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BACKGROUND: Lead (Pb) is a highly toxic pollutant. Evidence suggests it is associated with cardiovascular disease (CVD)-related mortality.

OBJECTIVES: We present a rigorous approach for identifying concentration-response functions that relate adult Pb exposures to CVD mortality to
inform a health impact model (HIM). We then use the model in a proof-of-concept example.

METHODS: Building on previously conducted government literature reviews and a de novo supplemental literature review, we compiled and evaluated
the available data on Pb and CVD mortality in humans. We applied a set of predefined selection criteria to identify studies that would be most useful
in understanding the impact of Pb exposure on CVD mortality risk in adults. Once we identified the studies, we derived a HIM and used each study’s
concentration—response function in a proof-of-concept example.

ResuLTS: Our literature search identified 15 studies for full-text review. Of those 15 studies, 4 fit our criteria for use in the HIM. Using population
and CVD mortality rates for 40- to 80-y-olds in 2014, we estimated that 34,000-99,000 deaths have been avoided due to the lowering of blood Pb
levels from 1999 to 2014. Based on these values we estimated that approximately 16%-46% of the decreased CVD-related death rate from 1999 to
2014 may be attributable to decreased blood Pb levels.

CONCLUSION: Our results demonstrate that decreases in Pb exposure can result in large benefits for the adult population. We have provided a HIM
that can be used in a variety of applications from burden-of-disease estimates to regulatory impact assessments and have demonstrated its sensitivity

to the choice of concentration—response function. https://doi.org/10.1289/EHP6552

Introduction

Lead (Pb) is a highly toxic pollutant that can damage neurological,
cardiovascular, immunological, developmental, and other major
organ systems (NTP 2012; U.S. EPA 2013). Recent evidence has
suggested that exposure to Pb in adults can result in adverse cardio-
vascular impacts, including increases in hypertension (Muntner
et al. 2005; Navas-Acien et al. 2008), coronary heart disease (Jain
et al. 2007), cardiovascular disease (CVD) (Chowdhury et al.
2018; Guallar et al. 2006; Muntner et al. 2005; Navas-Acien et al.
2004), and CVD-related mortality (CVD mortality) (Aoki et al.
2016; Lanphear et al. 2005; Menke et al. 2006; Ruiz-Hernandez
et al. 2017). Mechanisms by which Pb may increase risk of death
due to cardiovascular disease have been studied in in vitro and
in vivo studies. The potential mechanisms include increasing oxi-
dative stress (Gonick et al. 1997; Vaziri 2008), altering the function
of vascular cells (Chang et al. 2011; Vaziri 2008), inducing inflam-
matory reactions (Chang et al. 2011; Vaziri 2008), and disrupting
calcium homeostasis (Vaziri 2008).

The impact of Pb exposure on increased risk of CVD mortality
has been observed in several epidemiological studies (Aoki et al.
2016; Khalil et al. 2009; Lanphear et al. 2018; Menke et al. 2006;
Ruiz-Hernandez et al. 2017; Schober et al. 2006; Weisskopf et al.
2015). In addition, the U.S. Burden of Disease Collaborators
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determined that Pb is a top 10 CVD risk factor in the United States
(U.S. Burden of Disease Collaborators 2013). Further, both the
U.S. Environmental Protection Agency (U.S. EPA 2013) and the
National Toxicology Program (NTP 2012) have categorized
the relationship between Pb exposure and CVD mortality in their
top two tiers of causality after thorough weight-of-evidence assess-
ments. These assessments evaluated the amount that chance, bias,
and confounding could be ruled out as the explanation for the rela-
tionship between exposure to Pb and adverse health outcomes.

Recently, several studies have demonstrated that there is a sig-
nificant benefit of reducing blood Pb levels over time. For example,
Ruiz-Hernandez et al. (2017) investigated how the decreasing U.S.
blood lead levels, as indicated by the differences in blood Pb
observed in the 1988-1994 [i.e., National Health and Nutrition
Examination Survey (NHANES III)] to 1999-2004 NHANES data
sets, contributed to declining CVD mortality rates in the U.S. popu-
lation. After adjusting for traditional CVD risk factors, the authors
found that nearly 25% of avoided CVD-related deaths in the 1999—
2004 data set were attributable to decreases in Pb exposure. In addi-
tion, Lanphear et al. (2018) estimated that increasing blood Pb levels
in U.S. adults from 1.0 pg/dL to 6.7 pg/dL (the 90th percentile of
blood Pb in the 1988—-1994 NHANES data) would result in an addi-
tional 256,000 CVD-related deaths. These studies provide strong
evidence that, even at low levels of Pb exposure, further decreasing
exposure has the potential for great public health benefit.

The objective of this paper is to present a rigorous approach for
identifying concentration—response functions and using them to
inform a derived health impact model (HIM) that relates adult Pb
exposures to CVD mortality. We define a HIM as a scalable, quan-
titative representation of the relationship between an exposure to a
chemical and the human health response due to that exposure.
Specifically, a HIM is able to relate a unit change in exposure to a
unit change in the resulting outcome. HIMs are crucial tools for
evaluating benefits for rulemakings, assessing the effectiveness of
interventions, and developing burden-of-disease estimates.

The goal of our HIM is to provide a generalized function that
stakeholders can apply to translate the findings of the epidemio-
logical studies into a form that is useful for estimating the bene-
fits of avoided CVD mortality from reductions in Pb exposure.
Previously, environmental rulemakings focused mainly on
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quantifying the impact of Pb on child intelligence quotient; in
contrast, the effects in adults were often discussed only qualita-
tively (Bierkens et al. 2012; U.S. EPA 2008). Therefore, the HIM
presented in this paper will allow for a more complete and con-
crete understanding of the potential impact of Pb exposure on
public health, as demonstrated with a proof-of-concept example.

Methods

The process of developing our HIM involved defining our goal,
identifying and evaluating the literature, and deriving the HIM.
We then used the derived HIM in a proof-of-concept example,
evaluating the impact that the reduction in blood Pb from 1999 to
2014 had on CVD mortality and the sensitivity of our model to
the selected concentration-response function.

Step 1: Define the Goal

The first step in this process was to define the goal of the
research. Subsequently, we stated the goal to be to develop a
HIM to quantify the effect of changes in adult Pb exposure on
CVD mortality in the United States.

Step 2: Identify the Universe of Studies Applicable to the
Stated Goal

A large body of literature exists on the adverse health effects of Pb
exposure. To develop our HIM we built on two comprehensive
evaluations of the literature, the EPA’s Integrated Science
Assessment for Lead (U.S. EPA 2013) and the NTP Monograph on
Health Effects of Low-Level Lead (NTP 2012), hereafter referred
to as the U.S. EPA ISA and the NTP Monograph, respectively.
These two publications presented thorough weight-of-evidence
evaluations of the literature on the adverse health effects associated
with Pb exposure, including the relationship between Pb exposure
in adults and CVD. All studies on the association between Pb and
CVD mortality in humans cited in the U.S. EPA ISA and NTP
Monograph were identified and advanced to Step 3.

