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Abstract

Blood lead (Pb) and cadmium (Cd) has been associated with lung
function in adults and smokers, but whether this also holds for children
from electronic waste (e-waste) recycling area still unknown. We aimed to
investigate associations between living area (e-waste exposed vs.
reference areas), the levels of blood parameters (Pb, Cd, hemoglobin,
and platelets) and the lung function levels (the forced vital capacity (FVC)
and forced expiratory volume in 1 second (FEV1)). We recruited 206
preschool children from Guiyu (exposed area) and Haojiang and Xiashan
(reference areas). Preschool children living in e-waste exposed areas
have a risk of a 1.30 µg/dL increase in blood Pb and a 0.05 × 109/L
increase in platelet account, while have a risk of a 3.31 g/L decrease in
hemoglobin, 83 mL decrease in FVC and 73 mL decrease in FEV1. Each
unit of hemoglobin (1 g/L) decline was associated with 5 mL decrease in
FVC and 4 mL decrease in FEV1. We conclude that children living in
e-waste exposed area have higher levels of Pb and platelets, and lower
levels of hemoglobin and lung function. Hemoglobin may be a mediator
when investigating the association between living area and lung function
levels.

Keywords: Lead; Cadmium; Lung function; E-waste; Guiyu; Preschool
children
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Introduction
Electronic waste (e-waste), waste from electrical and electronic
equipment or products after reaching the end of their useful life, has
become the largest growing amount of waste in the world [1-4]. It was
estimated that global e-waste generation was 41.8 million tonnes in 2014
and increase at the rate of about 16% annually [5-7]. E-waste cannot be
considered or treated like any other waste because it contains blends of
hazardous metals and plastics (organic pollutants), which are released
into the local environment by roasting, burning, dismantling, acid leaching,
inappropriate shredding, and dumping [8-10]. Heavy metals not only
cannot be degraded into less hazardous end products but also can
accumulate in environmental media such as air [11-13], dust [14-16], soil
[16], water [17,18], and sediment [18,19], and in the human body through
inhalation, ingestion, dermal absorption, and food chains [3,20]. As an
example, lead (Pb) and cadmium (Cd) can enter the human body through
respiration in the form of aerosol, dust, and steam, deposit into
bronchioles and alveolar in the pulmonary airways, and concentrate in
tissues and organs via the blood circulation. Environmental Pb and Cd
exposure can be assessed by blood Pb and Cd levels [21]. Meanwhile,
blood Pb and Cd levels are indicative of internal Pb and Cd exposure in
Pb-and Cd-exposed individuals, respectively [22]. Heavy metal exposure
may contribute to increased oxidative stress, disruption of barrier
mechanisms, and inflammation and tissue destruction in the lungs [23].
Only a few studies have demonstrated that blood Pb and blood Cd were
associated with lung function decline in adults, but whether this also holds
for more susceptible children from electronic waste (e-waste) recycling
area was neither explored nor know [24-26].

Guiyu is one of the largest e-waste destination and recycling areas in the
world, and has a 30-year history of e-waste disposal and recycling with
little or no regulation, and faces the highest levels of e-waste pollution in
the world [27-29]. Previous studies reported concentrations of Pb and Cd
in PM2.5 [11-13], dust [14,16], soil [16], water [17,18], and sediment [18,19]
were at a high level in Guiyu when compared to many other areas.
Several cross-sectional studies demonstrated blood Pb and Cd levels



E-waste exposure and lung function levels│4

89

were serious in Guiyu for years [29-32]. One of our previous studies
showed the level of lung function (forced vital capacity (FVC)) and the
three kinds of heavy metals chromium, nickel and manganese in 144
primary school children in Guiyu and a reference area [33]. In this study,
we concluded that there was no difference in FVC of children between the
exposed and reference area. However, FVC was significantly lower in
children living in Guiyu compared to the reference area in the youngest
age group (8-9 years). It seems like that young children are particularly
more sensitive and vulnerable population because of additional routes of
exposure, high-risk behaviors, and their changing physiology compared
to older children and adults [3]. Another recent research found that both
the levels of lead and cadmium in PM2.5 and in blood and the prevalence
of respiratory symptoms cough, dyspnea, phlegm and wheeze in
preschool children (3-to-8-years of age) were higher in Guiyu than the
reference area [12]. In view of the lack of reports concerning association
between blood Pb, blood Cd, and level of lung function in children from
e-waste recycling areas, in the present study we recruited 206 preschool
children (5-7 years of age) from Guiyu (the exposed area), and Haojiang
and Xiashan (the reference areas) to extend our examination of heavy
metals to lead and cadmium, and explore the association between blood
Pb, blood Cd, living area and lung function in this age group.

