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’ INTRODUCTION

Lead is one of the most abundant heavy metals in the
environment. It is ubiquitous and toxic to humans. Exposure to
lead occurs by two major intake pathways: the gastrointestinal
tract (GIT) and the respiratory tract. GIT intake depends on the
contamination level of food and water reflecting the ecological
system and the infrastructure for the food/water supply. Such
intake can be reduced through efforts within each country. On
the other hand, inhaled intake depends on air concentrations of
contaminants, which are not always easily controlled within each
country because of transboundary air pollution. Atmospheric
lead exists in fine particulate matter and may be transported to a
large extent by air flow.

Atmospheric lead is recognized to originate predominantly
from anthropogenic activities such as leaded gasoline use, non-
ferrous metal production, and fossil fuel combustion.1 In many
developed countries, anthropogenic lead emission has been

reduced remarkably in recent years.2 However, efforts to reduce
emissions are insufficient in East Asian countries, several of which
are undergoing rapid economic progress. Investigation of human
exposure to atmospheric lead is necessary to determine potential
impacts in East Asia. It is especially important for children,
because the developing nervous system is thought to be far more
vulnerable to lead toxicity than the mature brain.3

We recently developed an atmospheric transport model of
lead that can simulate air concentrations of contaminants in East
Asian countries.4 The model can predict exposure intensity of
lead through inhalation. If we measure in addition representative
GIT intake levels of lead in a given population, we can predict
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ABSTRACT: Environmental ecological modeling (EEM), which
unifies models simulating transport of chemicals and exposure of
humans to chemicals, was used to simulate long-term trends of
female adult human blood lead levels (BLLs) and historical
exposure to the atmospheric lead in four East Asian countries:
Japan, Korea, China, and Vietnam. Anthropogenic lead emissions
to the atmosphere in Vietnamwere estimated from energy statistics
to be 1931 t yr-1. Calculated BLLs generally agreed with those
observed in samples collected in these countries as the error factors
were less than 2. The model results revealed that BLLs decreased
significantly in Tokyo (by 58%) and Seoul (by 45%) in recent
decades and confirmed the effects of efforts to reduce environ-
mental lead in Japan and Korea. The model results also revealed
that BLLs in Beijing did not decrease in this decade as much as in
Tokyo and Seoul, despite the phasing out of leaded gasoline, and
that the contribution from the atmospheric component was
increasing (43% in 2009). Finally, we applied EEM to simulate
BLLs of children in Hanoi. The probability of children having BLLs greater than 50 μg L-1 was 7.5%, which was greater than those
observed in developed countries.
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blood lead levels (BLLs) by applying the appropriate pharma-
cokinetic (PK) model.

In the current study, we applied environmental ecological
modeling (EEM). EEM is a novel method that involves simula-
tion of a series of emission, transport, and exposure events. This
method was first used to simulate serum levels of perfluoroocta-
noic acids (PFOA) in Japan.5 It consists of an atmospheric
transport model and a PKmodel. In previous work, we estimated
PFOA emissions from a single plant, transport in the air, and
exposure to PFOA by the residents around the plant. Inhaled
intake values were derived from surface air concentrations
simulated by the atmospheric model. GIT intake values were
estimated on the basis of duplicate samples of food and water.
EEM enabled us to explain the high serum levels of PFOA in the
residents. We here apply the EEM approach to BLL simulations
and exposure assessments.

In this work, EEM was used to reproduce BLLs for female
adults without occupational exposure and to reconstruct histor-
ical exposures to atmospheric lead from 1979 to 2009 in four East
Asian countries: Japan, Korea, China, and Vietnam. The BLLs
simulated by the PK model using the estimated intake values
were compared to those monitored in blood samples collected in
these countries.

Finally, we applied EEM to simulate BLLs of children by
incorporation of GIT intake variability in Hanoi, Vietnam, where
the economy has grown rapidly and few risk assessment studies
have been conducted. BLLs exceeding 100 μg L-1 have been
accepted internationally to be hazardous to children.6 Recently,
however, evidence of adverse health effects associated with BLLs
less than 100 μg L-1 has been presented.7 The Joint FAO/WHO
Expert Committee on Food Additives assessed the health risks of
lead and established a provisional tolerable weekly intake of 25
μg kg-1 of body weight to prevent net accumulation in the blood
of children above 50 μg L-1.8 For this reason, we evaluated the
probability of children with enhanced BLLs (EBLLs) exceeding
two reference values: 50 and 100 μg L-1.