We also conducted a supplemental search for our primary lit-
erature search using PubMed to identify studies published after
the U.S. EPA ISA’s last literature search date (September 2011)
through 14 May 2018. We used the following search string:

((lead[MeSH Terms] OR pb OR “bone lead” OR “tibia
lead” OR “patella lead” OR “blood lead”) AND
((Cardiovascular Diseases[MeSH Terms] AND mortality)
OR (cardiovascular disease mortality) OR (CVD mortal-
ity) OR (cardiovascular mortality)) AND (*2011/09/
01”’[Date - Publication]: “3,000”[Date - Publication]))

We determined the applicability of studies identified in the
supplemental literature search by conducting title and abstract
reviews. A study advanced to abstract screening if its title indi-
cated that the study was conducted in humans, included an evalu-
ation of Pb exposure, and researched adverse cardiovascular
outcomes. If it was unclear whether the study had these attributes,
we moved the paper on to abstract review.

The abstract review consisted of evaluating whether the paper
assessed the association between Pb exposure and CVD mortality
in adults. Given that the majority of the evidence relating Pb ex-
posure to CVD mortality is based on blood as the biomarker and
that the well-accepted pharmacokinetic models (e.g., Leggett
1993; U.S. EPA 1996) have limited capability to predict and vali-
date bone Pb levels, we decided to concentrate on studies using
blood Pb as the biomarker of exposure. Therefore, only papers
with abstracts that mentioned blood Pb and had the aforemen-
tioned attributes were included in our universe of studies for full-
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text review. We evaluated each study in this database based on
the set of a priori criteria described in Step 3.

Step 3: Identify Studies Most Pertinent for Deriving a Health
Impact Model

To determine which of the studies identified in Step 2 were most
useful for HIM development, we used the following criteria:

e The study sample was representative of the general adult
population or a large sector of the general adult population.
Studies of patients with a particular disease, for example, do
not represent a major portion of the population and would
not be very useful for estimating the primary HIM.

* The study reported average blood Pb levels as <5 pg/dL. These
levels are more representative of the current blood Pb levels in
the United States. We recognize that certain populations may
still experience high exposures to Pb. However, given that the
incremental impact of Pb may be higher at lower levels of expo-
sure (Lanphear et al. 2018), we took a health-protective approach
by focusing on blood Pb levels of <5 pg/dL and developing a
function more applicable to current blood Pb levels.

e The study was published in a peer-reviewed journal and
available in English.

Step 4: Identify Studies with Continuous Concentration—
Response Functions

A HIM needs to describe how a unit change in exposure relates to a
unit change in outcome. Therefore, we preferred studies that presented
continuous functions or for which the study authors (through personal
communications) were able to provide us continuous functions.

Accordingly, studies we identified in Step 3 were split into two
tiers:

* Tier 1: The study presented a concentration—response function
where Pb was a continuous variable or presented a result (e.g.,
arelative risk associated with a given change in blood Pb lev-
els) based on an underlying concentration—response function
between blood Pb as a continuous variable and CVD mortality
risk. This type of study was deemed the most useful.

e Tier 2: The study presented a categorical analysis, where
comparisons of risk of CVD mortality were evaluated for
different categories of blood Pb levels.

For all Tier-1 studies, we extracted data on the mean blood Pb
levels, the size and age of the study population from which the
concentration-response function was derived, and the inclusion
of potential confounders. We used the concentration-response
functions from each Tier-1 study in our HIM.

Step 5: Derive the Health Impact Model

Methods for deriving a HIM depend on the mathematical models
used to develop the concentration—response functions of interest.
Three of the four studies we identified as able to inform a HIM
used Cox proportional hazards models to estimate the effects of
Pb on CVD mortality risk. The exception was the study by Ruiz-
Hernandez et al. (2017), which used a Poisson model with a simi-
lar log-linear relationship. Although the functional form of this
Poisson model is slightly different than the Cox proportional haz-
ards model used in the other studies, the final HIMs based on
each model are equivalent. Under these models, the functional
relationship between the CVD mortality hazard and blood Pb,
assuming no changes in other covariates examined in the studies,
can be described as follows:

h(t) = ho(t) exp(B X log B +2'y), (D)
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where instantaneous %(f) is death hazard at time ¢, instantaneous
ho (1) is the baseline death hazard at time #, B¢ is blood Pb level, x
is the base of the log, and z is the vector of covariates. 3 and y are
estimated by the Cox proportional hazards model.

Further, the proportional hazards assumption implies that the
cumulative death hazard H(¢) over a period from time 0 to time 7
(e.g., a year) is related to the baseline cumulative death hazard
Hy(t) as follows:

H(t) =Ho(t)exp (B x log,B + 2'y). )

Finally, the probability of death M(¢) during a period from
time O to time ¢ relates to the cumulative death hazard as follows:

M(t)=1—exp (—H(t)). 3)

We relied on the relationships in Equations 1, 2, and 3 to
derive the HIM using the following steps:

Step 5a: We computed the central, upper bound, and lower
bound estimate for  from the reported hazard ratio (HR).

~ exp{ﬁx(logXB”+l)} _ ~
hr= exp {Ex log, B¢} exp (B

B=1n(Ar), 4)

where B =central, upper bound, or lower bound estimate of pa-
rameter B; and hr=reported central, upper bound, or lower
bound estimate of the HR per x-fold increase in blood Pb.

Step 5b: We used estimates of B and Equation 2 to express
the cumulative death hazard at other blood Pb levels.

Hi(1)Ho (1)exp (B x log,BS), (5)

where Bf =ith explored blood Pb level (in micrograms per decili-
ter); H;(¢) =the cumulative death hazard corresponding to the ith
explored blood Pb level; Hy(t)=Hp(t)exp (z'y), or the cumula-
tive death hazard at the blood Pb level of 1 pg/dL.

Step Sc: We then used the relationships from Equations 3 and
5 to approximate the relative risk associated with a change from
blood Pb level Bf to blood Pb level BS:

_ My(1)

- M (1)

_1-exp(=Ha(0)
1 —exp (—Hi(1))

_ 1—exp (—I—io(t)exp (ﬁ X longg))
1 —exp (—ﬁo(l)eXP (E X 10ngi))

where M (t) =the probability of death at time 7 at the baseline
blood Pb level; M;(¢) =the probability of death at time ¢ at the
altered blood Pb level.

Because Hy (¢) is not generally known but can be assumed to
be small, we use the first term of Maclaurin series expansion to
further approximate RR(¢):

exp (E X log BC) N B

RR(r) =~ A—xz =exp (B % log, —i) . @)
exp (B X logXBj) By

It is at this point in the derivation where, although the Ruiz-

Hernandez et al. (2017) function was not estimated using a Cox
proportional hazards model, the resulting HIM for the Poisson

RR(r)

, ©)
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estimated function converges to be the equivalent to that of the
Cox estimated functions. This is because for both models, the
time-varying Ho (¢) term in the Cox model and the corresponding
time-constant baseline incidence term in the Poisson model drop
out of Equation 6 resulting, in both instances, in the above
derived Equation 7.

