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The objective of this study was to verify a change in the longitudinal trend of blood lead
levels for the Korean population, before and after the regulation of leaded gasoline—
which occurred between 1987 and 1993 in Korea. A total of 77 reports on blood lead levels
among general Korean population between 1981 and 2014 were selected, and the results
were summarized to have the variables of year, number of subjects, the subjects’ range in
age, gender, and blood lead concentrations (arithmetic mean). The annual average atmo-
spheric lead levels for four major cities (i.e., Seoul, Busan, Daegu and Gwangju) were col-
lected from the Air Pollution Monitoring Database from 1991, and pilot studies from 1985
to 1990 before the national air quality monitoring system was launched in 1991. Blood
lead levels were visualized in a bubble plot in which the size of each bubble represented
the sample size of each study, and the annual average concentrations in ambient air were
depicted on line graphs. Blood lead levels in the Korean population tended to gradually in-
crease from the early 1980s (approximately 15-20 pg/dL) until 1990-1992 (20-25 pg/dL).
Blood lead levels then began to rapidly decrease until 2014 (<2 pg/dL). Similar patterns
were observed for both adults (>20 years) and younger children/adolescents. The same
longitudinal trend was observed in annual average atmospheric lead concentration, which
suggests a significant correlation between air lead concentration and blood lead concen-
tration in the general population. In conclusion, the regulation of leaded gasoline has sig-
nificantly contributed to the rapid change in blood lead concentrations. And, the regula-
tion of other sources of lead exposure should be considered to further decrease blood
lead levels in the Korean population.
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knocking. Moreover, the number of automobiles in the mid to

INTRODUCTION
late 1980s tripled, suggesting a potential spike in leaded gasoline

Lead is a soft, silver-heavy metal that is one of the most toxic
heavy metals, and has been widely used since at least 3000 BC.
Most leads are emitted from automobile exhaust and many
manufacturing processes such as lead smelting, battery manu-
facturing, pigment manufacturing, ship repairs, and printing [1].
People are exposed to lead through everyday necessities and
products such as air, water, smears, fertilizers, crops, ceramics,
and toys [2]. All automobiles produced in South Korea (hereaf-
ter Korea) until June 1987 used tetraethyl lead to prevent engine

usage [3]. The Ministry of Environment decided to introduce
unleaded fuels to reduce harmful gases emitted by cars and to
prevent further air pollution in preparation for the 1988 Olym-
pics [4]. A catalytic converter installation requirement was en-
forced, and regulation regarding the manufacturing of automo-
biles was carried out, which led to the appearance of unleaded
fuel in the markets. The sale of leaded fuel was prohibited and
leaded fuel was fully replaced by unleaded fuel by 1993 [S]. How-

ever, there is little information regarding actual usage of either
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leaded or unleaded fuel.

Lead takes longer time to be excreted from the body than other
heavy metals, so it accumulates—causing anemia, kidney dam-
age, stomachaches, seizures, encephalopathy, and paralysis. Lead
has a shorter half-life in blood (20 days) and soft tissue (40
days), and a longer half-life in bones (10-30 years). Hence, a per-
son’s blood lead level reflects both recent and past exposure lev-
els [6]. For adults, even low level exposure reduces kidney func-
tion and increases blood pressure, and there have been reports
detailing increased chances of miscarriage in women and re-
duced sperm production in men [7]. Other reports have shown
that even low level lead exposure may cause delayed language
development and neurobehavioral or cognitive disabilities [8].

The Centers for Disease Control and Prevention (CDC) set
reference value of blood lead level as 10 ug/dL for adults and
approximately S pig/dL for children [9]. Lead exposure levels in
children, who are particularly sensitive, are lower in the US and
Canada than in Korea [10]. The German Federal Environment
Agency Human Biomonitoring Commission originally set ref-
erence value of blood lead level as 25 pg/dL but retracted the
recommended level in 2009 [11] due to reports that blood lead
levels below even 10 pg/dL may cause cognitive disabilities af-
fecting brain development [12].