In the present study, we measured the levels of blood parameters such as
Pb, Cd, hemoglobin, platelet count, red blood cell distribution width
(RDW), and performed spirometry to obtain FVC and forced expiratory
volume in 1 second (FEV1) in 206 preschool children aged 5-7 years from
the exposed and reference areas. The purpose of this study was to
investigate: (1) the levels of blood Pb, Cd, hemoglobin and platelet count
and lung function in children from an e-waste exposed area and the two
reference areas; (2) the association between the level of blood
parameters and lung function parameters; (3) the association of living
area with the levels of the blood parameters; (4) the association between
living area and level of lung function and whether this association was
mediated by the levels of the blood parameters.
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Materials and methods

Study areas and population
The sampling site was located in Guiyu town, Shantou city, in the
southeastern coast of Guangdong province in China. Haojiang (the first
reference area) is located 31.6 km to the east of Guiyu; Xiashan (the
second reference area) is located 5.8 km to the southeast of Guiyu
(Figure 1). A total of 206 preschool children, 5-to-7-years old, were
respectively recruited from three kindergartens from Guiyu (n=100),
Xiashan (n=54), and Haojiang (n=52) during the period of November
2013 and December 2013. Participant received a general health
questionnaire. All parents or guardians of the participants gave their
written informed consent after receiving detailed explanations of the study
and potential consequences prior to enrollment. This study protocol was
approved by the Human Ethical Committee of Shantou University Medical
College, China.

Figure 1. The location of the sampling sites (Guiyu, Haojiang and
Xiashan).
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Physical growth and development test

Physical growth and development parameters such as body height, body
weight, and chest circumferences were measured at the time of blood
sample collection. Height and weight were measured using a weight and
height scale (TZ120; Yuyao Balance Instrument Factory, Yuyao, China).
Children were required to remove their shoes, take off coat, and maintain
a certain standing posture prior to being measured. All measurements
were carried out by the trained physician [34].

Spirometry

Spirometry was conducted with a portable spirometer (Jiangsu Jintan
Medical Instrument Factory, Model DF-II, Jintan, China), using
standardized procedures following ATS-criteria [35]. Participants
practiced the use of the mouthpiece with the spirometer until they felt
comfortable under the guidance of the field physician. Results of three
readings were recorded, and the highest reading of forced vital capacity
(FVC) and forced expiratory volume in 1 second (FEV1) was used for
analysis.

Questionnaire

We collected information on potential routes of exposure to e-waste, lead
and cadmium, as well as general demographic and health parameters
with a general questionnaire [12]. The basic information collected by the
questionnaire have included age, gender, birth height, birth weight,
parental smoking, residential history, dietary habits, parent’s education
and occupation, socioeconomic status, distance from home to a road,
and whether home used as an e-waste recycling workshop. The parents
or guardians of the children recruited in this study completed the
questionnaire.

Blood sample analyses

Venipuncture was performed by nurses, and blood was stored at minus
20˚C until analysis. Hemoglobin, hematocrit, platelet counts, and
thrombocytocrit were measured using an automatic hematology analyzer
(Sysmex XT-1800i). Blood Pb and blood Cd determinations were
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performed by graphite furnace atomic absorption spectrophotometry
(Jena Zenit 650). The detailed procedure for measuring blood Pb and
blood Cd was previously described in our previous studies [12,36].

