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ABSTRACT
Background: Industrial pollution may affect the heavy metal body burden of people living 
near industrial complexes. We determined the average concentrations of atmospheric 
heavy metals in areas close to and distant from industrial complexes in Korea, and the body 
concentrations of these heavy metals in residents living near and distant from these facilities.
Methods: The atmospheric data of heavy metals (lead and cadmium) were from the Regional 
Air Monitoring Network in Ulsan. We recruited 1,148 participants, 872 who lived near an 
industrial complex (“exposed” group) and 276 who lived distant from industrial complexes 
(“non-exposed” group), and measured their concentrations of blood lead, urinary cadmium, 
and urinary total mercury.
Results: The results showed that atmospheric and human concentrations of heavy metals 
were higher in areas near industrial complexes. In addition, residents living near industrial 
complexes had higher individual and combined concentrations (cadmium + lead + mercury) 
of heavy metals.
Conclusion: We conclude that residents living near industrial complexes are exposed to high 
concentrations of heavy metals, and should be carefully monitored.
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INTRODUCTION

Heavy metals, such as lead, mercury, and cadmium, can have adverse effects on the 
immune system, cardiovascular system, urinary system, endocrine system, and nervous 
system.1-4 These heavy metals usually enter the body by inhalation of metal fumes or dust 
at the workplace.1,3,4 Heavy metal exposure in the workplace can directly increase the body 
burden of workers, and indirectly increase the body burden of residents living near industrial 
complexes due to the pollution of nearby air, soil, and water.5-7 In addition to environmental 
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exposures, the effects of heavy metals on humans also depend on an individual's 
demographic and clinical characteristics (e.g., sex, age, presence of anemia, menstruation, 
and other medical factors), so heavy metals may have different health effects in different 
individuals.8-10 Heavy metals can also affect the fetus, because they can pass through the 
placenta.11-13 Therefore, it is important to assess the concentrations of external exposure to 
heavy metals of residents living near industrial complexes, and to consider modification of 
body burden by personal factors.

However, few studies in Korea have assessed heavy metal exposures of residents living near 
industrial complexes. The purposes of the present study are to: 1) determine the average 
concentrations of atmospheric heavy metals in areas near and distant from industrial 
complexes; 2) measure the body concentrations of heavy metals in residents living near and 
distant from industrial complexes; and 3) assess the effect of personal factors on heavy metal 
body burden.

METHODS

Study area and environmental heavy metal measurements
The Ulsan metropolitan region (UMR), located in south-east Korea, has a population of 1.1 
million and contains large industrial complexes, including the world's largest shipbuilder, 
automobile assembly plant and a petrochemical complex along the coast (Fig. 1). This region 
has several industrial plants that are potential sources of heavy metal pollution and are close 
to an urban residential area. Thus, many people living in this area have increased risk for 
exposure to heavy metals.14
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Fig. 1. Geography of the UMR, showing sites that used to monitor atmospheric heavy metals (AQ1–4), and residential 
locations of study subjects in the “non-exposed group” (blue squares) and the “exposed group” (red squares). 
UMR = Ulsan metropolitan region, AQ = air quality monitoring site.
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To compare the average atmospheric concentration of heavy metals (lead and cadmium) 
in different urban environments in the UMR, we obtained daily measurements over 10 
years (2006–2015) from four air quality monitoring sites (AQ1 to 4 in Fig. 1) operated by 
the Korea Ministry of Environment, and also used annual average concentrations, which 
were calculated based on monthly validated daily data. AQ1 and AQ2 are near the industrial 
complexes; AQ3 and AQ4 distant from the industrial complexes, and near the urban center.