Step 5d: Next, we used the relationship from Equation 7 to
estimate the change in annual CVD deaths due to the change in
blood Pb levels from B to BS:

CZ(Mz—Ml)XP

M
=M1<—2—1)><P
M,

=M (RR—1)xP

. BS
=M, (exp <B>< logXB—f) - 1) X P, ®)
1

where C =annual reduction in number of CVD death cases
(if C<0; for B§ < B{) or annual increase in CVD death cases (if
C>0; for BS > B{); M| =annual CVD mortality rate at baseline
blood Pb (i.e., Bﬁ);AMz =annual CVD mortality rate at altered
blood Pb (i.e., Bg); [ =the effect estimate derived from each pa-
per; BS =altered blood Pb level (in micrograms per deciliter) or
altered hematocrit-corrected blood Pb level; B =baseline blood
Pb level (in micrograms per deciliter) or baseline hematocrit-
corrected blood Pb level; and P =average annual number of indi-
viduals to whom the change in blood Pb pertains. The final equa-
tion, Equation 8, is the HIM that allows us to use the data from
the literature to estimate the impact a change in blood Pb has on
risk of CVD mortality.

Step 6: Implement a Proof-of-Concept Example

To demonstrate the feasibility of using this HIM to estimate the
number of cases associated with Pb exposure in adults, we esti-
mated how many CVD-related mortalities were avoided in 2014
due to the reduction in population blood Pb levels that occurred
between 1999 and 2014. The effect estimate (i.e., ) derived from
each paper and log transformations used by each author are pre-
sented in Table 1.

We used NHANES data from 2013-2014 (CDC 2015, 20164,
2016b) to approximate current blood Pb levels in the United States
(ie., BS). We used NHANES 1999-2000 (CDC 2002a, 2002b,
2002c) data to estimate blood Pb levels from 15 y ago (i.e., Bf).
With these data we estimated median blood Pb levels using appro-
priate survey weights in Stata software (release 14; StataCorp). In
one study (Aoki et al. 2016), the exposure metric was hematocrit-
corrected blood Pb levels. Therefore, we mimicked the approach
presented by Aoki et al. (2016) and previously presented by deSilva
(1984) to estimate the hematocrit-corrected blood Pb levels in 1999
and 2014. That is, we calculated hematocrit-corrected blood Pb lev-
els for each individual in the NHANES data sets using the following
equation:

B=— )

where B¢ =individual’s hematocrit-corrected blood Pb level (in
micrograms per deciliter); B = individual’s whole blood Pb level (in
micrograms per deciliter); A = arithmetic mean hematocrit level for
the population (in percentage); and H = individual’s hematocrit level
(in percentage). The blood Pb and hematocrit-corrected blood Pb lev-
els used in our example are presented in Table 2.

An understanding of CVD mortality rates in the 1999-2000 and
2013-2014 cohorts by age and sex is also required (i.e., My, M>).
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Table 1. Inputs to the HIM for Menke et al. (2006), Aoki et al. (2016),
Ruiz-Hernandez et al. (2017), and Lanphear et al. (2018).

Lanphear et al. 2018

Menke Aoki Ruiz-
etal. etal. Hernandez All Blood
Variable 2006 2016 etal. 2017 participants Pb<5 pg/dL
Log transformation Natural Log,, Log, Log,, Log,,
(log,) log
Central beta () 035 0.36 0.17 0.64 0.96
estimate
Lower [ estimate 0.16 0.05 0.07 0.32 0.54
(based on lower
bound of 95%
CI for HR)
Upper 3 estimate 0.54 0.68 0.27 0.97 1.37

(based on upper
bound of 95%
CI for HR)

Note: CI, confidence interval; HIM, health impact model; HR, hazard ratio.

We obtained age group- and sex-specific annual CVD mortality
rates at baseline (assumed to be 2014) from the CDC’s Wide-
ranging Online Data for Epidemiologic Research (WONDER)
database (CDC 2014). This information is reported in Table 3.
Further, the number of individuals for which the example will be
applied is needed (i.e., P). For this example we used the estimated
number of U.S. individuals, by age and sex, in 2014. These values
are presented in Table 4.

Using the derived HIM, and the data in Tables 2—4, we then
determined how many CVD mortality cases were avoided for
individuals 40-80 years of age due to their decreased Pb expo-
sure, as represented by NHANES blood Pb or hematocrit-
corrected blood Pb levels in 2014 compared with 1999. We con-
ducted the analysis using the central  estimates along with the
upper and lower bound estimates, derived from the 95% confi-
dence interval (CI) for  from each Tier-1 study.

Using this information, we evaluated the proportion of the
decrease in CVD mortality observed in 2014, as compared with
1999, that may be attributed to decreased blood Pb levels. To do so,
we implemented an approach similar to that presented by Ford et al.
(2007). Specifically, we implemented the following steps:

Step 6a: For each age and sex category (e.g., males 40-50
years of age), we used mortality rates from 1999 (Table 3) and
population counts from 2014 (Table 4). Using these data, we cal-
culated the number of deaths that would be expected in 2014 if
the 1999 death rate were still true.

Step 6b: Next, we subtracted the number of deaths that
actually occurred in 2014 from the number of deaths that would
be expected if 1999 death rate were still true.

Step 6¢: We then divided the difference calculated in step 6b by
our predicted age- and sex-specific deaths due to lower blood Pb
levels in 2014 compared with 1999. This proportion represents the

Table 3. Age group and sex-specific CVD mortality rates (number of CVD-
related deaths per year per total population in age group) in the United
States.

CVD mortality CVD mortality
incidence rate incidence rate
Age group (y) Sex 1999 2014
40-49 Male 9.64x 107 7.86x 107
Female 420%x107* 3.77x107
50-59 Male 2.77x1073 2.19%1073
Female 1.20x1073 9.72x 107
60-69 Male 7.29% 1073 4.60%107
Female 3.78%x 1073 221%107
70-80 Male 1.96 % 1072 1.08x 1072
Female 1.24%x1072 6.75%1073

Source: CDC 2014. Note: CVD, cardiovascular disease (International Classification of
Diseases Codes: 100-199); HIM, health impact model.

contribution the difference in blood Pb had to the decline in the
CVD mortality rate from 1999 to 2014.

Results

Literature Review and Study Selection

We identified eight unique studies (Cocco et al. 2007; Khalil et al.
2009; Lin et al. 2011; Lustberg and Silbergeld 2002; Menke et al.
2006; Neuberger et al. 2009; Schober et al. 2006; Weisskopf et al.
2009) in the government documents relating Pb exposure to
CVD mortality (NTP 2012; U.S. EPA 2013). The supplemental
literature search generated 139 additional unique titles for evalua-
tion. We excluded 131 articles during title screening and one
additional article during abstract screening. Ultimately, we identi-
fied 7 additional studies on Pb exposure and CVD mortality in
adults (Aoki et al. 2016; Bertke et al. 2016; Lanphear et al. 2018;
McElvenny et al. 2015; Ruiz-Hernandez et al. 2017; Wang et al.
2011; Weisskopf et al. 2015) for full-text review. The process of
winnowing down studies from the universe of studies we identi-
fied through the government document review and supplemental
literature search is summarized in Figure 1. In total we reviewed
the full text of 15 articles, 8 from government documents and 7
from our supplemental literature review.