Statistical methods

The association between living area (the exposed vs. reference areas)
and levels of the blood parameters were analyzed by the basic linear
regression model adjusted for age and gender. The associations between
living area, the blood parameters, and the levels of lung function were
tested by the basic linear regression models adjusted for age, gender,
and height. Socioeconomic status, nutrition and other possible
confounders were included in the each final model when they changed
the estimate for blood parameters or living area by more than 10% or
when the p-value of the confounder was lower than 0.05. Finally, linear
regression models were performed with and without the blood parameters
to investigate the influence of the blood parameters on the association
between living area and lung function. P-values < 0.05 were considered
statistically significant. All analyses were performed in SPSS version 22.0
(IBM Corporation, NJ, USA).

Results

General characteristics of participants in the exposed and reference
areas

Parents of children had a lower educational level and family income, while
had a higher prevalence of current smokers from the exposed area
compared to the reference areas (Table 1). The general characteristics of
the 206 preschool children are shown in Table 2. Average age of children
from the three areas was comparable. Children had a lower birth weight
and body height from the exposed area than the reference areas (Table
2).
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Table 1. Demographic Characteristics of the Study Population (n=206).

Characteristic Reference areas Exposed area Total P-value
Subjects, n (%) 106 (51) 100 (49) 206 (100)

Age (years) 5.39
(5.18-5.73)

5.49
(5.19-5.78)

206
(100)

0.881a

Gender (M/F), n (%) 63 (59)/43 (41) 52 (52)/48 (48) 206 (100) 0.283b

Parental smoking, n (%) 49 (46) 70 (70) 119 (58) 0.000a

Paternal education (n, (%)) 105 (99) 95 (95) 200 (97) 0.000a

Illiteracy 2 (2) 0 (0) 2 (1)

Primary school 4 (4) 6 (6) 10 (5)

Middle school 24 (23) 60 (64) 84 (42)

Secondary school 9 (9) 13 (14) 22 (11)

High school 22 (21) 7 (7) 29 (15)

College/university 44 (41) 9 (9) 53 (26)

Maternal education (n, (%)) 105 (99) 95 (95) 200 (97) 0.000a

Illiteracy 2 (2) 1 (1) 3 (2)

Primary school 11 (10) 11 (12) 22 (11)

Middle school 22 (21) 63 (66) 85 (43)

Secondary school 20 (19) 12 (13) 32 (16)

High school 19 (18) 4 (4) 23 (11)

College/university 31 (30) 4 (4) 35 (17)

Family income level (n, (%)) 103 (97) 87 (87) 190 (92) 0.001a

< 1500 ¥ per month 3 (4) 5 (5) 8 (4.7)

1500-3000 ¥ per month 14 (13) 24 (24) 38 (19.7)

3000-4500 ¥ per month 19 (20) 18 (18) 37 (20.2)

4500-6000 ¥ per month 18 (17) 18 (18) 36 (18.7)

> 6000 ¥ per month 49 (46) 22 (22) 71 (37.7)

Reference areas: Haojiang and Xiashan; Exposed area: Guiyu; a: Mann-Whitney U
test; b: Pearson χ2 test.
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The levels of blood Pb and blood Cd between the exposed and reference
areas

The average concentrations of blood Pb and the ratio of blood Pb > 5
μg/dL in children was higher from the exposed area than the reference
areas, while the level of blood cadmium showed no significant difference
in children between the exposed and reference areas (Table 2).

The levels of other blood parameters between the exposed and reference
areas

The level of hemoglobin in children’s blood was lower in the exposed area
than the reference areas. The level of platelet and RDW in children’s
blood was higher in the exposed area than the reference areas (Table 2).
The ratio of thrombocytosis (platelet count > 400×109/L) for children was
higher in the exposed area than the reference areas.

The levels of lung function between the exposed and reference areas

The lung function parameters (FVC and FEV1) were lower in children
from the exposed area than the reference areas, whereas FVC/FEV1

showed no significant difference in children between the exposed and
reference areas (Table 2).

Associations between living area and the levels of blood parameters

Table 3 shows that living in Guiyu was associated with a higher level of
blood Pb and platelet count and a lower level of hemoglobin in the basic
model and in the respective full models (Table 3).
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Table 2. Levels of physical parameters, blood parameters, and lung
function parameters in preschool children from Guiyu, Haojiang and
Xiashan (n=206).