’MATERIALS AND METHODS

Atmospheric Transport Model. We developed a global
transport model of atmospheric lead.4 The atmospheric model
was an Eulerian transport model driven by 6 h meteorological
fields determined from the JRA-25 reanalysis data sets.9 The
computational region was the globe, and the horizontal resolu-
tion is 1.25�. The vertical structure consisted of 12 layers stacked
from the surface to 100 hPa. Atmospheric lead in the model was
emitted, transported, and removed as particulate matter with a
diameter of 1.0 μm.We previously estimated anthropogenic lead
emissions to the air in Japan, Korea, and China, and conducted a
long-term simulation using the estimated emissions and preex-
isting data sets for lead emissions from the rest of the world.
Model results were compared to observations of air concentra-
tions in the three countries in recent decades, and, in general,
good agreement was found.4

In the present study, we estimated anthropogenic lead emis-
sions to the air in Vietnam using energy statistics for 2007.10 The
national emission estimate was calculated as fuel consumption
multiplied by the corresponding emission factors listed in Table
S1, Supporting Information. The estimates were horizontally
distributed on the basis of two assumptions (see Figure S1,
Supporting Information): (1) 60% of total emissions were
allocated to the model grid elements corresponding to the two

largest cities, Hanoi and Ho Chi Minh City, based on gross
output of industry,11 and (2) the horizontal distribution of
emissions was proportional to the volume of road traffic
passengers.11

Air Monitoring in Vietnam.We investigated daily concentra-
tions of atmospheric lead in an urban area of Hanoi for 3 days
beginning on November 20, 2008. Ambient PM10 particles were
collected over a 24 h period by a low-volume air sampler (AN-
200, Tokyo Dylec Co., Tokyo, Japan), which was set inside a
shelter 1.5 m above the ground on the campus of Hanoi Medical
University. The samples were incinerated and analyzed using an
inductively coupled plasma mass spectrometer (Aligent ICP-MS
7500). Our observations, together with published observation
results for Hanoi and Ho Chi Minh City listed in Table S2,
Supporting Information, were compared to lead concentrations
simulated by the atmospheric model.
PKModel.Human BLLs in Japan, Korea, China, and Vietnam

were calculated using a multicompartmental PK model.12 The
model estimated lead fluxes among four compartments of the
human body (blood, soft tissue, cortical bone, and trabecular
bone) and lead excretion in urine, sweat, hair, and other materials
as follows:

dCi

dt
¼

Eþ ∑
j
kj=i 3Cj 3 Lj

Li
- ð∑

j
ki=j þ ki=eÞ 3Ci ð1Þ

where C is lead concentration (μg L-1) and L is pool size (L).
The subscripts i, j, and e represent the ith and jth compartments
and excretion material, respectively. E is lead intake (μg day-1),
which is included only for the blood compartment. ki/j is the rate
constant (day-1) of the flux from “i” to “j”. The rate constants
used in the PK model are listed in Table S3, Supporting
Information. The Euler-forward time step was set to 1 day.
The pool size of blood for adults was assumed to be 6 L.12 That

for children was scaled to body weight (BW) to the 2/3 power.13

Assuming BW of 56 kg for adults, BW for children was a function
of age (year):14

BW ¼ 3:5þ 22� age
3þ age

þ 34
1þ 600� expð- 0:017 � 34� ageÞ

ð2Þ
Inhaled Intake Estimates. Inhaled intake was estimated from

the daily average surface air concentrations predicted by the
atmospheric model. It was assumed that 50% of the inhaled lead
is absorbed into the blood through the respiratory tract,14 and
that the volume of inhaled air is 20 m3 day-1 for adults15 and
proportional to the logarithm of BW for children.16

GIT Intake Estimates. The GIT intake values were derived
from contamination levels of lead in food and water multiplied by
the portion absorbed by the GIT, which was 0.08.14 Contamina-
tion levels were estimated as a function of time by exponential
regression of levels observed in the food and water samples
collected in each country, as described later:

Pb ¼ Pb0 � exp½k 3 fty - 1979þ ðtd - 1Þ=ttg� ð3Þ
where ty is the year, td is the day of the year, and tt is the total
number of days in the year. The constants Pb0 and k are listed in
Table S4, Supporting Information. The contamination level for
Vietnam was assumed to be constant because there was only one
sampling date in 2007. GIT intake values were estimated
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assuming that the contamination level is uniform in each country,
and that consumption levels of both food and water are propor-
tional to BW to the 2/3 power.17

Initial Condition for the PKModel. For adults, the initial lead
burden of cortical bone was set to 36 400 μg.12 The initial
burdens of other compartments were determined by a prepara-
tory run using fixed lead levels in food/water (27.2 μg day-1)
(Table S4, Supporting Information) and atmosphere (100 ng
m-3),4 which were representative in Japan in 1979. The burdens
under a quasi-steady condition were 250 μg for blood, 170 μg for
soft tissue, and 1050 μg for trabecular bone. These values used as
the initial burdens in the present study were much lower than
those used in the study by Marcus, 12 reflecting intake levels
lower by 1 order of magnitude. For children, the initial lead
burden of each compartment was set to the simulated adult
burden inHanoi scaled to the BWof neonates (3.5 kg) to the 2/3
power.13

Human Food and Blood Samples. Efforts have been made
by the Kyoto University Human Specimen Bank18 to collect
samples of human blood and duplicate food/water portions to
monitor long-term exposure of the nonsmoking and nonoccupa-
tional population to heavy metals in Japan since the late
1970s.19-21 Similar coupled samples in Korea and China were
collected in the 1990s through the cooperation of researchers in
both countries.22-26 In 2007, we collected 60 samples in three
cities (Kyoto, Sendai, and Takayama) in Japan, 35 samples in
Seoul, 25 samples in Beijing, and 22 samples in Hanoi. In 2009,
we also collected blood samples from 33 mother-child pairs in
Hanoi. All of the children were elementary school students
between 7 and 12 years old (see Table S5, Supporting In-
formation). All samples were processed and analyzed using the
methods described by Koizumi et al.18 The observations made by
Kyoto University researchers along with published lead concen-
trations of female adult blood and/or food in Japan, Korea,
China, and Vietnam (see Tables S6-S8, Supporting In-
formation) were binned according to the atmospheric model
resolution into 23 grid boxes for Japan, 4 boxes for Korea, 14
boxes for China, and 1 box for Vietnam (see Figure S2,
Supporting Information). The binned concentrations in Japan
are listed in Tables S9-S11, Supporting Information. The food/
water contamination levels were used to estimate GIT intake
values, and the BLLs were used for comparison to simulated
BLLs to evaluate both the atmospheric model and the PKmodel.
Risk Assessment of Child BLLs in Hanoi. We conducted a

risk assessment for children with EBLLs of individuals between 7
and 12 years old in Hanoi using Monte Carlo simulations. For
each age group, calculations were performed 10 000 times to
incorporate GIT intake variability assuming a log-normal dis-
tribution of food/water contamination levels with the geometric
mean (GM) and geometric standard deviation (GSD) observed
in the food/water duplicate samples collected in Hanoi in 2007
(see Table S8, Supporting Information). The time periods were
set so that the calculations ended at 2009. Calculated BLLs
averaged annually in 2009 were compared to observations in
Hanoi in 2009 (see Table S5, Supporting Information) and used
to derive the probabilities of children having EBLLs.
Evaluation of Model Fit. The fit of simulated values to

observed values was evaluated by the fractional difference f27

averaged for all the samples:

f ¼ Vmdl - Vobs

Vmdl þ Vobs
ð4Þ

where Vmdl and Vobs are the modeled value and observed value,
respectively. |f| < 0.33 indicates an error factor less than 2.