Study subjects
The target population of this study comprises Korean residents who either lived near 
industrial complexes (“exposed” group) or distant from industrial complexes (“non-exposed” 
group) residing in Ulsan. A probability sampling method, with a multi-stage cluster design, 
was conducted. At first, five primary sampling units (PSUs) were drawn from geographically 
defined areas in Ulsan. A total of 200 target households were finally sampled for each 
PSU, which consisted of 1,254 households on average, using systematic sampling. In the 
selected households, individuals aged 20 years and over were targeted. The exposed group 
and non-exposed group were approximately 3:1 matched on age and sex. Participants were 
recruited between August 2012 and October 2015. A total of 1,148 participants completed 
the questionnaires and provided biological samples. There were 872 participants (354 males 
and 518 females) in the exposed group and 276 participants (106 males and 170 females) 
in the non-exposed group. Subjects who may have occupational exposures to dusts (five 
hazards), fumes (five hazards), and vapors (two hazards) were excluded. Nine subjects 
involved in occupations exposed to lead soldering were excluded in the analysis, but no 
subjects were involved in occupations exposed to cadmium or mercury. The exposed group 
(red rectangles in Fig. 1) lives near industrial complexes, including petrochemical factories 
(“Petrochemical complex”) and non-ferrous metal producing factories (“Onsan industrial 
complex”). All study subjects completed written questionnaires that collected information 
about demographic characteristics, exposure to environmental hazards, lifestyle, current 
dietary habits, and time-use patterns. They also provided blood and urine samples. We used 
blood lead, urinary cadmium, and urinary total mercury to assess the body concentrations of 
these heavy metals.

Biological monitoring
Heparinized venous blood and urine samples were obtained, with special care taken to avoid 
contamination. Whole blood samples were frozen and stored at −20°C prior to analysis. For 
evaluation of blood lead concentrations, samples were first diluted, and then analyzed with 
a graphite furnace-atomic absorption spectrophotometer (GF-AAS). More specifically, 100 
µL of whole blood, 100 µL of 0.2% HNO3, and 800 µL of diluted solution (0.2% [NH4]2HPO4 
and 0.2% Triton X-100) were combined in a 5-mL tube. This tube was vortexed for several 
seconds, and the contents were then analyzed using a GF-AAS (AA-600, PerkinElmer, MA, 
USA).15

A similar procedure was used to determine urinary cadmium concentrations. Urine was 
collected, then 100 µL of urine, 100 µL of 0.2% HNO3, 800 µL of diluted solution (0.2% 
[NH4]2HPO4 and 0.2% Triton X-100) were combined in a 5-mL tube. The tube was then 
vortexed for several seconds, and the contents were analyzed using a GF-AAS. Urinary 
cadmium concentrations are expressed relative to urinary creatinine (Cr) concentration.16 
External quality control was provided by the German External Quality Assessment Scheme 
(G-EQUAS). Total urinary mercury concentrations were measured using a gold amalgamation 
direct mercury analyzer (SP-3DS; NIC, Tokyo, Japan).
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The method detection limits were 0.15 μg/dL for lead, 0.07 μg/L for cadmium, and 0.06 
μg/L for total mercury. For statistical analysis, we classified the concentration of any sample 
below the detection limit as the detection limit divided by 2. Fifteen cadmium samples and 12 
mercury samples were below the limits, but no samples of lead were below the limit.

Statistical analysis
The distribution of each heavy metal had positive skewness, so these values were log-
transformed before analysis. For comparison of means, we used analysis of variance (ANOVA) 
or Student's t-test. Geometric means (GMs) and 95% confidence intervals (CIs) of body heavy 
metal concentrations were reported for the exposed and non-exposed groups, and according to 
sex, age group, body mass index (BMI), education level, smoking status, alcohol drinking, and 
seafood intake. To identify factors associated with body concentrations of each heavy metal, 
we performed a multiple linear regression analysis. To assess the changes of the combined 
body concentration of all 3 metals according to demographic, lifestyle, and exposure variables, 
all individuals with concentrations of each metal more than the mean were placed in a “high 
combined concentration” group; all individuals with concentrations of each metal below 
the mean were placed in a “low combined concentration” group; and all others were placed 
in an “intermediate combined concentration” group. To evaluate differences in categorical 
variables such as demographic, lifestyle, and exposure variables among these three groups, we 
performed χ2 tests and calculated P for trend. To assess the effect of age and residence in an 
exposed area on the combined body concentration of the metals, adjusted odds ratios (aORs) 
and 95% CIs for high combined concentration group of heavy metals (vs. other combined 
concentration groups) were calculated after adjustment for covariates.

We used IBM SPSS Statistics for Window version 21.0 (IBM SPSS Inc., Chicago, IL, USA) to 
perform data analysis, and defined a P value less than 0.05 as statistically significant.

Ethics statement
The present study protocol was reviewed and approved by the Institutional Review Board 
of Ulsan University Hospital (UUH 2014-07-018). Informed consent was submitted by all 
subjects when they were enrolled.