Characteristic Reference areas Exposed area P-value

Subjects, n (%) 106 (51) 100 (49)

Physical parameters

Birth Height (cm) 51.87 ± 5.37 50.21 ± 3.96 0.071a

Birth Weight (kg) 3.25 ± 0.58 3.07 ± 0.49 0.020a

Body height (cm) 112.56 ± 4.70 111.03 ± 5.95 0.045a

Body weight (kg) 19.76 ± 2.46 19.30 ± 2.84 0.412a

BMI (kg/m2) 15.12 (14.35 ~ 16.24) 15.43 (14.86 ~16.33) 0.128c

Blood parameters

Pb (μg/dL) 3.57 (2.68 ~ 4.86) 5.53 (3.92 ~ 7.04) 0.000b

Pb > 5μg/dL, n (%) 26 (24.5) 58 (58.0) 0.000c

Cd (μg/L) 0.57 (0.42 ~ 0.79) 0.58 (0.44 ~ 0.79) 0.717b

Hemoglobin (g/L) 131.49 ± 10.02 128.17 ± 8.28 0.013a

Hematocrit (%) 39.99 ± 2.73 39.27 ± 2.33 0.048a

Blood platelet (109/L) 278.40 ± 77.86 338.03 ± 82.11 0.000a

Thrombocytosis, n (%) 5 (4.7) 20 (20.0) 0.001c

Thrombocytocrit 0.28 (0.24 ~ 0.32) 0.33 (0.29 ~ 0.38) 0.000c

RDW (%) 12.40 (12.10 ~12.80) 12.79 (12.40 ~13.10) 0.002c

Lung function levels

FVC (L) 1.33 ± 0.25 1.23 ± 0.24 0.004a

FEV1 (L) 1.24 ± 0.23 1.16 ± 0.21 0.005a

FEV1 / FVC 0.96 (0.92 ~ 0.98) 0.95 (0.91 ~ 0.97) 0.206c

Reference areas: Haojiang and Xiashan; Exposed area: Guiyu; a: T-test; b: T-test
based on Ln-transformation; c: Mann-Whitney U test; FVC: forced vital capacity; FEV1:
forced expiratory volume in 1 second; FEV1/FVC: the ratio of forced expiratory volume
in 1 second to forced vital capacity; Pb: lead; Cd: cadmium. Thrombocytosis: platelet
count > 400×109/L. RDW: red blood cell distribution width. For continuous variables,
average range is presented as mean values ± SD (normal distribution data) or median
values with interquartile (non-normal distribution data).
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Living area lnBPb
B (95% CI)

lnBCd
B (95% CI)

Hemoglobin
B (95% CI)

Platelet count
B (95% CI)

Univariate Model 0.47 (0.29 ~ 0.53)*** 0.03 (-0.09 ~ 0.15) -3.32 (-5.93 ~ - 0.71)* 0.06 (0.04 ~ 0.08)***

Basic Model 0.41 (0.29 ~ 0.53)** 0.03 (-0.10 ~ 0.15) -3.44 (-6.06 ~ - 0.82)** 0.06 (0.04 ~ 0.09)***

Full Model 0.26 (0.10~ 0.41)** -0.09 (-0.25 ~ 0.08) -3.58 (-6.76 ~ -0.40)* 0.05 (0.01 ~ 0.08)**

Abbreviations, lnBPb: ln-transformation of blood lead; lnBCd: ln-transformation of blood cadmium; Platelet count unit: (109/L)/(1000);

CI: Confidence intervals; Living area: Guiyu vs. Haojiang and Xiashan; Basic Model: Adjusted for age and gender; Full Model:

Adjusted for age, gender, red blood cell distribution width (RDW), parental smoking, family incomes, parental education levels,

whether parents participated in e-waste recycling work, whether home worked as a workshop or close to an e-waste recycling site,

and frequency of eating preserved eggs. ***: p ≤ 0.001; **: p ≤ 0.01; *: p ≤ 0.05.
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Associations between the levels of the blood parameters and lung
function

Blood hemoglobin was positively associated with FVC and FEV1 both in
the univariate model, basic models and in the full models (Table 4). No
significant association was found between blood Pb, Cd, platelet count
and levels of FVC and FEV1 (Table 4).