’RESULTS

Lead Emissions and Surface Air Concentrations in Viet-
nam.The estimated national lead emission level for Vietnamwas
1931 t yr-1, which was comparable to the present level of 1631
t yr-1 for Korea that was estimated in our previous study.4

Gasoline use had a dominant contribution (86%) to national
emissions because of negligible nonferrous metal production28

and low consumption of fossil fuels other than gasoline in
Vietnam (see Table S1, Supporting Information).
Figure 1 shows comparisons between modeled lead levels in

surface air in Vietnam and the actual observations listed in Table
S2, Supporting Information. The predicted concentrations were
averaged over the same periods as the observations. Three out of
the four samples were reproduced with an error factor less than 2.
The average fractional difference f equaled -0.18, indicating
generally good agreement but slight underestimation of actual
levels.
Lead Contamination Levels in Food and Water. The lead

contamination levels in food/water in Japan, Korea, and China
had an obvious descending trend (see Figure S3, Supporting
Information). From 1979 to 2009, the inferred contamination
levels decreased from 27.2 to 5.3 μg day-1 in Japan, from 36.3 to
12.8 μg day-1 in Korea, and from 35.5 to 20.3 μg day-1 in China.
The levels in food and water in Vietnam were constant at 13.8
μg day-1 because of only one sampling date.
Female Adult BLLs. Simulated female adult BLLs were

compared to observations in Japan, Korea, China, and Vietnam
(Figure 2). Fairly good agreement was indicated by the small f
value of 0.02. The GM value of BLLs observed in blood samples
collected in Japan decreased from 32.8 μg L-1 around 1980 to

Figure 1. Comparison of lead concentrations in surface air (ng m-3) in
Vietnam between model results and actual observations listed in Table
S2, Supporting Information. General agreement is indicated by an
averaged fractional difference f of-0.18. Dots on the solid line indicate
a perfect fit between observed and calculated values, and those between
the two dashed lines indicate error factors less than 2.
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24.0 μg L-1 in the 1990s, and then decreased to 15.7 μg L-1 in
this decade. The GM value also decreased in Korea from 44.3 μg
L-1 in 1994 to 17.7 μg L-1 after 2000. In China, the GM values
were 60.5 μg L-1 in the 1980s, 53.6 μg L-1 in 1990s, and 53.9 μg
L-1 in the last 5 years. In Hanoi, Vietnam, in 2009, the GM value
was 28.0 μg L-1, which is similar to levels in Japan around 1980
and in Korea in the early 2000s. The PK model reproduced
almost all of the retrospective human BLLs observed in the
samples collected in these countries. The error factors were
consistently less than 2.
Simulated Temporal Trends of Female Adult BLLs and

Atmospheric Contributions. Figure 3 shows the temporal trends
of female adult BLLs (μg L-1) simulated for residents in Tokyo,
Seoul, Beijing, and Hanoi. Spikes found in the simulated BLLs are
the result of seasonal variability in surface air lead concentrations,

which typically peak in winter. BLLs for the case without inhaled
intake values (no-air run) are also shown in Figure 3. Differences
between the control run and the no-air run represent the atmo-
spheric component of total lead in human blood.
The simulated BLLs in Tokyo decreased steadily by 58% from

44 μg L-1 in 1980 to 18 μg L-1 in 2009. Those in Seoul exceeded
50 μg L-1 until the early 1990s, and decreased rapidly thereafter
by 45% to 29 μg L-1 in 2009. The atmospheric component in
Tokyo had a minor contribution ranging from 30% in 1983 to
19% in 2003. The atmospheric contribution in Seoul attained a
maximum of 48% in 1990 and decreased to 24% in 2005.
Simulated BLLs of about 50 μg L-1 for Beijing were much

greater than those for Tokyo in this decade. Although the GIT
intake values of lead estimated from the observed contamination
levels of food and water decreased steadily in China (see Figure
S3, Supporting Information), the simulated BLLs in Beijing
decreased much more slowly than in Tokyo and Seoul. This is
because the surface air concentrations of lead simulated by the
atmospheric model had no temporal trend.4 The simulated trend
of BLLs gently descending in Beijing agreed with that observed in
samples collected in China, which was not so clear as in Japan and
Korea (Figure 2). The atmospheric contribution increased from
32% in 1980 to 43% in 2009.

Figure 3. Time series of simulated BLLs (μg L-1) from 1979 to 2009
for residents of Tokyo, Seoul, Beijing, and Hanoi. The cases without
respiratory exposure (no-air) are also shown in the figures.