RESULTS

Table 1 presents the mean atmospheric concentrations of lead and cadmium at the four 
monitoring sites in the UMR over the 10-year study period (2006–2015). These data, from the 
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Table 1. Average atmospheric concentrations of lead and cadmium at the four monitoring sites in the UMR from 
2006 to 2015 (see Fig. 1)
Heavy metals Sites Mean ± SD, µg/m3

Lead AQ1 0.055 ± 0.040a

AQ2 0.075 ± 0.064a,b

AQ3 0.039 ± 0.029
AQ4 0.037 ± 0.025

Cadmium AQ1 0.0019 ± 0.0019
AQ2 0.0026 ± 0.0030a

AQ3 0.0014 ± 0.0013
AQ4 0.0016 ± 0.0014

UMR = Ulsan metropolitan region, AQ = air quality monitoring site, SD = standard deviation.
aP < 0.05 vs. AQ3 and AQ4; bP < 0.05 vs. AQ1.
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Air Monitoring Network in Ulsan, indicate the mean concentration of lead was significantly 
higher at the two sites near industrial complexes (AQ1, 0.055 µg/m3; AQ2, 0.075 µg/m3) than 
at the two sites near the urban center (AQ3, 0.039 µg/m3; AQ4, 0.037 µg/m3). In addition, 
the mean air concentration of cadmium was significantly higher at a site near the Onsan 
industrial complex (AQ2, 0.0026 µg/m3) than at two sites near the urban center (AQ3, 0.0014 
µg/m3; AQ4, 0.0016 µg/m3). Measurement of lead concentrations over time showed the 
concentrations were greatest at AQ2, intermediate at AQ1, and lowest at AQ3–4, although 
the lead concentrations at all sites decreased over time (Fig. 2). The air concentrations of 
cadmium had similar changes over time.

We enrolled 1,148 subjects, 276 (24.0%) in the non-exposed group and 872 (76.0%) in the 
exposed group. The GM concentration of blood lead in the exposed group (2.264 µg/dL) was 
significantly higher than that in the non-exposed group (1.944 µg/dL). Similarly, the GM 
concentrations of urinary cadmium and mercury were greater in the exposed group than in 
the non-exposed group (cadmium, 0.976 vs. 0.763 µg/g Cr; mercury, 0.686 vs. 0.582 µg/g Cr). 
There were also significant differences in the body concentrations of each metal according to 
sex. Males had higher concentrations of lead (2.598 vs. 1.946 µg/dL), but females had higher 
concentrations of cadmium (1.083 vs. 0.721 µg/g Cr) and mercury (0.691 vs. 0.614 µg/g Cr). 
The GM of lead and mercury tended to increase with age, and cadmium showed remarkable 
increase with age. In addition, the lead concentration was significantly higher in those who 
had less education, smoked tobacco, and were non-drinkers; the cadmium concentration was 
higher in those with less education, and who were drinkers; and the mercury concentration 
was higher in those with less education, and who regularly consumed seafood (Table 
2). When we stratified study subjects into exposed and non-exposed groups, the metal 
concentrations showed similar tendencies according to demographic and lifestyle factors 
(Tables 3 and 4).

Analysis of these data using a multiple linear regression model showed that blood lead 
concentration had a significant and positive association with age, non-drinking status, male 
sex, and residence near an industrial complex (Table 5).

Cadmium concentration had a significant and positive association with age, less education, 
non-drinking status, female sex, residence near an industrial complex, and smoking (Table 6).  
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Fig. 2. Average annual atmospheric concentrations of lead and cadmium at the four monitoring sites (2006–2015). 
Pb = lead, Cd = cadmium, AQ = air quality monitoring site.
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In addition, a separate analysis of smokers indicated that age, female sex, and residence 
near an industrial complex had a significant and positive association with urinary cadmium 
concentration. A separate analysis of non-smokers indicated similar trends (Table 6).