Associations between living area and the levels of lung function

Living in Guiyu was associated with lower lung function levels both in the
univariate model, basic models and the full multivariate linear regression
models (Table 5). Blood Pb, hemoglobin and platelet count were included
in the each final model to assess whether these blood parameters
mediated the association between living area and lung function levels.
Analysis results showed that they changed the estimate for living area by
more than 10% or the p-value of living area was changed from lower than
0.05 to higher than 0.05. In other words, blood Pb, hemoglobin and
platelet mediated the associations between living area and the levels of
lung function (Table 5).
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Table 4. The association between blood parameters and lung function
(n=206).

Blood parameters FVC
B (95% CI)

FEV1
B (95% CI)

lnBPb

Univariate Model -0.047 (-0.117 ~ 0.024) -0.052 (-0.116 ~ 0.011)

Basic Model -0.042 (-0.107 ~ 0.023) -0.049 (-0.109 ~ 0.011)

Full Model -0.023 (-0.099 ~ 0.054) -0.029 (-0.098 ~ 0.041)

lnBCd

Univariate Model -0.041 (-0.119 ~ 0.036) -0.031 (-0.101 ~ 0.039)

Basic Model -0.003 (-0.074 ~ 0.067) -0.001 (-0.065 ~ 0.064)

Full Model -0.018 (-0.093 ~ 0.057) -0.016 (-0.084 ~ 0.053)

Hemoglobin

Univariate Model 0.004 (0.000 ~ 0.008)* 0.003 (0.000 ~ 0.007)*

Basic Model 0.004 (0.001 ~ 0.007)* 0.003 (0.000 ~ 0.006)*

Full Model 0.005 (0.001 ~ 0.009)* 0.004 (0.001 ~ 0.008)*

Platelet count

Univariate Model 0.088(-0.298 ~ 0.473) 0.169 (-0.178 ~ 0.515)

Basic Model 0.154 (-0.194 ~ 0.503) 0.226 (-0.094 ~ 0.546)*

Full Model 0.296 (-0.093 ~ 0.684) 0.337 (0.015 ~ 0.688)#

Abbreviations, lnBPb: ln-transformation of blood lead; lnBCd: ln-transformation of

blood cadmium; FVC: forced vital capacity; FEV1: forced expiratory volume in 1

second; CI: Confidence intervals; Basic Models : Adjusted for age, gender, height and

living area; Full Model: Adjusted for age, gender, height, living area, red blood cell

distribution width (RDW), parental smoking, family incomes, parental education levels,

whether parents participated in e-waste recycling work, and whether home worked as

a workshop or close to an e-waste recycling site. **: p ≤ 0.01; *: p ≤ 0.05; #: 0.05 < p ≤

0.10.
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Table 5. The association between living areas and lung function through
blood parameters (n=206).

Living area FVC
B (95% CI)

FEV1
B (95% CI)

Univariate Model -0.098 (-0.165 ~ -0.031)** -0.087 (-0.147 ~ -0.026)**

Basic Model -0.064 (-0.125 ~ -0.002)* -0.059 (-0.116 ~ -0.002)*

Full Model -0.083 (-0.159 ~ -0.006)* -0.073 (-0.143 ~ -0.004)*

Full Model+lnBPb -0.076 (-0.156 ~ 0.005) # -0.064 (-0.137 ~ 0.009)#

Full Model+lnBCd -0.084 (-0.161 ~ 0.007)* -0.074 (-0.144 ~ 0.005)*

Full Model+Hemoglobin -0.066 (-0.143 ~ 0.011)# -0.058 (-0.128 ~ 0.011)#

Full Model+Platelet count -0.094 (-0.172 ~ 0.016)* -0.086 (-0.157 ~ 0.016)*

Abbreviations, lnBPb: ln-transformation of blood lead; lnBCd: ln-transformation of
blood cadmium; FVC: forced vital capacity; FEV1: forced expiratory volume in 1
second; CI: Confidence intervals; Living area: Guiyu vs. Haojiang and Xiashan; Basic
Model: Adjusted for age, gender, and height; Full Model: Adjusted for age, gender,
height, red blood cell distribution width (RDW), parental smoking, family incomes,
parental education levels, whether parents participated in e-waste recycling work, and
whether home worked as a workshop or close to an e-waste recycling site. **: p ≤ 0.01;
*: p ≤ 0.05; #: 0.05 < p ≤ 0.10.