Main focus of international researches was the health effects of
direct occupational exposure in 1970s [13], environmental lead
exposure in 1980s [14], and the health effects of low level expo-
sure ever since [12]. Research regarding air pollution and blood
lead levels has been widely conducted in the US and Europe,
such as that on the relationship between lead exposure from air
and soil and child blood lead levels [15,16], and atmospheric
lead concentration and blood lead levels following the regula-
tion of leaded fuels [17,18].

In Korea, there have been active researches on general adult
populations to evaluate the association between blood lead lev-
els and the lifestyles of adults who are not occupationally ex-
posed to lead [19], and to measure blood lead levels among resi-
dents in particular areas [20]. However, the number of research-
es on changes in atmospheric lead levels and blood lead levels is
limited. Hence, this research was conducted to evaluate how the
blood lead levels among Korean population and annual atmo-
spheric lead concentration changed before and after the regula-
tion of leaded fuels in Korea.

METHODS

Literature Search and Selection
Blood Lead Levels
Keywords, such as 1) blood lead, 2) lead intoxication, 3) atmo-
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spheric lead, and 4) atmospheric heavy metals, were used to find
data regarding blood lead levels in Korean population. Research
Information Sharing Services, Korea Information Sharing Service,
Google Scholar, and other databases were used to collect thesis,
academic papers, project reports etc. with a total of 124 references
initially collected from 1968 to December 2014. The papers or re-
ports that presented results regarding occupational exposure to a
high concentration of lead (n=23), health surveys of residents liv-
ing near industrial complex areas (n=21), and articles from 1960s
and 1970s that did not have clearly stated analytic methods of lead
(n=3) were all excluded. In most cases, blood lead levels were
measured by the method of atomic absorption spectrophotome-
ter, despite the fact that there were some differences in the com-
position of the additive (diluent) in the pretreatment process.
After ensuring that all papers utilizing the Korean National
Health and Nutrition Examination Survey and the Korean Na-
tional Environment Survey had no overlap, a total of 77 referenc-
es, with origins spanning from 1980 to 2014, were chosen for the
quantitative analysis (Figure 1). Total 49 559 individuals (12 115
men adults, 11 097 women adults, 22 507 children/adolescents,
3840 others) were included from the 77 aforementioned forms of

research.

Atmospheric Lead Concentration

The data of the annual average atmospheric lead concentra-
tion from 1991 to 2013 were collected from the Annual Report
of Air Quality in Korea, published by the National Institute of

Search through RISS, KISS,
Google Scholar
(keywords: blood lead, lead
intoxication, atmospheric
lead, etc.)
(n=124)

Studies for subjects were exposed to lead in
——>| occupational settings (i.e., no environmental
exposure) (n=23)

Studies for residents living near industrial
complex areas (n=21)

Studies from 1960s to 1970s that did not
——>| have clearly stated analytic method of blood
lead (n=3)

Studies selected for
quantitative analysis
(n=77)

Figure 1. Flow chart for literature search and selection. RISS, Research
Information Sharing Services; KISS, Korea Information Sharing Service.
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Environmental Research (NIER). The atmospheric lead con-
centration was measured 5 times a month in the National Ambi-
ent Air Monitoring System (NAMIS) which started in 1991.
The results were first verified by the managing institute, then
sent to the NAMIS, and finally forwarded to NIER to be saved
in database format.

Among preliminary studies, prior to 1991, the studies which
monitored and measured atmospheric pollution over a period
of at least 10 months annually were used for data prior to 1991.
Any study that did not clearly state the location, method, and
number of measurements was excluded. Finally, data from 1985,
1986, 1988, and 1990 were chosen for the analysis. Data from
1987 was excluded due to changes in the measurement method
of atmospheric lead that caused the data to lose relevance. Be-

cause pre-1991 data were limited to Seoul, Busan, Daegu, and
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Figure 2. Changes in the trends of blood lead concentrations. (A) Distribu-
tion for concentrations of blood lead in adults and children (1984-2014).
(B) Distribution for concentrations of blood lead in children and adoles-
cents (1985-2014). (C) Distribution for concentrations of blood lead in
adults (1985-2013).
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Gwangju, the data from 1991 to 2013 were also limited to re-

sults from these four cities, as well.