Ten of the 15 papers were excluded after full-text review,
because the mean blood Pb levels were greater than 5 pg/dL or the
populations assessed were not representative of the general U.S.
population. A description of how each study compares to the crite-
ria put forward in Step 3 of the “Methods” section is presented in
Table S1.

Ultimately, four papers met all of our criteria for HIM consider-
ation (Aoki et al. 2016; Lanphear et al. 2005; Menke et al. 2006;
Ruiz-Hernandez et al. 2017). Schober et al. (2006), which we
deemed a Tier-2 study, was very similar to Menke et al. (2006) and
Lanphear et al. (2018) in that it used the same NHANES III (1988—

Table 2. Geometric mean blood Pb and hematocrit-corrected blood Pb levels by age group and sex in the United States.

Geometric mean blood Pb level (g /dL)

Hematocrit-corrected geometric mean blood Pb
level (ug/dL)

Age group (y) Sex 1999-2000 (SE) 2013-2014 (SE) 1999-2000 (SE) 2013-2014 (SE)
4049 Male 2.37(0.11) 1.11 (0.06) 2.22 (0.09) 1.04 (0.06)
Female 1.38 (0.06) 0.77 (0.03) 1.48 (0.06) 0.82 (0.03)
50-59 Male 2.55(0.12) 1.33 (0.08) 2.41(0.11) 1.28 (0.08)
Female 1.76 (0.05) 1.04 (0.04) 1.85 (0.06) 1.08 (0.04)
60-69 Male 2.80 (0.08) 1.40 (0.12) 2.67 (0.07) 1.34 (0.12)
Female 1.92 (0.10) 1.24 (0.06) 2.01 (0.11) 1.29 (0.06)
70-80 Male 2.83 (0.11) 1.72 (0.15) 2.77 (0.11) 1.70 (0.14)
Female 2.04 (0.08) 1.32 (0.06) 2.16 (0.09) 1.38 (0.07)
Source: CDC 2002a, 2002b, 2002c, 2015, 2016a, 2016b. Note: Pb, lead; SE, standard error.
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Table 4. The U.S. population size by age group and sex in 2014.

Age group (y) Sex Population size
40-49 Male 20,566,856
Female 20,912,669
50-59 Male 21,521,569
Female 22,560,689
60-69 Male 16,127,000
Female 17,764,398
70-80 Male 9,151,537
Female 11,107,883
Total (40-80 y) Male 67,366,962
Female 72,345,639
Both 139,712,601

Source: CDC 2014.

1994) data set. However, the study presented a categorical analysis
where comparisons of risk of CVD mortality were evaluated for
different categories of blood Pb levels. Although a figure for a
spline model was presented in the paper, regression statistics for
the continuous function were not available in the study by Schober
etal. (2006), nor were they available through personal communica-
tion. Therefore, we excluded this paper from further consideration
by categorizing it as Tier 2.

Table 5 presents a comparison of key attributes of each of the
four remaining papers. All of these studies were large, population-
based studies that analyzed NHANES data and used the National
Death Index database to identify cases of CVD mortality. The
NHANES is based on a nationally representative sample of indi-
viduals throughout the United States and uses a rigorous methodol-
ogy that includes trained interviewers, standardized procedures,
and quality control measures. Another advantage of the use of
NHANES data is the availability of detailed information on poten-
tial confounders. However, the possibility of residual confounding
remains, and each study examined a slightly different set of poten-
tial confounders. The National Death Index is a comprehensive
source for death records in the United States. Given that all of the
studies used this source, the potential for misclassification of CVD
mortality cases is similar for each study.

Menke et al. (2006) and Lanphear et al. (2018) both analyzed
data from NHANES III. In this cycle of the NHANES, blood Pb
was measured during the years 1988-1994. Thus, blood Pb levels
of participants were higher than would be expected given current
exposures to Pb. The current mean blood Pb level in U.S. adults
is approximately 1.2 pg/dL, based on adults 40-80 years of age
in NHANES 2013-2016. The mean blood Pb levels in the Menke
et al. (2006) and Lanphear et al. (2018) studies were 2.58 and
2.71 pg/dL, respectively. The two remaining potential studies
for selection, Aoki et al. (2016) and Ruiz-Hernandez et al.
(2017), both included more recent NHANES data (1999-2010
and 1999-2004, respectively). Ruiz-Hernandez et al. (2017) ana-
lyzed participants from both NHANES III and NHANES 1999-
2004, with mean blood Pb levels in each cohort of 3.2 and
1.9 pg/dL, respectively. Aoki et al. (2016) examined the lowest
blood Pb levels, with a mean blood Pb level of 1.72 pg/dL.

In addition to using the same NHANES cohort, the Menke et al.
(2006) and Lanphear et al. (2018) papers presented similar analyses.
However, the Lanphear et al. (2018) study has several advantages
over the study by Menke et al. (2006). First, because it is more recent,
the study by Lanphear et al. (2018) had the benefit of an additional 11
y of follow-up of participants in the National Death Index and
included a larger number of deaths in the analysis. In addition, the
Lanphear et al. (2018) study had more extensive control for con-
founders. For example, Lanphear et al. (2018) controlled for co-
exposures to cadmium, which has also been associated with increases
in CVD mortality. Although the study by Lanphear et al. (2018) is
stronger than the one by Menke et al. (2006) for the aforementioned
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reasons, we opted to include both studies for comparison purposes. In
addition to their analysis of all participants, Lanphear et al. (2018) pre-
sented an HR based on participants with blood Pb levels <5 pg/dL
only. Because these blood Pb levels are more in line with current lev-
els of Pb exposures, we included an estimate in the HIM based on the
parameters from this secondary analysis as well.

Aoki et al. (2016) included careful consideration of non-Pb
biomarkers, as well as measurement error in blood Pb. The study
by Aoki et al. (2016) was the only one to consider the effects of
Pb on red blood cell concentration by correcting results for he-
matocrit levels. The majority of blood Pb is contained in the red
blood cells, and there is evidence that Pb exposure may cause
decreased red blood cell numbers (Ukaejiofo et al. 2009; Zentner
et al. 2008). Therefore, if Pb in blood is decreasing the amount of
red blood cells present in an individual, Aoki et al. (2016) argued
that a correction should be used to standardize the volume of
blood Pb per unit of hematocrit and thereby avoid bias due to ex-
posure measurement errors. To do so, the authors divided whole
blood Pb by the hematocrit concentration collected for each indi-
vidual in NHANES. The corrected variable was multiplied by the
weighted arithmetic mean of hematocrit in the analytic sample.
Because the study by Aoki et al. (2016) presented numerous
regression models, we had to select the most appropriate analyses
from which to develop a concentration—response function. Based
on an analysis of the most appropriate confounders to include in
a final model, Aoki et al. (2016) concluded that their fully
adjusted model, which included adjustment for various demo-
graphic indicators, cadmium, and serum iron, was the most reli-
able. Based on this assessment, we selected the fully adjusted
model, which corrected for hematocrit levels, for use in our HIM.

