East Asia in the Greater Toronto Area, Sci. Total
Environ. 624 (2018) 558-566, https://doi.org/10.1016/j.scitotenv.2017.11.336.
C. Nisse, R. Tagne-Fotso, M. Howsam, Members of Health Examination Centres of
the Nord — Pas-de-Calais region network, C. Richeval, L. Labat, A. Leroyer, Blood
and urinary levels of metals and metalloids in the general adult population of
Northern France: the IMEPOGE study, 2008-2010, Int. J. Hyg. Environ. Health 220
(2017) 341-363, https://doi.org/10.1016/].ijheh.2016.09.020.

W. Pelc, N. Pawlas, M. Dobrakowski, K. Kasperczyk, Environmental and socio-
economic factors contributing to elevated blood lead levels in children from an
industrial area of Upper Silesia, Environ. Toxicol. Chem. 35 (2016) 2597-2603,
https://doi.org/10.1002/etc.3429.

C.S. Kira, A.M. Sakuma, E.M. De Capitani, C.U. de Freitas, M.R. Cardoso,

N. Gouveia, Associated factors for higher lead and cadmium blood levels, and re-
ference values derived from general population of Sdo Paulo, Brazil, Sci. Total
Environ. 543 (Pt A) (2016) 628-635, https://doi.org/10.1016/j.scitotenv.2015.11.
067.

J. Chen, A. Kettermann, B.L. Rostron, H.R. Day, Biomarkers of exposure among U.S.
cigar smokers: an analysis of 1999-2012 National Health and Nutrition
Examination Survey (NHANES) data, Cancer Epidemiol. Biomark. Prev. 23 (2014)
2906-2915, https://doi.org/10.1158/1055-9965.

S.W. Jeong, C.K. Lee, C.H. Suh, K.H. Kim, B.C. Son, J.H. Kim, J.T. Lee, S.W. Lee,
Y.B. Park, J.W. Lee, S.D. Yu, C.S. Moon, D.H. Kim, S.Y. Lee, Blood lead con-
centration and related factors in Korea from the 2008 National Survey for
Environmental Pollutants in the Human Body, Int. J. Hyg. Environ. Health 217
(2014) 871-877, https://doi.org/10.1016/].ijheh.2014.06.006.

F. Scinicariello, M.C. Buser, M. Mevissen, C.J. Portier, Blood lead level association
with lower body weight in NHANES 1999-2006, Toxicol. Appl. Pharmacol. 273
(2013) 516-523, https://doi.org/10.1016/j.taap.2013.09.022.

Y.J. Park, Y. Jung, C.U. Oh, Relations between the blood lead level and metabolic
syndrome risk factors, Publ. Health Nurs. (2018), https://doi.org/10.1111/phn.
12548.

K.R. Lee, K.D. Ko, I.C. Hwang, H.S. Suh, K.K. Kim, Association between blood lead
levels and blood pressures in a non-smoking healthy Korean population, Postgrad.
Med. J. 93 (2017) 513-518, https://doi.org/10.1136/postgradmedj-2016-134208.
L. Han, X. Wang, R. Han, M. Xu, Y. Zhao, Q. Gao, H. Shen, H. Zhang, Association
between blood lead level and blood pressure: an occupational population-based
study in Jiangsu province, China, PLoS One 13 (2018) e0200289, https://doi.org/
10.1371/journal.pone.0200289.



R.B. Jain

[29]

[30]

[31]

H.C. An, J.H. Sung, J. Lee, C.S. Sim, S.H. Kim, Y. Kim, The association between
cadmium and lead exposure and blood pressure among workers of a smelting in-
dustry: a cross-sectional study, Ann. Occup. Environ. Med. 29 (2017) 47, https://
doi.org/10.1186/540557-017-0202-z.

A.C.B. Almeida Lopes, E.K. Silbergeld, A. Navas-Acien, R. Zamoiski, A.D.C. Martins
Jr, A.E.I. Camargo, M.R. Urbano, A.E. Mesas, M.M.B. Paoliello, Association between
blood lead and blood pressure: a population-based study in Brazilian adults,
Environ. Health 16 (2017) 27, https://doi.org/10.1186/512940-017-0233-5.

A. Gambelunghe, G. Sallsten, Y. Borné, N. Forsgard, B. Hedblad, P. Nilsson,

B. Fagerberg, G. Engstrom, L. Barregard, Low-level exposure to lead, blood pres-
sure, and hypertension in a population-based cohort, Environ. Res. 149 (2016)
157-163, https://doi.org/10.1016/j.envres.2016.05.015.

43

[32]

[33]

[34]

Journal of Trace Elements in Medicine and Biology 54 (2019) 36-43

W. Lee, J.H. Yoon, J. Roh, S. Lee, H. Seok, J.H. Lee, P.K. Jung, J. Rhie, J.U. Won,
The association between low blood lead levels and the prevalence of pre-
hypertension among nonhypertensive adults in Korea, Am. J. Hum. Biol. 28 (2016)
729-735, https://doi.org/10.1002/ajhb.22857 Author information.

T. Bushnik, P. Levallois, M. D’Amour, T.J. Anderson, F.A. McAlister, Association
between blood lead and blood pressure: Results from the Canadian Health Measures
Survey (2007 to 2011), Health Rep. 25 (2014) 12-22.

J.P. Trzeciakowski, L. Gardiner, A.R. Parrish, Effects of environmental levels of
cadmium, lead and mercury on human renal function evaluated by structural
equation modeling, Toxicol. Lett. 228 (2014) 34-41, https://doi.org/10.1016/j.
toxlet.2014.04.006.