Data and Analysis
Blood Lead Levels

If possible, the results from selected references were grouped
into three different age categories: 0-7 years old children, 8-19
years old adolescents, and adults 20 years old and above. Each
research was then summarized and organized to have the fol-
lowing variables, year conducted, research title, researcher, num-
ber of subjects, gender, and region (urban vs. rural). Because
most research provided arithmetic means of blood lead levels,
arithmetic mean was selected as a representative value. The av-
erage blood lead levels of the general population in each re-
search were shown in bubble plots of which the size is propor-
tional to the number of subjects. Figure 2 shows the bubble plot
by age group and gender.

Atmospheric Lead Concentration
The trends in the annual average atmospheric lead concentra-

tion for Seoul, Busan, Daegu, and Gwangju were shown in line
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Figure 3. Annual changes in the ambient air concentrations of lead from
1985 to 2013. Source from National Institute of Environmental Research.
Annual report of air quality in Korea 2013. Incheon: National Institute of
Environmental Research; 2014 [21].
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Figure 4. Distribution for concentrations of blood lead and ambient lead in
Korea.
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graphs (Figure 3)[21]. In addition, to evaluate the relationship
between the atmospheric lead concentration (average of the four
cities) and blood lead levels, the bubble plot and the line graph
were depicted conjointly (Figure 4).

Statistical Analysis

The data collected were analyzed using the SAS version 9.4
(SAS Institute Inc,, Cary, NC, USA), and the statistical signifi-
cance was evaluated at p < 0.05. Blood lead levels were compared
for three periods, before lead regulation (1980-1986), during the
regulation implementation period (1987-1992), and after the
implementation (1993-2014). In a subgroup analysis by region,
data were separated by urban and rural regions, and nationwide
research or that from unspecified regions were removed from
the analysis. In a subgroup analysis by gender, data from men
and women genders were separated for adults only considering
that most researches regarding children/adolescents did not
provide gender-specific data. Also, according to the age of the
subjects, those who are 20 years old or above years old were
grouped as adults and those who are below 20 years old were
grouped as children/adolescents. Summarized blood lead levels
were shown as arithmetic mean and standard deviation weighted
by number of subjects of each studies [22]. The t-test was used
to test the difference of blood lead concentrations by region,
gender, and age.

In addition, to evaluate how blood lead levels changed over
time after peaking in 1992, the correlation coefficient between

year and blood lead levels were calculated for each time period

Table 1. Distribution of blood lead levels by region, gender, and age

(<1992 and >1993). The correlation coefficient between the
annual average atmospheric lead concentration and year was

also calculated for each time period.

RESULTS

Blood Lead Levels

The distribution of blood lead levels by region, gender and age
is shown in Table 1. Overall, the analysis revealed that higher
blood lead levels were observed in urban areas (9.04+8.47 g/
dL) than in rural areas (5.56 + 6.85 pg/dL), higher levels in men
(6.10£6.97 pg/dL) than in women (4.44+5.72 pug/dL), and
higher levels in adults (5.31+6.46 ug/ dL) than in adolescents/
children (2.75 +3.95 pg/dL), and all these results were statisti-
cally significant. The overall results were not completely consis-
tent when time periods were divided into 1980-1986, 1987 -
1992, and 1993 -2014—most likely that studies which involve
larger number of participants tended to have bigger influence

when there are fewer studies in each divided category.