The final study identified in our search was the one by Ruiz-
Hernandez et al. (2017). This paper used a combination of older
(NHANES II) and more recent (1999-2004) NHANES data.
Although the overall blood Pb level in the study was not stated, the
blood Pb levels in participants from the 1999-2004 cohort
(1.9 pg/dL) were similar to current levels in U.S. adults. The study
also had extensive control of confounders, including traditional risk
factors for cardiovascular disease and co-exposures to cadmium.
Although several analyses were presented in this study demonstrat-
ing the impact of blood Pb on CVD mortality, we focused on the
Poisson model described in the supplemental material of the study
by Ruiz-Hernandez et al. (2017), which related blood Pb concentra-
tion with cardiovascular disease mortality. This model is the most
similar to the analysis presented in the other studies.

Given that the true functional model relating Pb exposure to
CVD mortality remains unknown, we opted to use our derived
HIM with the concentration—response functions from each of these
papers instead of preferentially selecting one study. We considered
conducting a meta-analysis but determined it was not feasible. This
is because, as shown in Figure 2, the identified papers have over-
lapping data sets, and therefore the effect estimates are not com-
pletely independent of each other. Because the Ruiz-Hernandez
et al. (2017) analysis sample partially overlaps with the analysis
samples from each of the other three studies, it precludes the use of
existing peer-reviewed meta-analysis methods for dependent effect
measures because the data can only be clustered into one singular
population cluster. Therefore, we used the concentration-response
functions in our HIM for each of these four studies as opposed to
conducting a meta-analysis with the effect measures.

Figure 3 displays the increased risk of CVD mortality per
1-pg/dL increase in blood Pb (or hematocrit-corrected blood Pb), as
estimated from all four studies [and from both functions presented by
Lanphear et al. (2018)]. Because each study used different log trans-
formations in its analyses, we standardized the estimates to develop
Figure 3 and thereby allow for direct comparison of the studies.
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Identify Universe of Studies

Database Searched: PubMed on 14 May 2018
Search String: ((lead[MeSH Terms] OR pb OR "bone lead" OR "tibia lead" OR "patella lead" OR "blood lead") AND
((Cardiovascular Diseases[MeSH Terms] AND mortality) OR (cardiovascular disease mortality) OR (CVD mortality) OR
(cardiovascular mortality)) AND ("2011/09/01"[Date - Publication] : "3000" [Date - Publication]))

(n=139)

Excluded 131 Titles

¢ Not conducted in humans

¢ No evaluation of lead exposure

¢ No evaluation of cardiovascular outcomes

Supplemental Literature Search
Abstract Review
(n=8)

1 Abstract Removed
¢ No evaluation of Pb and CVD mortality in
adults

Unique Studies in EPA ISA
and/or NTP Monograph
(n=8)

Unique Studies from Supplemental Literature Search

(n=7)

Data Identified

15 Studies on Pb Exposure/CVD Mortality

Identify Studies Most Pertinent for HIM

10 Studies:
e BLL>5 pg/dL

*Not Representative of General U.S.
Population

5 Studies Included

*Menke et al. 2006 *Schober et al. 2006

e Lanphear etal. 2018

® Ruiz-Hernandez et al. 2017

*Aoki et al. 2016

Identify Studies with Continuous Concentration Response

1 Tier 2 Study
e Schober et al. 2006

Function

4 Tier 1 Studies

*Menke et al. 2006

* Ruiz-Hernandez et al. 2017

*Aoki et al. 2016

e Lanphearetal. 2018

Figure 1. Overview of process to identify the most useful studies for developing a health impact model. Note: BLL, blood lead level; CVD, cardiovascular dis-
ease; EPA, Environmental Protection Agency; HIM, health impact model; ISA, Integrated Science Assessment; NTP, National Toxicology Program; Pb, lead.

Proof-of-Concept Examples

As described in Step 6 of the “Methods” section, we used
Equation 8 to estimate the reduction in CVD mortality based on
the change in population-level blood Pb levels from 1999 to 2014
using NHANES data. Tables 6—10 present the estimated number
of CVD-related deaths per 10-y age group that were avoided in
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2014 due to decreases in blood Pb levels from 1999 levels based
on the concentration response function(s) from each study identi-
fied for use in the HIM.

Table 11 summarizes the total avoided deaths in 2014 according
to the central effect estimates from each study. Based on these
results, the number of CVD mortality cases estimated as being

128(9) September 2020



Table 5. Attributes of four studies evaluated for use with the HIM.

Attribute of interest

Menke et al. 2006

Aoki et al. 2016

Ruiz-Hernandez et al. 2017

Lanphear et al. 2018

Data set

Year of blood Pb
collection

Sample size and
population

Number of CVD-
related deaths

Geometric mean Pb
(SE)

Participant age: arith-
metic mean (SE)

Pb biomarker

Confounders consid-
ered in key
analysis

ICD codes for CVD

Limits of detection

Maximum length of
follow-up
Dates of follow-up

NHANES III
1988-1994

>13,900 adults >20 years of
age with blood
Pb <10 pg/dL

766

2.58 pg/dL (SE not given)

44.4 (0.5)

‘Whole blood Pb

Age, race/ethnicity, sex,
smoking status, education,
alcohol consumption,
CRP, physical activity,
low income, total choles-
terol, urban residence,
postmenopausal status,
hypertension, level of kid-
ney function, diabetes mel-
litus, body mass index

ICD-9 codes: 390434, 436-
459; ICD-10 codes: 100—
199

1.0 pg/dL

13y

Through 31 December 2000

NHANES 1999-2010
1999-2010
>18,600 adults >40 years of

age with no cutoff for blood
Pb level

985

1.73 pug/dL (0.02)

57.5(0.2)

Hematocrit-corrected blood Pb

Race, Hispanic origin, sex,
smoking status, education,
alcohol intake, CRP, blood
cadmium, serum iron, serum
calcium

ICD-10 codes: 100-199

0.25-0.3 pg/dL

13y

Through 31 December 2011

NHANES III and NHANES
1999-2004
1988-1994 and 1999-2004

>15,400 adults >40 years of
age with no cutoff for blood
Pb level

890

NHANES III: 3.2 ug/dL (SE
not given)
NHANES 1999-2004: 1.9
ng/dL (SE not given)

Not given

Whole blood Pb

Age, sex, race, smoking status,
physical inactivity, obesity,
hypertension, diabetes, high
total cholesterol, low HDL
cholesterol, lipid-lowering
medication and survey pe-
riod, log-transformed
cadmium

ICD-10 codes: 100-178

NHANES III: 1.0 pg/dL
NHANES 1999-2004:
0.25-0.3 pg/dL

89y

NHANES III: through 31
December 1996
NHANES 1999-2004:
through 31 December 2006

NHANES III
1988-1994

All participants:
>14,200 adults >20 years of
age with no cutoff for blood
Pb level
Participants with blood
Pb <5 pg/dL only: >10,600
adults >20 years of age