Urinary mercury concentration was significantly and positively associated with age, less 
education, non-drinking status, female sex, regular consumption of seafood, and residence 
near an industrial complex (Table 7).
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Table 2. Concentrations of blood lead (μg/dL), urinary cadmium (µg/g Cr), and urinary mercury (µg/g Cr) in total study subjects, with classification by different 
variables
Classification variables No. of subjects Blood lead, µg/dL Urinary cadmium, µg/g Cr Urinary mercury, µg/g Cr
Total 1,148 2.182 (2.122–2.244) 0.920 (0.873–0.969) 0.659 (0.626–0.695)
Residence Non-exposed 276 1.944 (1.842–2.053) 0.763 (0.688–0.846) 0.582 (0.525–0.646)

Exposed 872 2.264 (2.192–2.338)a 0.976 (0.920–1.036)a 0.686 (0.645–0.728)a

Sex Male 460 2.598 (2.487–2.714) 0.721 (0.667–0.779) 0.614 (0.566–0.666)
Female 688 1.946 (1.881–2.012)a 1.083 (1.013–1.157)a 0.691 (0.645–0.741)a

Age group, yr 20–29 136 1.516 (1.412–1.628) 0.350 (0.302–0.406) 0.476 (0.401–0.566)
30–39 160 1.903 (1.793–2.019)b 0.609 (0.545–0.682)b 0.573 (0.502–0.653)
40–49 224 2.102 (1.972–2.240)b 0.826 (0.744–0.917)b,c 0.700 (0.627–0.780)b

50–59 220 2.465 (2.319–2.620)b,c 1.190 (1.074–1.318)b,c 0.809 (0.725–0.903)b

60–69 227 2.530 (2.386–2.682)b,c 1.254 (1.130–1.391)b,c 0.676 (0.593–0.771)b

≥ 70 181 2.423 (2.256–2.603)b,c 1.548 (1.404–1.707)b,c 0.669 (0.591–0.757)b,c

BMI, kg/m2 Non-obese (< 25) 836 2.148 (2.078–2.220) 0.921 (0.866–0.979) 0.644 (0.605–0.685)
Obese (≥ 25) 312 2.276 (2.161–2.399) 0.918 (0.832–1.012) 0.702 (0.638–0.773)

Education level High school and less 722 2.303 (2.225–2.384) 1.153 (1.087–1.223) 0.717 (0.671–0.766)
College and more 426 1.992 (1.903–2.085)a 0.627 (0.575–0.684)a 0.572 (0.525–0.623)a

Smoking status Non-smoker 934 2.079 (2.017–2.142) 0.927 (0.875–0.982) 0.661 (0.623–0.702)
Smoker 214 2.707 (2.542–2.884)a 0.888 (0.789–0.999) 0.651 (0.582–0.727)

Alcohol drinking No drink 703 2.253 (2.173–2.336) 0.826 (0.775–0.880) 0.685 (0.641–0.732)
Drink 445 2.076 (1.987–2.168)a 1.091 (1.000–1.189)a 0.620 (0.570–0.676)

Regular seafood intake No 335 2.135 (2.027–2.248) 0.890 (0.800–0.991) 0.572 (0.520–0.629)
Yes 813 2.202 (2.130–2.276) 0.932 (0.879–0.988) 0.699 (0.657–0.744)a

Values are presented as GMs (95% CIs).
Cr = creatinine, BMI = body mass index, GM = geometric mean, CI = confidence interval.
aP < 0.05 for comparison within the same variable; bP < 0.05 vs. age group 20–29; cP < 0.05 vs. age group 30–39.

Table 3. Concentrations of blood lead (μg/dL), urinary cadmium (µg/g Cr), and urinary mercury (µg/g Cr) in exposed group, with classification by different variables
Classification variables No. of subjects Blood lead, µg/dL Urinary cadmium, µg/g Cr Urinary mercury, µg/g Cr
Sex Male 354 2.693 (2.559–2.834)a 0.790 (0.723–0.863)a 0.655 (0.598–0.718)

Female 518 2.014 (1.939–2.093) 1.127 (1.043–1.218) 0.707 (0.652–0.767)
Age group, yr 20–29 101 1.543 (1.418–1.680) 0.372 (0.317–0.436) 0.497 (0.407–0.606)

30–39 118 1.942 (1.819–2.074)b 0.604 (0.529–0.689)b 0.571 (0.485–0.672)
40–49 153 2.217 (2.052–2.395)b 0.809 (0.709–0.924)b,c 0.736 (0.642–0.843)b