Discussion
This study investigated the levels of blood parameters (Pb, Cd,
hemoglobin and platelet) and lung function (FVC and FEV1), evaluated
the associations between living area and the blood parameters, the
associations between the blood parameters and levels of lung function,
the associations between living area and levels of lung function, and
assessed whether the blood parameters mediated the association
between living area and levels of lung function in the e-waste exposed
and reference areas. Firstly, we found that blood Pb and platelet were
higher from the exposed area than the reference areas. While
hemoglobin in children’s blood was lower from the exposed area than the
reference areas. Second, living in Guiyu was associated with higher
levels of Pb and platelet, and lower levels of hemoglobin and lung
function. Moreover, lower blood hemoglobin level was associated with
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lower lung function level. Furthermore, both blood Pb, hemoglobin and
platelets mediated the association between living area and lung function
levels.

Although blood Pb in children from the e-waste exposed area was as low
as 5.53 μg/dL in the current study, was still higher than the reference
areas and the new CDC guidelines (5 μg/dL) [37]. The CDC guidelines of
blood lead have been reduced from 10 μg/dL to 5 μg/dL, which indicates
no level of lead exposure appears to be ‘safe’ [37]. The average
concentration of blood Pb in children from Guiyu now was lower than
blood Pb in 2004 (15.30 μg/dL), 2006 (13.17 μg/dL), 2009 (7.30 μg/dL),
2011 (6.76 μg/dL), and 2012 (6.24 μg/dL) according to our previous
cross-sectional studies, which may due to the strict policies promulgated
and enforced by the local government in the last decade [12,29-31].
However, there were still 58.0% of the children in Guiyu have a blood
Pb > 5 μg/dL in the current study, which indicated that lead derived from
e-waste in Guiyu is still very serious [37]. Similar to blood Pb, the average
concentration of children’s blood Cd (0.58 μg/L) from Guiyu in this study
was lower than blood Cd in 2006 (1.58 μg/L) and blood Cd in 2009 (0.69
μg/L) [30,31], and firstly demonstrated no difference with blood Cd from
the reference areas in this study, which may because that blood Cd in
children from Guiyu keep stable in the past four years, and partly ascribe
to the increase of blood Cd in the reference areas (i.e. Median of blood
Cd from Haojiang was 0.50 μg/L in 2012, and 0.57 μg/L in 2013) [12].
Over 99% of the children have blood Cd > 0.2 μg/L (the latest suggest
toxicity threshold value of blood Cd), which was still higher than the blood
Cd of children from America (0.23 μg/L), Africa (0.21 μg/L), and Europe
(0.15 μg/L) [38,39]. It is necessary to continue to monitor cadmium
exposure in these research areas.

It has been found that heavy metals such as Pb and Cd can disturb the
synthesis of hemoglobin through impairing heme synthesis and the
production of erythropoietin [40-43]. Heme is a cofactor, component, and
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the main stabilizing structural molecule of hemoglobin. Erythropoietin is a
glycoprotein hormone that regulates erythropoiesis or red blood cell
production. Associations between heavy metals and hemoglobin have
been investigated by a few studies in adults, but the results are
inconsistent and inconclusive [44-46]. In the current study, we
investigated the association between blood heavy metals and
hemoglobin in preschool children from an e-waste exposed area and two
reference areas. The results showed that there was just a weak
correlation between blood Cd and hemoglobin (Table S1). The complex
toxicokinetics and co-exposure of heavy metals, and its nonlinear
relationship with health effects may explain the part of the reasons [47]. In
addition, e-waste, a kind of composite exposure source, not only contains
heavy metals but also releases organic pollutants such as
polybrominated diphenyl ethers (PBDEs) and polychlorinated biphenyls
(PCBs) into the environment, which inevitably affects the blood
hemoglobin level. For example, Leijs et al showed that the total PBDEs
were positively associated with the hemoglobin concentration in a cohort
of mother-baby pairs [48]. Xu et al demonstrated that both the mean level
of total PBDEs and PCBs was positively correlated with levels of
hemoglobin and platelets in the individuals from an e-waste dismantling
area in China [49].