All participants: 1,801
Participants with blood
Pb <5 pg/dL only: not
reported

All participants:
2.71 pg/dL (0.131)
Blood Pb< 5 pg/dL only:
not reported

All participants: 44.1 (not
reported)
Blood Pb< 5 pg/dL only:
not reported

Whole blood Pb

All models are adjusted for
age, sex, household income,
ethnic origin, body mass
index, smoking status,
hypertension, urinary cad-
mium, alcohol consumption,
physical activity in previous
month, healthy eating index,
serum cholesterol, and gly-
cated hemoglobin

ICD-9 codes: 390-459; ICD-10
codes: 100-199

1.0 pg/dL

24y

Through 31 December 2011

Source: Menke A, personal communication. Note: CRP, C-reactive protein; CVD, cardiovascular disease; HDL, high-density lipoprotein; HIM, health impact model; ICD,
International Classification of Diseases; NHANES, National Health and Nutrition Examination Survey; Pb, lead; SE, standard error.

avoided due to decreased blood Pb levels ranged from approximately
34,000 to 99,000 deaths with the variation attributable to the concen-
tration—response function used. Aoki et al. (2016) predicted the
smallest number of avoided deaths, whereas Lanphear et al. (2018;
blood Pb <5 pg/dL analysis) predicted the greatest. Males had the
greatest number of estimated avoided deaths due to higher back-

ground CVD mortality rates in men.

Study

Menke et al. (2006)
Aoki et al. (2016)
Ruiz-Hernandez et al. (2017)

Lanphear et al. (2018)

exposure.

Table 12 presents estimates of the proportion of decreased
CVD mortality attributable to decreases in blood Pb levels from
1999 to 2014. Using the central effect estimates from each of the
papers, we estimated that 16% (Aoki et al. 2016) to 46%
(Lanphear et al. 2018) (blood Pb <5 pg/dL analysis) of the
decreased CVD mortality rate could be attributed to decreased Pb

1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Years of NHANES Data

Figure 2. Years of NHANES data included in each study identified for use in the HIM. Note: NHANES, National Health and Nutrition Examination Survey.
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Study

Menke et al. (2006) =

Aoki et al. (2016) » - -

Lanphear et al. (2018) -
All participants

Lanphear et al. (2018) -
Participants with BLLs <5 pg/dL

Ruiz-Hernandez et al. (2017) »

0 0.001 0.002 0.003

0.004 0.005 0.006 0.007 0.008 0.009

Increased Risk of CVD Mortality per Unit Change in Blood Pb

Figure 3. Increased risk of CVD mortality (central estimate and 95% CI) per unit change in blood Pb (Menke et al. 2006; Lanphear et al. 2018; Ruiz-
Hernandez et al. 2017) or hematocrit-corrected blood Pb (Aoki et al. 2016). Note: CI, confidence interval; CVD, cardiovascular disease; Pb, lead.

Discussion

Taking a methodological approach to evaluating the literature, we
derived a HIM and employed five concentration—response func-
tions to estimate ranges of expected changes in CVD mortality.
This HIM could be used to estimate a reduction in CVD mortality
resulting from a regulation, evaluate the potential effectiveness of
an intervention, or conduct a burden-of-disease estimate. In our
CVD mortality analysis, we used the concentration—response data
from Menke et al. (2006), Aoki et al. (2016), Ruiz-Hernandez et al.
(2017), and Lanphear et al. (2018) in our HIM. Each of these stud-
ies evaluated the relationship between adult Pb exposure and CVD
mortality in more than 10,000 individuals living in the United
States.

Our results show clear variation in the estimated effect of
blood Pb on CVD mortality derived from each study, which may
be due to differences in the study designs. Table 5 shows that
these differences include the confounders examined in each anal-
ysis, the composition of the population assessed, the International
Classification of Diseases (ICD) codes used to indicate CVD-
related mortality, and the length of follow-up. In addition, it is
interesting to observe that the function for blood Pb levels
<5 pg/dL from Lanphear et al. (2018) has the largest effect esti-
mate of all the studies. This observation could be partially due to
the inherently steeper slope of the modeled log-linear relationship
between blood Pb and CVD mortality at baseline blood Pb levels
closer to zero. As described by Lanphear et al. (2018), their

Table 6. Estimated CVD mortality cases avoided based on the change in
blood Pb levels from 1999 to 2014 using Menke et al. (2006) inputs in the
HIM.

Avoided CVD deaths in 2014

Age group Sex Lower estimate” Central estimate Higher estimate”
4049 Male 1,948 4915 8,183
Female 721 1,787 2,921
50-59 Male 4,825 12,037 19,815
Female 1,801 4,434 7,205
60-69 Male 8,125 20,360 33,604
Female 2,662 6,494 10,459
70-80 Male 7,666 18,821 30,498
Female 5,060 12,342 19,872
Total (40-80 y) Male 22,564 56,133 92,159
Female 10,244 25,056 40,456
Both 32,808 81,189 132,616

Note: CVD, cardiovascular disease; HIM, health impact model; Pb, lead.
“Low and high estimates based on the lower and upper bound effect estimates from the
Menke et al. (2006) 95% confidence interval.
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results indicate that the risk of CVD mortality increases with
higher amount of Pb in the blood, but at a diminished rate as
blood Pb levels increase.

Analyses associated with the HIM should reflect the exposure
window that is most relevant to the risk outcome. We hypothesize
that four major conceptual models may explain the temporal rela-
tionship between blood Pb and CVD mortality:

Model 1. CVD mortality risk = f(one-time blood Pb).

Model 2. CVD mortality risk =f(average blood Pb over x years).

Model 3. CVD mortality risk =f (average blood Pb over x years)
+ latency.

Model 4. CVD mortality risk =f(peak blood Pb).

However, when considering the relationship between adult Pb
exposure and CVD mortality, it is uncertain which conceptual
model is best. The majority of the studies we located through our
work were based on a single biomarker (i.e., blood lead) mea-
surement per study subject. Only Weisskopf et al. (2009, 2015)
evaluated the relationship of both bone and blood Pb to CVD
mortality. No studies used repeated measures of the biomarkers
in evaluating the connection between blood Pb and CVD. This

Table 7. Estimated CVD mortality cases avoided based on the change in
blood Pb levels from 1999 to 2014 using Aoki et al. (2016) inputs in the
HIM.

Avoided CVD deaths in 2014

Age group (y) Sex Lower estimate” Central estimate Higher estimate”

40-49 Male 268 2,035 4,057
Female 102 763 1,502
50-59 Male 651 4,892 9,666
Female 258 1,925 3,778
60-69 Male 1,118 8,440 16,744
Female 380 2,820 5,496
70-80 Male 1,054 7,841 15,331
Female 733 5,441 10,608
Total (40-80 y) Male 3,091 23,207 45,799
Female 1,473 10,949 21,385
Both 4,564 34,156 67,184

Note: CVD, cardiovascular disease (International Classification of Diseases codes: 100—
199); HIM, health impact model; Pb, lead.

“Low and high estimates based on the lower and upper bound effect estimates from the
Aoki et al. (2016) 95% confidence interval.
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Table 8. Estimated CVD mortality cases avoided based on the change in
blood Pb levels from 1999 to 2014 using Ruiz-Hernandez et al. (2017)
inputs in the HIM.