50–59 170 2.506 (2.335–2.690)b,c 1.304 (1.174–1.449)b,c,d 0.826 (0.733–0.929)b,c

60–69 187 2.619 (2.452–2.797)b,c,d 1.331 (1.184–1.497)b,c,d 0.694 (0.599–0.803)b

≥ 70 143 2.510 (2.318–2.717)b,c 1.652 (1.480–1.843)b,c,d 0.733 (0.637–0.844)b

BMI, kg/m2 Non-obese (< 25) 622 2.268 (2.183–2.355) 0.991 (0.924–1.063) 0.677 (0.629–0.728)
Obese (≥ 25) 250 2.255 (2.122–2.396) 0.939 (0.840–1.050) 0.708 (0.635–0.789)

Education level High school and less 606 2.353 (2.265–2.444)a 1.186 (1.110–1.267)a 0.734 (0.683–0.789)a

College and more 266 2.074 (1.956–2.199) 0.626 (0.563–0.696) 0.587 (0.526–0.655)
Smoking status Non-smoker 699 2.158 (2.084–2.235)a 0.975 (0.911–1.043) 0.694 (0.647–0.743)

Smoker 173 2.756 (2.563–2.963) 0.980 (0.866–1.108) 0.654 (0.577–0.743)
Alcohol drinking No drink 511 2.375 (2.275–2.479)a 0.874 (0.812–0.941)a 0.712 (0.658–0.770)

Drink 361 2.119 (2.020–2.221) 1.141 (1.036–1.257) 0.650 (0.591–0.715)
Regular seafood intake No 258 2.197 (2.066–2.336) 1.012 (0.901–1.135) 0.595 (0.533–0.664)a

Yes 614 2.293 (2.208–2.381) 0.961 (0.897–1.030) 0.728 (0.677–0.782)
Values are presented as GMs (95% CIs).
Cr = creatinine, BMI = body mass index, GM = geometric mean, CI = confidence interval.
aP < 0.05 for comparison within the same variable; bP < 0.05 vs. age group 20–29; cP < 0.05 vs. age group 30–39; d P < 0.05 vs. age group 40–49.
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Table 4. Concentrations of blood lead (μg/dL), urinary cadmium (µg/g Cr), and urinary mercury (µg/g Cr) in non-exposed group, with classification by different 
variables
Classification variables No. of subjects Blood lead, µg/dL Urinary cadmium, µg/g Cr Urinary mercury, µg/g Cr
Sex Male 106 2.304 (2.128–2.495)a 0.531 (0.456–0.618)a 0.494 (0.419–0.584)a

Female 170 1.753 (1.636–1.877) 0.957 (0.842–1.088) 0.645 (0.566–0.736)
Age group, yr 20–29 35 1.441 (1.257–1.651) 0.294 (0.207–0.417) 0.421 (0.292–0.607)

30–39 42 1.796 (1.572–2.052) 0.625 (0.501–0.780)b 0.577 (0.466–0.715)
40–49 71 1.874 (1.677–2.093) 0.863 (0.731–1.020)b,c 0.628 (0.523–0.754)
50–59 50 2.330 (2.062–2.633)b 0.872 (0.670–1.133)b,c 0.755 (0.574–0.994)b

60–69 40 2.145 (1.908–2.411)b 0.947 (0.768–1.168)b,c 0.600 (0.441–0.816)
≥ 70 38 2.132 (1.809–2.512)b 1.214 (0.989–1.490)b,c 0.474 (0.374–0.601)

BMI, kg/m2 Non-obese (< 25) 214 1.840 (1.729–1.958)a 0.743 (0.658–0.839) 0.557 (0.494–0.627)
Obese (≥ 25) 62 2.368 (2.144–2.616) 0.835 (0.686–1.017) 0.680 (0.551–0.838)

Education level High school and less 116 2.062 (1.900–2.237) 0.995 (0.881–1.124)a 0.634 (0.542–0.743)
College and more 160 1.864 (1.733–2.004) 0.629 (0.542–0.730) 0.547 (0.477–0.628)

Smoking status Non-smoker 235 1.861 (1.755–1.973)a 0.799 (0.716–0.890)a 0.574 (0.512–0.643)
Smoker 41 2.512 (2.217–2.846) 0.587 (0.432–0.798) 0.635 (0.497–0.810)

Alcohol drinking No drink 192 1.963 (1.843–2.091) 0.710 (0.629–0.803)a 0.619 (0.546–0.701)
Drink 84 1.902 (1.709–2.117) 0.898 (0.740–1.088) 0.507 (0.420–0.611)

Regular seafood intake No 77 1.937 (1.768–2.123) 0.581 (0.459–0.736)a 0.501 (0.415–0.604)
Yes 199 1.947 (1.821–2.082) 0.848 (0.761–0.945) 0.617 (0.545–0.699)

Values are presented as GMs (95% CIs).
Cr = creatinine, BMI = body mass index, GM = geometric mean, CI = confidence interval.
aP < 0.05 for comparison within the same variable; bP < 0.05 vs. age group 20–29; cP < 0.05 vs. age group 30–39.