Hemoglobin, the primary transporter of oxygen, is essential for oxygen
transport for carrying oxygen from the respiratory organs (i.e. lungs) to
the rest of the body (i.e. the tissues) [50]. Hassel et al. showed that there
was a positive association between lung function and peak oxygen
uptake in elderly [51]. Guo et al. found low level of blood hemoglobin was
related to gas exchange decline and the quantity of oxygen uptake in
COPD patients [52]. In addition, hemoglobin has a critical role in vascular
remodeling and pulmonary hypertension [53-55]. Low hemoglobin levels
were associated with higher risk for adverse cardiovascular outcomes,
and reduced exercise capacity and health related quality of life (HRQL)
[56,57]. Therefore, we proposed that low level of blood hemoglobin may
contribute to lung function decline. In this study, we found each unit of
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hemoglobin (1 g/L) decline was associated with 5 mL decrease in FVC
and 4 mL decrease in FEV1 in preschool children from the e-waste
recycling and two reference areas. Blood hemoglobin levels may be able
to be used as a predictor for lung function level.

Although we found no association between platelet count and lung
function levels in the final linear regression model, we found an
association between platelet count and lung function levels in the basic
linear regression model. In addition, blood platelet count was higher in
Guiyu than the reference areas. Platelets are inflammatory cells with an
important role in antimicrobial host defenses [58]. Elevated platelet count
and thrombocytosis are often considered a marker of normal
inflammatory reaction of infections, and has been associated with
increased mortality in hospitalized patients with community-acquired
pneumonia [59]. The elevated platelets and thrombocytosis in children’
blood from Guiyu may indicate that children from Guiyu were at higher
risk of infections and undergone higher levels of inflammatory reactions
compared to the reference areas. Furthermore, the prevalence of
thrombocytosis (platelet count > 400×109/L) in children was higher in
Guiyu compared to the reference areas. Several studies reported that
thrombocytosis is positively associated with acute and chronic
inflammation in vessels, which may indicate that the prevalence of
inflammation in vessels may be higher in children exposed to e-waste
[60,61].

Heavy metals such as Pb and Cd can generate reactive oxygen species
(ROS) via losing electrons or activate generation of ROS when heavy
metals phagocytozed by alveolar macrophages [62]. ROS could cause
damage to pulmonary capillary endothelial cells, alveolar epithelial cells
and basilar membrane cells. It also leads to alveolar collapse, atelectasis
and alveolar ventilation dysfunction [63]. Several studies demonstrated
that heavy metals such as Pb and Cd were associated with lung function
level in adults. For instance, Pak et al demonstrated that the blood lead
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level was associated with the decline of FVC in 263 adults aged over 30
[24]. Oh et al showed that blood cadmium level was associated with
deteriorated lung function in males aged ≥ 40 years [26]. Leem et al
reported that both blood lead and cadmium were associated with
decreased lung function in subjects aged ≥ 20 years [64]. An inverse
dose-response association was observed between urinary lead and
FEV1/FVC ratio [65]. Lead and manganese in atmospheric particulate
matter (PM) were associated with a decrement of peak expiratory flow
rate of schoolchildren [66]. We recruited 206 preschool children to confirm
whether the association between blood Pb and Cd and lung function is
also applicable to children, and the result showed that there was no
significant association between blood Pb and Cd and lung function levels.
This may be mainly due to that previous studies were based on the adult
population such as occupational workers and smokers, which is different
from general children population [3]. Children are not only considered to
be more susceptible to hazardous environmental pollutants compared to
adults but also in the stage of rapid growth and development of the lung.
In addition, the complex biochemical toxicity of Pb may also contribute to
the no association between blood heavy metals and lung function levels
in preschool children in this study.