Table 10. Estimated CVD mortality cases avoided based on the change in
blood Pb levels from 1999 to 2014 using Lanphear et al. (2018), blood Pb
<5 pg/dL, inputs in the HIM.

Avoided CVD deaths in 2014

Avoided CVD deaths in 2014

Age group Sex  Lower estimate” Central estimate Higher estimate” Age group Sex Lower estimate” Central estimate Higher estimate”
4049 Male 1,287 3,305 5,556 4049 Male 3,147 6,013 9,219
Female 479 1,213 2,012 Female 1,156 2,172 3,273
50-59 Male 3,196 8,143 13,577 50-59 Male 7,759 14,667 22,251
Female 1,197 3,020 4,988 Female 2,880 5,378 8,060
60-69 Male 5,377 13,741 22,985 60-69 Male 13,089 24,848 37,853
Female 1,773 4,446 7,292 Female 4,241 7,853 11,669
70-80 Male 5,098 12,841 21,160 70-80 Male 12,245 22,808 34,088
Female 3,370 8,449 13,857 Female 8,060 14,923 22,170
Total (40-80 y) Male 14,958 38,030 63,278 Total (40-80 y) Male 36,240 68,336 103,411
Female 6,818 17,128 28,150 Female 16,337 30,327 45,172
Both 21,777 55,158 91,428 Both 52,577 98,663 148,583

Note: CVD, cardiovascular disease; HIM, health impact model; Pb, lead.
“Low and high estimates based on the lower and upper bound effect estimates from the
Ruiz-Hernandez et al. (2017) 95% confidence interval.

resulted in uncertainty because blood Pb is reflective of both
recent exposures (<30 d) from exogenous sources and past expo-
sures (years to decades) that were stored in tissues (e.g., bone)
and released endogenously (NTP 2012; U.S. EPA 2013).
Therefore, uncertainties remain with respect to the timing, fre-
quency, and magnitude of Pb exposure that best correlate with
CVD mortality risk. Given that all of the concentration—response
functions used in the HIM in this analysis are based on
NHANES, it is clear that data from additional lines of evidence
would contribute substantially to understanding the true impact
of Pb on CVD mortality. It would be useful, for example, if an or-
ganization such as the National Heart, Lung, and Blood Institute
created or released subclinical or clinical CVD data combined
with blood Pb measurements to further inform the science on the
relationship between Pb exposure and CVD mortality.
Regardless, given the consistent finding across the literature,
it can be concluded that the one-time measurement from
NHANES is a predictor of CVD mortality, either because Model
1 is true or because it is a proxy measure due to its correlation
with average blood Pb models over time (e.g., Model 2).
Currently, Model 1 is the only model for which requisite data are
available given that there are no studies, or data sources such as
NHANES, published to date evaluating multiple blood Pb meas-
urements in the same individual in association with CVD mortal-
ity. We infer this because all the evaluated studies used only a
one-time blood Pb measurement to model the impact of Pb on
CVD mortality risk, within a specified follow-up time frame.

Table 9. Estimated CVD mortality cases avoided based on the change in
blood Pb levels from 1999 to 2014 using Lanphear et al. (2018), all blood
Pb levels, inputs in the HIM.

Avoided CVD deaths in 2014

Age group Sex Lower estimate” Central estimate Higher estimate”
4049 Male 1,797 3,794 6,086
Female 666 1,388 2,197
50-59 Male 4,454 9,330 14,842
Female 1,663 3,453 5,441
60-69 Male 7,499 15,756 25,146
Female 2,460 5,075 7,943
70-80 Male 7,083 14,674 23,072
Female 4,677 9,645 15,094
Total (40-80 y) Male 20,833 43,553 69,145
Female 9,467 19,562 30,674
Both 30,300 63,115 99,820

Note: CVD, cardiovascular disease; HIM, health impact model; Pb, lead.
“Low and high estimates based on the lower and upper bound effect estimates from the
Lanphear et al. (2018) 95% confidence interval.
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Note: CVD, cardiovascular disease; HIM, health impact model; Pb, lead.
“Low and high estimates based on the lower and upper bound effect estimates from the
Lanphear et al. (2018) 95% confidence interval.

Although there is a lag between the blood Pb sample and death
due to CVD mortality, both the Cox proportional hazards model
and the Poisson regression analysis assume that the HR will be
the same regardless of the follow-up time frame. Therefore, the
result is interpreted as CVD mortality risk being a function of the
one-time blood Pb measurement.

The conceptual models described above do not explicitly con-
sider whether a correction for blood Pb measurements is war-
ranted. Aoki et al. (2016) used hematocrit-corrected blood Pb
levels to describe the relationship between blood Pb and CVD
mortality. Using a hematocrit correction (i.e., dividing blood Pb
by hematocrit) in exploring the effect of blood Pb on CVD differs
from much of the literature, which instead adjusts for hematocrit
(i.e., includes hematocrit as a confounder in a regression analysis)
(Hara et al. 2015; Hicken et al. 2012, 2013; Scinicariello et al.
2011). However, in considering the relationship between Pb ex-
posure, blood Pb, hematocrit, and CVD mortality, Aoki et al.
(2016) assumed that the biomarker of whole blood Pb is a proxy
for Pb exposure at the heart or vasculature, which would be more
directly involved in Pb’s effect on CVD morbidity/mortality.
This is contrary to assuming that whole blood Pb is a key compo-
nent in the causal pathway relating Pb exposure to CVD morbid-
ity/mortality. By treating whole blood Pb as a proxy for Pb
exposure, hematocrit is an intermediate variable in the pathway
between Pb exposure and CVD morbidity/mortality given that
hematocrit levels do not have an effect on Pb exposure itself.
Thus, correcting for hematocrit may be a more appropriate
approach than adjusting for hematocrit. Further debate and
research on the role of hematocrit correction in understanding the
health effects of Pb exposure is needed to determine the extent to
which using whole blood as the proxy for Pb exposure may cause
measurement error.

Additional conceptual models could be developed to relate
alternate biomarkers, specifically bone Pb, to CVD mortality. Pb
in bone has a longer half-life compared with Pb in blood (Hu et al.
2007) and therefore may be a better marker of exposure for dis-
eases that are impacted by longer-term Pb exposure. However,
there are few studies that use bone Pb data. Weisskopf et al.
(2009, 2015) were the only identified studies that presented an
evaluation between bone Pb and CVD mortality. In addition to
the scarcity of studies relating bone Pb to CVD mortality, there
are still uncertainties related to modeling bone Pb levels with
available physiologically based pharmacokinetic —models.
Although predictive models have been developed using blood Pb
and other demographic factors to estimate bone Pb levels (Park
et al. 2009), these models require data including job type,
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Table 11. Total avoided CVD-related deaths based on our HIM and concentration—response functions from each Tier-1 study, using central effect estimates.