Table 5. Multiple linear regression model of the association of log (blood lead) with different variables after adjusting for covariates (n = 1,139)
Independent variables β coefficient 95% CI P value Model

Lower Upper R2 P value
Age, yr 0.010 0.008 0.012 < 0.001 0.220 < 0.001
Education level (college and more vs. high school and less) 0.012 −0.050 0.074 0.706
Alcohol drinking (yes vs. no) −0.106 −0.162 −0.050 < 0.001
Smoking status (yes vs. no) 0.116 0.044 0.187 0.002
Sex (female vs. male) −0.218 −0.275 −0.161 < 0.001
Exposure (exposed vs. non-exposed) 0.131 0.071 0.191 < 0.001
CI = confidence interval.

Table 6. Multiple linear regression model of the association of log (urinary cadmium) with different variables after adjusting for covariates in all subjects (n = 
1,148), smokers (n = 214), and non-smokers (n = 934)
Independent variables β coefficient 95% CI P value Model

Lower Upper R2 P value
Total  
(n = 1,148)

Age, yr 0.026 0.023 0.029 < 0.001 0.320 < 0.001
Education level (college and more vs. high school and less) −0.113 −0.220 −0.006 0.038
Alcohol drinking (yes vs. no) −0.099 −0.195 −0.002 0.046
Smoking status (yes vs. no) 0.239 0.116 0.362 < 0.001
Sex (female vs. male) 0.505 0.406 0.604 < 0.001
Exposure (exposed vs. non-exposed) 0.159 0.055 0.263 0.003

Smoker  
(n = 214)

Age, yr 0.026 0.020 0.033 < 0.001 0.371 < 0.001
Education level (college and more vs. high school and less) −0.117 −0.338 0.104 0.298
Alcohol drinking (yes vs. no) −0.246 −0.521 0.029 0.080
Sex (female vs. male) 0.499 0.237 0.760 < 0.001
Exposure (exposed vs. non-exposed) 0.390 0.133 0.647 0.003

Non-smoker  
(n = 934)

Age, yr 0.026 0.023 0.030 < 0.001 0.312 < 0.001
Education level (college and more vs. high school and less) −0.101 −0.224 0.021 0.105
Alcohol drinking (yes vs. no) −0.079 −0.184 0.025 0.136
Sex (female vs. male) 0.505 0.397 0.613 <0.001
Exposure (exposed vs. non-exposed) 0.119 0.005 0.233 0.042

CI = confidence interval.
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To assess the association of the combined body concentration group of all 3 metals with 
demographic, lifestyle, and exposure variables, analysis using χ2 tests showed that individuals in 
the high combined concentration group were more likely to live near an industrial complex, were 
older, and had less education than those in the low combined concentration group (Table 8).

To assess the effect of age and exposure status on the combined body concentration 
of all three heavy metals, we also calculated aORs and 95% CIs for the high combined 
concentration group of the metals after adjustment for covariates (Table 9). The results 
showed that advanced age (aOR, 1.039; 95% CI, 1.026–1.052) and residence near an industrial 
complex (aOR, 2.238; 95% CI, 1.439–3.481) were significantly associated with the high 
combined metal concentration group.
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Table 7. Multiple linear regression model of the association of log (urinary mercury) with different variables after adjusting for covariates (n = 1,148)
Independent variables β coefficient 95% CI P value Model

Lower Upper R2 P value
Age, yr 0.005 0.002 0.009 0.005 0.047 < 0.001
Education level (college and more vs. high school and less) −0.156 −0.284 −0.027 0.018
Alcohol drinking (yes vs. no) −0.215 −0.332 −0.098 < 0.001
Smoking status (yes vs. no) 0.015 −0.132 0.163 0.837
Sex (female vs. male) 0.172 0.053 0.291 0.005
Regular seafood intake (yes vs. no) 0.198 0.084 0.313 0.001
Exposure (exposed vs. non-exposed) 0.137 0.012 0.262 0.032
CI = confidence interval.