Figure 2. Comparison of modeled and observed human BLLs (μg L-1).
Good agreement is indicated by a small f value of 0.02. The
observations are listed in Tables S6-S11, Supporting Information:
(þ) ca. 1980 in Japan, (b) 1990s in Japan, (�) after 2000 in Japan,
(0) before 2000 in Korea, (@) after 2000 in Korea, (Δ) 1980s in China,
(*) 1990s in China, (O) after 2005 in China, and (V) after 2005 in
Vietnam.

Figure 4. Monte Carlo simulations of BLLs for children from 7 to 12
years of age in Hanoi. (a) The modeled BLLs (μg L-1) averaged over
the last year (red O) generally agree with those observed in 2009 (�).
Symbols and error bars represent the GM and one GSD. The inset
shows that the model reproduced GM values of observed BLLs by error
factors less than 2. General agreement is indicated by a low f value of-
0.08, which was calculated using GM values of modeled and observed
BLLs. (b) Calculated probabilities of children with EBLLs exceeding 50
μg L-1 (Pr50) and 100 μg L-1 (Pr100). The modeled Pr50 agrees well
with the Pr50 value estimated from the observed BLLs for all ages
(7.6%). Results of the no-air run are shown in both figures (blue 0).
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In Hanoi, the simulated BLLs were about 30 μg L-1 and the
atmospheric contribution was 30%, assuming fixed levels of lead
emission to the atmosphere and contamination of food/water.
Both BLLs and atmospheric contributions were similar to those
in Seoul in recent years. However, the temporal trends cannot be
fully assessed without historical observations.
Child BLLs in Hanoi. Figure 4 shows simulated BLLs and the

probabilities of children with EBLLs exceeding 50 μg L-1 (Pr50)
and 100 μg L-1 (Pr100) for each age from 7 to 12 years. The PK
model using BW as a function of age, which was highly correlated
to the BW values of participants in the 2009 sampling (R2 = 0.82,
see Figure S4, Supporting Information), reproduced BLLs with
error factors less than 2. The corresponding f value of -0.08
indicated good agreement between simulated and actual levels.
Simulated BLLs decreased slightly for older aged individuals
because of the larger pool size. The modeled and actual GM
values for all ages were 25.9 and 29.6 μg L-1, respectively.
Modeled Pr50 values generally agreed with the Pr50 value of
7.6% that was estimated statistically from the observed BLLs for
all ages under the assumption of a log-normal distribution. Pr100
values were less than 1% for both the modeled and the observed
values. The atmospheric contribution to total BLLs was greater
for children (43%) than adults (30% in 2009) because the
modeled intake, which is related to inhalation volume, of children
approached that of adults more rapidly than the intake by
consumption of food/water. The atmospheric component ele-
vated the Pr50 value for all ages from 4.2% to 7.5%.

’DISCUSSION

In the present study, we used EEM to reconstruct historical
human BLLs in four East Asian countries: Japan, Korea, China,
and Vietnam. The descending trends modeled for female adult
residents in Tokyo and Seoul reflect reductions in environmental
lead in Japan and Korea. The decrease in BLLs during 10 years
involving phasing out of leaded gasoline was 30.6% from 1980 to
1990 in Tokyo and 37.8% from 1990 to 2000 in Seoul. These
values are similar to the reduction rate values of 30.2% observed
in BLLs of female adults in the United States from the 1991-
1994 survey to the 1999-2002 survey29 and of 30.5% observed
in BLLs of adults in Germany from the 1990/1992 survey to the
1998 survey.30

The BLLs simulated for Beijing were much higher than those
of the other cities in recent years. The simulated rate of BLLs
decrease was only 4.1% from 1999 to 2009. Although leaded
gasoline was prohibited nationwide in China in 2001,31 surface
air concentrations of lead observed in Beijing increased gradually
in this decade.32 Apparently, the atmospheric contribution to
total blood lead increased as well. Rapid economic growth in
China could elevate atmospheric lead levels significantly through
increase in coal combustion32,33 in China and in neighboring
countries in the near future. Accordingly, long-term monitoring
of environmental contamination levels of lead is needed through-
out East Asia.