Changes in the Blood Lead Level Among General
Korean Population

Figure 2A shows the distribution of blood lead levels for both
adults and children/adolescents. The blood lead level increased
from early 1980s, peaked in 1992 (28.76 pg/dL), and rapidly
decreased to a value below 2 pg/dL since 2000s. While adults
tended to have higher values when compared to children/ado-

lescents, the trends in annual changes were similar between

Blood lead level (pg/dL)

Variable n -
1980-1986 1987-1992 1993-2014 Whole period
Area Urban 10 407 17.35+2.36 20.3945.60 3.54+1.78 9.04+8.47
Rural 4422 17.38£5.13 18.3314.44 2.25+1.18 5.56+6.85
p-value? <0.001 <0.001 <0.001
Gender Men 12115 18.28+2.46 20.88£5.31 3.09+1.24 6.10+6.97
Women 11097 18.07£3.35 17.861+5.34 2.31+1.03 4444572
p-value? 0.33 <0.001 <0.001 <0.001
Age Adult 23212 18.17+2.94 19.69+5.52 2.71+£1.21 5.3146.46
Children/adolescents 22 507 13.53+3.01 21.37+4.93 1.94+0.87 2.75+3.95
p-value? <0.001 <0.001 <0.001 <0.001
Values are presented as weighted arithmetic meanstandard deviation.
“p-values by calculated Student -test.
Table 2. Change in longitudinal trend of blood lead level and ambient lead concentration in Korea
<1992 >1993
Correlation coefficient p-value Correlation coefficient p-value
Blood lead level (ug/dL) 0.65 <0.001 -0.67 <0.001
Ambient air lead level (ug/m?) NC? -0.86 <0.001

NC, not calculated.

NC due to apparent curvilinear relationship between year and ambient lead level from 1985 to 1992 with a peak observed in 1989.
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these groups. Figure 2B shows the blood lead levels of children/
adolescents based on age (0-7, 8-19). Although overall results
are difficult to compare because there were no statistics from
studies conducted on 0-7 years old children in 1980s, trends ap-
peared to be similar after 1992. Figure 2C shows the distribu-
tion of blood lead levels of adults based on gender. Although
men generally had higher lead levels than women, there were no

clear differences in the trends in annual changes.

Changes in the Annual Average Atmospheric Lead
Concentration

The changes in annual average atmospheric lead concentra-
tion for the four cities (Seoul, Busan, Daegu, and Gwangju) are
shown in Figure 3. The annual average atmospheric lead con-
centration began at 0.1-0.2 pg/m’ in 1985 but rapidly increased
until 1988 (Daegu, Gwangju) and 1989 (Seoul, Busan). In
1989, both Seoul and Busan had a particularly huge increase of
0.5 and 0.6 ug/m’, respectively. However, the concentrations
began to decrease rapidly in 1990, with a concentration of under
0.1 pg/m? after 2010.

Association Between Atmospheric Lead Concentration
and Blood Lead Levels

Figure 4 shows the change in annual average atmospheric lead
concentration (average of the four cities) and the change in
blood lead levels among general Korean population conjointly.
It can be said that both the annual average atmospheric lead
concentration and blood lead levels increased until the begin-
ning of the regulation of leaded fuels, and fell dramatically after-
wards. Although the location of each maximum does not coin-
cide exactly, similar trends were observed for both.

Prior to 1993, the correlation coefficient between blood lead
level and year was 0.65 (p <0.001), indicating a strong positive
relationship, however it was -0.67 (p <0.001) after 1993, indi-
cating a negative relationship which is a dramatic change in the
trends (Table 2). The correlation coefficient for atmospheric
lead concentration and year was not calculated for the period of
1985-1992 due to its clear curvilinear relationship that peaked
in 1989. On the other hand, the correlation coefficient for
>1993 was -0.86 (p <0.001), indicating a strong negative cor-

relation.