Table 8. Characteristics of groups whose combined body concentrations of lead, cadmium, and mercury were high, intermediate, or lowa (n = 1,132)
Classification variables High combined level Intermediate combined level Low combined level P for trend
Residence Non-exposed 29 (13.3) 175 (24.6) 70 (34.5) < 0.001

Exposed 189 (86.7) 536 (75.4) 133 (65.5)
Sex Male 89 (40.8) 282 (39.7) 78 (38.4) 0.615

Female 129 (59.2) 429 (60.3) 125 (61.6)
Age group, yr 20–29 4 (1.8) 57 (8.0) 72 (35.5) < 0.001

30–39 9 (4.1) 99 (13.9) 48 (23.6)
40–49 38 (17.4) 154 (21.7) 32 (15.8)
50–59 56 (25.7) 146 (20.5) 16 (7.9)
60–69 67 (30.7) 138 (19.4) 19 (9.4)

≥ 70 44 (20.2) 117 (16.5) 16 (7.9)
BMI, kg/m2 Non-obese (< 25) 152 (69.7) 519 (73.0) 155 (76.4) 0.126

Obese (≥ 25) 66 (30.3) 192 (27.0) 48 (23.6)
Education level High school and less 170 (78.0) 463 (65.1) 78 (38.4) < 0.001

College and more 48 (22.0) 248 (34.9) 125 (61.6)
Smoking status Non-smoker 175 (80.3) 570 (80.2) 179 (88.2) 0.041

Smoker 43 (19.7) 141 (19.8) 24 (11.8)
Alcohol drinking No drink 131 (60.1) 439 (61.7) 119 (58.6) 0.774

Drink 87 (39.9) 272 (38.3) 84 (41.4)
Values indicate number and percentage.
BMI = body mass index.
aHigh combined concentration: body concentrations of lead, cadmium, and mercury that were each above the mean; low combined concentration: body 
concentrations of lead, cadmium, and mercury that were each below the mean; intermediate combined concentration: all others.

Table 9. Multiple logistic regression analysis of the relationship of age and residence (exposed or non-exposed) 
with high combined body concentration group of heavy metals (n = 1,132)
Variables Classification aOR 95% CI
Age, yr 1.039 1.026–1.052
Residence Non-exposed Reference

Exposed 2.238 1.439–3.481
Covariates; sex, BMI, educational level, smoking, alcoholic consumption, and regular sea food consumption.
aOR = adjusted odds ratio, CI = confidence interval, BMI = body mass index.
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DISCUSSION

The present study showed that the atmospheric concentrations of lead and cadmium were 
greater in areas near industrial complexes than in areas more distant from these facilities. 
In the past, leaded gasoline was a major environmental source of lead. The 1993 prohibition 
of leaded gasoline in Korea significantly decreased lead pollution.17,18 However, there are 
other environmental sources of lead, such as batteries, paints, and solder.19 Similarly, 
cadmium is used in the manufacture of batteries, pigments, and plastics, and mercury is 
used in production of batteries, light bulbs, thermometers, and paints.20 This explains why 
the atmospheric concentrations of heavy metals near industrial complexes, in particular the 
Onsan industrial complex (which uses non-ferrous metals), are higher than in other regions.

Our biological monitoring results also showed that the concentrations of blood lead, urinary 
cadmium, and urinary mercury were greater in subjects who lived near industrial complexes. 
More specifically, the GM concentrations of blood lead in the non-exposed group (1.944 µg/
dL) and the exposed group (2.264 µg/dL) were both higher than the mean for the Korean 
general population in 2015 (1.940 µg/dL), reported by the Korean National Environmental 
Health Survey (KNEHS).21 Similarly, the urinary cadmium and mercury concentrations in the 
exposed group (0.976 and 0.686 µg/g Cr, respectively) and the non-exposed group (0.763 and 
0.582 µg/g Cr, respectively) were higher than the means for the Korean general population in 
2015 (0.496 and 0.487 µg/g Cr, respectively) reported by the KNEHS.21

Taken together, our results suggest that the higher atmospheric concentrations of lead 
and cadmium at sites near industrial complexes explain the higher blood lead and urinary 
cadmium concentrations of residents near these complexes.22 Furthermore, aged residents 
near industrial complexes had greater combined concentrations of all three heavy metals.