The daily concentrations that we observed in November 2008
in Hanoi exceeded 100 ng m-3. These concentrations still
surpassed levels typically observed in Japan and Korea in this
decade. The modeled BLLs of 25.9 μg L-1 and Pr100 values less
than 1% simulated for children in Hanoi were much lower than
those observed in Beijing. It was reported that BLLs and Pr100
values of children less than 6 years old observed in Beijing from
2004 to 2006 were 45.1 μg L-1 and 7.95%, respectively.31

However, the simulated Pr50 value of 7.5% was greater than
those found in developed countries. The Pr50 value in Japan was
estimated statistically to be 0.34%, which was derived from the
BLLs of children of less than 15 years of age observed in Shizuoka
from 2004 to 2005 (n = 290, GM = 14 μg L-1, GSD = 1.6).34 A
similar Pr50 value of 0.85% was acquired from the results of the
fourth German Environmental Survey in which the subjects were
children between 3 and 14 years of age from 2003 to 2006 (n =
1560, GM = 16.3 μg L-1, GSD = 1.6).35 Although leaded
gasoline was banned in Vietnam from in 2001,36 the current
model results suggested that strict regulation on leaded gasoline
should be made to reduce child BLLs significantly in Vietnam.
Recent studies have reported that reducing environmental lead in
China has been difficult even after phasing out leaded gasoline
primarily because of increasing coal combustion.32,33 Our esti-
mation of anthropogenic lead emissions to the air in Vietnam,
which were primarily from gasoline use (see Table S1, Support-
ing Information), suggested that they could be reduced signifi-
cantly in the future through complete phasing out of leaded
gasoline. We will follow up BLLs in Vietnam, especially for
children.

Uncertainty of input values for the PK model could affect the
model results. There is a need to determine the initial burden in
each compartment reflecting historical exposure levels before the
simulation period. Cortical bone cannot reach any steady state
regarding lead due to extremely low clearance (see Table S3,
Supporting Information). It acts as a reservoir under high
exposure condition and as a source of supply for blood under
low exposure condition. Therefore, its initial burden has influ-
ence on the model results slightly but over a long period of time,
especially after significant reduction of exposure levels. The slight
overestimations found in Japanese female adult BLLs in this
decade (Figure 2) were mainly attributed to the initial large
burden of cortical bone adopted directly from the study by
Marcus,12 where the intake levels were much greater than
this study.

Estimation of GIT intakes were based on lead levels observed
in food and water. Smaller number of observations tends to
greater uncertainty in GIT intakes. A slight overestimation of
BLLs by the model in Korea in 2007 is probably the result of an
overestimation of lead contamination levels in food and water
because of the smaller number of observations than Japan (see
Figure S3, Supporting Information).

It was assumed in the present study that GIT intakes were
uniform in each country and that inhaled intakes were uniform in
each grid element of the atmospheric model. However, there are
race-ethnically heterogeneous countries where exposure risks are
also heterogeneous depending on the social environment such as
income, circumstances, and life style. Differences of BLLs among
race-ethnicity groups were reported in the United States.29

Risk assessment of lead in such countries requires considera-
tion for race-ethnical heterogeneity based on different exposure
scenarios.

It should be noted that the global atmospheric transport
model used in the current study had a horizontal resolution of
1.25�, which is about 114 km from east to west at 35� N.
Consequently, the PK model using surface air concentrations
simulated by the atmospheric model could not reproduce BLLs
for residents in heavily polluted locales. An atmospheric model
with higher spatial resolution should be used to reproduce local
distributions of BLLs. It should be also noted that the children
who donated blood samples in Hanoi were over 6 years of age
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and the sample size for each age group was small. Larger blood
sample sizes are necessary for further investigation, especially for
samples of younger age groups.

In previous work, we applied EEM to perfluorinated com-
pounds and assessed human exposure to the atmospheric
component in Japan.5 EEM can be applied to other chemicals
and other regions, when essential information on contamination
levels both in blood and in food/water is available. As demon-
strated in this work, we can reconstruct retrospective trends and
assess the current risk of chemical contaminants. We can also
predict trends and risks in the future using emission scenarios.
EEM can contribute significantly to regional environmental
assessment and decision making.
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