Most of the blood and lung function parameters showed a significant
difference in children between Guiyu and the reference areas. Therefore
living area may contribute to the alteration of blood and lung function
parameters in children. We make a further investigation to assess
whether living area was associated with the levels of blood parameters
and lung function in children. It is known that both socioeconomic status
[67] and nutrition [68] are important potential confounders for lung
function, which cannot be ignored when studying lung function. Family
income levels and parental education level were used as indicators for
socioeconomic status in this study. Meanwhile, red blood cell distribution
width (RDW) has been considered as a biomarker for nutritional status of
vitamin B12, folic acid, and iron because that an increased RDW is
associated with nutritional deficiency [69]. After adjusted for family income
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levels, parental education level and RDW and other confounders in the
multiple linear regression models, results showed that living in Guiyu was
still associated with lower levels of hemoglobin and lung function, and
higher levels of blood Pb and platelets of children. An interesting question
comes out that whether blood Pb, hemoglobin and platelet act as a
mediator mediated the association between living in Guiyu and lung
function levels. The results indicated that these blood parameters can
contribute to the association between living area and lung function levels.

Our study has some limitations. First, we recruited children in 5-7 years of
age from Guiyu. Haojiang and Xiashan, and an even earlier age of
preschool children were excluded to ensure the accuracy and stability of
lung function measurements resulting in the small sample sizes. A larger
population and more detailed individual measurements would be
necessary to draw more accurate and powerful conclusions in future
studies. Second, the cross-sectional nature of this study prevents us from
drawing any conclusions about a cause-effect relation. Finally, we did not
investigate the effects of the other heavy metals (chromium, nickel,
mercury, and arsenic) and organic pollutants (polycyclic aromatic
hydrocarbons (PAHs), polychlorinated dibenzodioxins and dibenzofurans
(PCDD/PCDFs), or polybrominated diphenyl ethers (PBDEs)) derived
from e-waste on lung function levels and on the association between
living area and lung function level due to insufficient blood quantities.
However, to our knowledge, this is the first study to investigate the
association between living area and lung function levels, and assess
whether blood Pb, Cd, hemoglobin and platelet mediate the association
between living area and lung function levels in preschool children from an
e-waste exposed area.

In conclusion, the current results show that children from Guiyu have
accelerated levels of Pb and platelets, and had lower levels of
hemoglobin and lung function. In addition, a lower level of hemoglobin is
associated with a lower level of lung function in this study. Due to the strict
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local policy in Guiyu, the concentration of blood Pb in children is lower
now compared to our previous studies reported in 2004, in 2006, in 2009,
in 2011, and in 2012. The concentration of blood Cd in children from
Guiyu is lower now compared to those reported in 2006, and in 2009, but
showed no difference with blood Cd in 2012. These findings, along with
evidence from previous studies, suggest that Pb and Cd poisoning
continues to be a major public health problem for children in Guiyu.
Broader consensus of the harm of Pb and Cd, proactive regulation and
restriction of e-waste production and effective protection of individuals
from e-waste are essential steps to steadily reduce blood Pb to the level
under CDC guidelines, and let blood Cd under suggestive level. In
addition, children who living in Guiyu is more likely to suffer from low lung
function level. It is also imperative to recruit more children through their
childhood to confirm whether pollutants such as heavy metals and
plastics from e-waste have a long-term adverse effect on lung function
and whether the early-life Pb and Cd exposure are associated with other
health outcomes later in childhood.
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Table S1. Spearman correlation analyses among the blood parameters and lung function levels in
preschool children.

BPb BCd Hemoglobin Hematocrit Platelets Thrombocytocrit FVC FEV1

BPb 1.000

BCd -0.003 1.000

Hemoglobin -0.059 0.203** 1.000

Hematocrit -0.078 0.152* 0.942** 1.000

Platelets 0.083 0.024 -0.027 0.042 1.000

Thrombocytocrit 0.140 -0.002 -0.027 0.041 0.911** 1.000

FVC -0.074 -0.087 0.145* 0.149* 0.001 -0.080 1.000

FEV1 -0.100 -0.099 0.128* 0.139* 0.047 -0.045 0.963** 1.000

BPb: blood lead; BCd: blood cadmium; FVC: forced vital capacity; FEV1: forced expiratory volume in 1 second; **: p ≤ 0.01; *: p ≤ 0.05.
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