Population 40-80

Ruiz-Hernandez

Lanphear et al. 2018 Lanphear et al. 2018

years of age Aoki et al. 2016 Menke et al. 2006 etal. 2017 (all blood Pb levels) (blood Pb <5 pg/dL)
Male 23,207 56,133 38,030 43,553 68,336
Female 10,949 25,056 17,128 19,562 30,327
Total 34,156 81,189 55,158 63,115 98,663

Note: CVD, cardiovascular disease; HIM, health impact model; Pb, lead.

smoking status, and cumulative cigarette data, which may not be
available for all individuals for whom an analysis using our HIM
is conducted. Therefore, a HIM based on bone Pb may have lim-
ited use at this time. For this reason, we have concentrated our
efforts on the relationship between blood Pb and CVD mortality
in this paper.

Pb levels have changed over time, so there is some uncer-
tainty regarding whether the observed associations between Pb
and CVD are applicable to current cohorts of individuals.
Individuals examined in the evaluated studies may have had a
higher exposure profile in childhood and early adulthood than
those born in recent years. However, these higher exposures will
likely be reflected in higher blood Pb levels in their NHANES
blood Pb samples given that blood and bone Pb levels are corre-
lated (Hu et al. 2007). We do not know what their blood Pb levels
were many years ago, but we do know based on NHANES data
that, on average, older adults have higher blood Pb levels than
younger adults (Tsoi et al. 2016).

Moreover, when comparing the more recent NHANES data
(Lanphear et al. 2018; Ruiz-Hernandez et al. 2017) to data on
older cohorts, studies have found that associations between Pb
and CVD mortality have either remained constant or increased in
magnitude. For example, Ruiz-Hernandez et al. (2017) examined
the associations between blood Pb and CVD mortality in two
cohorts of NHANES: 1988-1994 and 1999-2004. The mean
blood Pb levels in these cohorts were 3.2 and 1.9 pg/dL, respec-
tively. The rate ratios for CVD mortality associated with a 2-fold
increase in blood Pb were 1.17 (95% CI: 1.04, 1.31) in NHANES
1988-1994 and 1.26 (95% CIL: 1.05, 1.50) in NHANES 1999-
2004. When comparing results obtained for the two cohorts, the
authors found no significant differences in the relationship
between blood Pb and CVD mortality (p =0.47). Lanphear et al.
(2018) examined differences between the two phases of the
NHANES III cohort. The authors found a steeper relationship
(i.e., a greater increment of CVD mortality risk per increment of
blood Pb) in participants who were studied during NHANES III
phase 2 (1991-1994) than phase 1 (1988-1991). In addition,
when Lanphear et al. (2018) investigated associations in all par-
ticipants and in those with blood Pb<5 pg/dL only, the
observed HRs were higher in the subset of participants with the
lowest blood Pb. Therefore, use of an observed concentration—
response function based on older NHANES cohorts with higher
blood Pb levels may underestimate the association between Pb
and CVD mortality, if the steeper slope is reflective of the true
risk in today’s population.

Despite the uncertainties, several lines of evidence suggest that
it is appropriate to model the relationship between Pb and CVD

mortality based on the available literature. Numerous studies
examining different NHANES cohorts have found significant asso-
ciations between blood Pb and CVD mortality (Aoki et al. 2016;
Khalil et al. 2009; Lanphear et al. 2018; Menke et al. 2006; Ruiz-
Hernandez et al. 2017; Schober et al. 2006; Weisskopf et al. 2015).
The range of blood Pb levels in these studies overlap with current
blood Pb levels. Therefore, the concentration-response functions
from these studies can be used on populations with current blood
Pb levels. Specifically, mean blood Pb levels in the studies avail-
able to inform the HIM ranged from 1.73 to 2.71 pg/dL. Although
the blood Pb levels in these studies are higher than the average
blood Pb level for adults 40-80 years of age in NHANES 2013-
2016, which was approximately 1.2 pg/dL, they are within a rea-
sonable range of today’s blood Pb levels. In addition, the studies
included individuals with blood Pb levels that overlap with the
2013-2016 NHANES mean levels (Table 5).

To generate the proof-of-concept example, we used average
values for most input parameters (e.g., background mortality rates,
population estimates) of our HIM. These results are applicable to
the U.S. population on average. Approaches such as a full Monte
Carlo analysis could be taken to incorporate uncertainty or vari-
ability in many of the input parameters. These approaches may bet-
ter reflect uncertainty surrounding our estimates and are potential
next steps to fully understanding the relationship between Pb and
CVD mortality. Selecting one concentration—response function,
rather than the range of results presented, to describe the relation-
ship between blood Pb and CVD mortality may allow for easier
and more efficient implementation of the HIM or communication
of the results. We did explore the feasibility of conducting a meta-
analysis on the data from these studies. As discussed in the results,
there was only one population cluster given the overlapping data
sets used. Therefore, we determined that a meta-analysis was not
appropriate for the current body of literature. The current analysis
displays the sensitivity of the HIM to the selection of the concentra-
tion—response function.

Collectively, the literature supports the hypothesis that there
is not an identifiable population threshold for Pb and the outcome
of CVD mortality and that the association between blood Pb and
CVD mortality is expected to hold in cohorts with declining
blood Pb levels. Given the amount of available evidence, it is
therefore now feasible to estimate both the health and monetary
benefits of the reduced risk of CVD mortality due to lower blood
Pb. Preventing additional exposure at all ages is essential for pro-
tecting public health because it will reduce not only current risk
but also risk later in life. This is because reductions in young
adulthood will reduce both current blood Pb levels and the
amount of Pb stored in bone, which can be mobilized later in life

Table 12. Proportion (%) of avoided CVD-related deaths in 2014 due to the change in blood Pb since 1999 based on our HIM and concentration-response

functions from each Tier-1 study using central effect estimates.

Population 40-80

Ruiz-Hernandez

Lanphear et al. 2018 Lanphear et al. 2018

years of age Aoki et al. 2016 Menke et al. 2006 et al. 2017 (all blood Pb levels) (blood Pb <5 pg/dL)
Male 20 48 32 37 58

Female 11 25 17 20 31

Total 16 38 26 29 46

Note: CVD, cardiovascular disease; HIM, health impact model; Pb, lead.
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and therefore present a future risk of CVD mortality in addition
to the current risk.

Conclusion

The HIM we developed allows for a standardized methodology
that is useful for estimating the avoided cases of CVD mortality
when evaluating specified changes in Pb exposure as measured
by blood Pb. Using this model, we demonstrated that decreases
in Pb exposure can result in large benefits for the adult popula-
tion. The HIM presented in this paper made evident that, regard-
less of concentration—response function selected, the impact of
Pb on CVD mortality is substantial. We found that historical
reductions in Pb during 1999-2000 and 2013-2014 could explain
approximately 16%—46% of the decline in CVD mortality rates
observed in this time period.

Given the absence of a well-established quantitative approach
for evaluating the impact of Pb exposure in adults, the HIM pre-
sented in this paper, along with the selected concentration—
response functions, can strengthen regulatory impact assessments
and burden-of-disease estimates. This is because using this HIM
will allow for a more complete characterization of the impacts of
Pb exposure and the benefits of reductions in Pb. Quantifying
CVD mortality in adults takes us a step closer to both understand-
ing the full effects of Pb on the health of populations and expand-
ing consideration of the benefits of reduced Pb exposures beyond
young children.
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