We found that, in addition to living near an industrial complex, demographics and lifestyle 
factors also affected the body concentrations of all three heavy metals. When we stratified 
study subjects into exposed and non-exposed groups, we also showed that demographics and 
lifestyle factors affected the body concentrations of the heavy metals irrespective of exposure 
status. In particular, the blood lead concentration increased with age, male sex, and tobacco 
smoking, in agreement with previous reports.23,24 The higher blood lead concentration in 
males may be because females have greater concentrations of estrogen, which promotes bone 
formation and induces movement of blood lead into bone tissue.8 Tobacco also contains 
lead,25-27 and this explains the greater blood lead concentrations in smokers.

We found that the urinary cadmium concentration increased with age, female sex, and tobacco 
smoking, consistent with previous studies.28 Smoking is the major source of cadmium exposure, 
so we separately analyzed smokers and non-smokers. The results showed that the urinary 
cadmium concentration increased with age, female sex, and living near an industrial complex for 
both groups. Female sex was the most statistically significant factor in both groups. The higher 
concentrations of cadmium in females is partly because iron deficiency is more common in 
females, and iron deficiency leads to increased cadmium absorption in the intestines.29

We found that the urinary mercury concentration increased with age, female sex, avoidance of 
alcohol, regular consumption of seafood, and less education. Seafood is a well-known source 
of organic mercury,30,31 however, mercury resulting from fish consumption can explain total 
mercury concentrations in urine to some degree (about 30%), partly through the degradation 
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into the inorganic form in the human body,32 although urinary total mercury mainly reflects 
exposure to inorganic mercury.26 Dietary ethanol can reduce lung absorption of inorganic 
mercury by inhibiting reactions within red blood cells,33-35 and previous research in Korea also 
indicated that people who consumed alcohol had lower concentrations of urinary mercury.36 In 
contrast, blood organic mercury concentration is higher in alcoholics and males.37,38

Interestingly, the concentrations of blood lead, urinary cadmium, and urinary mercury all 
increased with age. For lead and cadmium, this may be because of their long biological half-
lives (low rates of excretion).39 For mercury, the measured urinary mercury concentration 
mainly reflects inorganic mercury, and therefore indicates a bioaccumulation of inorganic 
mercury. Our findings are compatible with those of previous studies.10,26

The present study has several public health implications. We found elevated concentrations 
of heavy metals in individuals who resided near industrial complexes, although atmospheric 
concentrations of lead and cadmium decreased over time. Thus, the higher heavy metal 
concentrations in individuals living near industrial complexes may be due to their long-term 
cumulative exposure to air from the industrial complexes. Thus, we suggest that individuals 
living near the industrial complexes should continue to be monitored to assess the body burden 
of heavy metals and related health effects. Next, the present study showed that individuals 
living near the industrial complex area had greater complex exposure to all three heavy metals. 
Toxicologically, complex exposure implicates not only an addition of each metal's toxicity, but 
also potential complicated synergistic toxicity, leading to unexpected adverse health effects. 
Thus, health evaluations and public health measures should consider the cumulative complex 
exposures to all heavy metals, instead of short-term exposure to individual heavy metal. Finally, 
we also should consider the effect of demographic and lifestyle factors on the concentration of 
heavy metals when addressing metal concentration in the general population.40

The strengths of the present study are that we evaluated the concentration of heavy metals 
in the atmosphere and in biological samples. This allowed us to show that the higher 
concentrations of heavy metals in residents near industrial complexes is mainly due to 
prolonged exposure from these industrial complexes. The present study also has several 
limitations. First, this study was a cross-sectional study, so we can identify associations, but 
cannot make conclusions regarding causality. Second, we defined the “exposed” group and 
“non-exposed” group according to residential proximity to industrial complexes. Although 
we excluded subjects who may have received occupational exposures using questionnaires on 
involvement in occupations potentially exposed to 12 kinds of occupational hazards, there 
was the possibility of misclassification. Third, this study only used 4 air quality monitoring 
sites to estimate ambient concentrations of lead and cadmium. We had no data on the 
concentration of atmospheric mercury.

In conclusion, this study showed that individuals living near industrial complexes in UMR had 
significantly higher body concentrations of lead, mercury, and cadmium. These results indicate 
that it is particularly important to monitor environmental and body concentrations of heavy 
metals, and to regularly assess the health of individuals living near industrial complexes.
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