DISCUSSION

This research highlighted and compared the changes in the an-
nual average atmospheric lead concentration and blood lead
levels among general Korean population before and after the
regulation of leaded fuels (1987-1992) in Korea. The results

http://e-ehtorg/
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verified an increasing trend in both the atmospheric lead con-
centration and blood lead levels prior to the regulation of leaded
fuels, which began to decrease as the regulation began.

It is quite clear that the drastic decrease in Korea’s annual aver-
age atmospheric lead concentration from 1989 is due to the reg-
ulation of leaded fuels, or the imperative for non-leaded fuels
[S]. In support of this observation, Park [23] found that lead
concentration in Korea’s major cities appeared to peak in either
1988 or 1989 and started to decrease in 1990. This decrease in
lead concentration could be attributed to the successful imple-
mentation of a government environmental policy.

In addition, this research directly shows that the decrease in at-
mospheric lead concentration led to the decrease in blood lead
levels. Although people can be exposed to lead through various
sources, exposure through inhalation is known to be most prev-
alent if atmospheric lead concentration is high. Nevertheless,
more discussion is needed to explain why the time frame for the
decrease in atmospheric lead concentration does not exactly co-
incide with the time frame of the decrease in blood lead levels.
While the annual average atmospheric lead concentration
peaked in 1989 and began to decrease, the blood lead levels of
Korean people peaked in 1992 and then began to decrease, re-
sulting in a three year difference in comparison. Blood lead con-
centrations interestingly decreased in 1989, and showed a slight
increase in 1991 and 1992. However, because there was no re-
search conducted in 1988 and 1990, and the only research from
1989 was conducted in a rural region, the blood lead level may
have even decreased prior to 1992. According to prior research,
the blood lead concentrations of adults in urban areas were
6.38+2.86 g/ dL, which were significantly higher than in rural
areas, which had a value of 4.50+2.87 ug/dL [24]. These were
also reflected in children, with 1.41+1.17 pg/dL in rural re-
gions and 1.48 + 1.45 pg/dL in urban areas [25]. Moreover, this
study revealed that blood lead concentrations in urban areas
(9.04+8.47 ug/dL) were higher than those in rural regions
(5.56+6.85 ug/dL).

The reduction of blood lead levels in general population and
atmospheric lead concentration after the regulation of leaded
fuels can be observed in international cases as well. For example,
in the US, after lead-based paint was prohibited from 1973 to
1995 and leaded fuels were prohibited from cars, airplanes, lei-
sure, and ships in 1996 [26], number of cases with blood lead
levels >10 ug/dL began to decrease from over 10 per 1000 in
late 1990s to about 6 per 1000 in 2009 [27]. In Taiwan, unleaded
fuels were introduced in 1986, and leaded fuels were prohibited
in 2000, resulting in a decrease in both atmospheric lead concen-
tration and blood lead levels between 1985 and 2002 [28].

This research may have been limited in a couple of ways. In
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terms of blood lead levels, there was remarkable regional varia-
tion. Older research tended to include small number of subjects
and not to provide analytic methods in detail. However, we be-
lieve that this study can still sufficiently verify the annual chang-
es in atmospheric lead concentration and blood lead concentra-
tion before and after the regulation of leaded fuels in Korea.

The drastic decrease in atmospheric lead concentration after
the regulation of leaded fuels indicates that the main source of
lead contributing to atmospheric lead levels has changed. In
other words, the currently low level atmospheric lead concen-
tration could be attributed to emissions from coal combustion
and pollutants from China [29]. Furthermore, it also indicates
that the main route of exposure to lead has changed from inhala-
tion to ingestion [30].

Recent researches have shown that even low level lead expo-
sure can affect human health especially of susceptible popula-
tions such as children. Absorption of heavy metals is known to
be much quicker in the body of children to have significant ef-
fects on cognitive function [25]. Likewise the US government
has lowered the reference value for young children to around 5
pg/dL [31], the Korean government should continue to moni-
tor blood lead levels, evaluate exposure route and extent of con-
tribution by exposure sources [23], and attempt to reduce level

of exposure to lead.
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