
1. Introduction
The expansion of the electrical and electronic equipment manufacturing industry owing to globalization has 
led to the generation of large amounts of electronic waste (e-waste) in both developing and developed countries 
(Rautela et al., 2021). According to the 2022 Global E-waste Monitor, 53.6 million tons of e-waste was generated 
in 2019 and is expected to increase to 74.7 million tons by 2030 (Baldé et al., 2022). Furthermore, there is little 
regulation for electronics and e-waste exported from high-income areas to low- and middle-income countries 
(Bakhiyi et al., 2018). China is confronted with a double challenge with respect to the effective management of 
e-waste: (a) illegal foreign imports of e-waste and (b) the rapid increase in domestic e-waste over the past few 
decades. According to statistics, the generation of e-waste in China will increase to 2.72 and 5.16 million tons by 
2030 and 2050, respectively (Zeng et al., 2020). At present, relevant industries in China do not follow standard-
ized practices/protocols for the treatment of e-waste and rely on methods such as strong acid extraction, manual 
disassembly, and incineration (Chi et al., 2011). Furthermore, most of China's e-waste is handled by the informal 
sector, which processes it using non-scientific and crude recycling techniques, such as open burning and acid 
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leaching, leading to the release of large amounts of toxic substances, such as dioxins and heavy metals, into the 
environment, resulting in high exposure levels for residents (Dong et al., 2020; S. S. Kim et al., 2020; Vaccari 
et al., 2019). These electronic wastes contain a lot of heavy metals such as lead (Pb), arsenic (As), copper (Cu), 
cadmium, Zine (Zn), mercury (Hg), and Argentum (Ag) (Adie et al., 2017; Houessionon et al., 2021; Shakil 
et al., 2022).

Even contact with trace amounts of heavy metals, such as long-term exposure to e-waste, is harmful to the human 
body and can cause chromosomal mutations, which are directly associated with genetic damage, bladder and lung 
cancer, cardiovascular disease, and other hazards (Gustin et al., 2020; Khan et al., 2020; H. Liu et al., 2018). Fetal 
and infant development is the most sensitive period of life (Vrijheid et al., 2016). Several toxic substances, such 
as Pb and Hg, can cross the placental barrier and circulate through the placenta, worsening health risks for infants 
(Li et al., 2019). The results of observational studies have demonstrated the negative effects of Pb, Cd, Cr, and 
Mn on birth outcomes, lung function, mental health, and neurodevelopment in infants (S. S. Kim et al., 2020; L. 
Liu et al., 2018; Zeng et al., 2021). Furthermore, associations among birth weight (BW), birth length, and head 
circumference were estimated in a sample of a population experiencing metal exposure in rural Bangladesh. 
Significant negative associations were observed between exposure to a metal mixture and birth length and head 
circumference (M. S. Lee et al., 2021). The results of a recent Chinese study showed that exposure to high levels 
of Pb, Cd, and Cr is associated with head circumference, body mass index (BMI), and ponderal index in infants 
(S. S. Kim et al., 2020). However, the associations of prenatal exposure to heavy metals with birth outcomes and 
the composition of human milk have not been studied in Chinese e-waste recycling areas.

Heavy metal concentrations in human milk are indicators of maternal exposure to heavy metals during the 
prenatal period (Golding, 1997). Because of organ immaturity, exposure to heavy metals in the prenatal period, 
which is a critical exposure window, has a significant and long-lasting effect on child development (Grandjean & 
Herz, 2015; Rebelo & Caldas, 2016). In summary, it is necessary to measure the metal contents in human milk in 
the e-waste recycling area to investigate the contamination status and possible health effects to provide a theoret-
ical basis for e-waste management and its effects on human health.

As early as 2004, it was reported that in Taizhou, Zhejiang Province, China, almost everyone in the area 
was engaged in e-waste recycling in the form of family workshops (China Daily,  2004). They can disman-
tle 2.2 million tons of e-waste every year (Chi et al., 2014). Since the 1990s, e-waste recycling has become a 
major business in the region. Taizhou has become the main place for recycling transformers in China (Chan & 
Wong, 2013). It has been indicated that urinary Cd levels were higher in occupational and non-occupational 
dismantles at e-waste recycling sites than in green plantations in Taizhou (H. Wang et al., 2011). Additionally, 
the concentrations of Cu, Pb, and Cd in scalp hair samples collected at an e-waste recycling area were found to 
be higher compared to that in hair samples from Ningbo and Shaoxing, two cities engaged in general industrial 
activities in China (T. Wang et al., 2009). In this study, we measured concentrations of six heavy metals in human 
milk samples collected 4 weeks after delivery in Luqiao District, Taizhou City, Zhejiang Province, one of the two 
largest e-waste recycling areas in China (Ling et al., 2021), to estimate the associations between prenatal heavy 
metal exposure and infant birth outcomes.

2. Materials and Methods
2.1. Study Population

E-waste recycling and dismantling activities in the study area, Luqiao District, Taizhou City, started in the 1970s 
(Chan & Wong, 2013). Currently, Taizhou is one of the largest e-waste recycling areas in the country. In this 
study, 102 full-term infants born (singleton births) in 2021 were recruited as participants (preterm infants were 
excluded). Various aspects, such as the maternal age at delivery, BMI before delivery, lifestyle habits during preg-
nancy, education level, delivery times, and gestational age at delivery, may affect the birth outcomes of infants.

In addition, we collected human milk from 102 mothers (collected 4 weeks after delivery), measured the concen-
trations of six heavy metals in human milk (Pb, Cd, Cr, As, Cu, and Mn), collected the infant length and weight at 
birth, and analyzed the effects of prenatal heavy metal exposure on the physical development of the infant using 
post-delivery human milk heavy metal concentrations as a marker of intrauterine heavy metal exposure in infants.

All participants provided written informed consent. This study was approved by the ethics committee of Jiaxing 
University (JHTCM-IRB-2019).
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2.2. Sample Collection and Analysis

The prenatal exposure to heavy metals was estimated by measuring the metal concentrations in human milk 
samples collected 4 weeks after delivery. The perinatal period is defined in diverse ways. Pertaining to the period 
immediately before and after birth. Depending on the definition, it starts at the 20th to 28th week of gestation 
and ends 1–4 weeks after birth (https://www.medicinenet.com/script/main/art.asp?articlekey=7898). This is the 
reason why we select this time point (4 weeks after delivery). The Pb, Cd, Cr, As, Cu, and Mn concentrations in 
human milk were measured using inductively coupled plasma mass spectrometry (iCAPQ, Thermo Fisher Scien-
tific, USA). Procedures for human milk collection have been described previously (Hang et al., 2022). Briefly, 
0.5 g of human milk (accurate to 0.0001 g) was aspirated after vortex shaking and then digested with 5 mL of a 
mixed digestion solution (HNO3: HCl = 1:3) using a microwave digestion system (Milestone Ethos D). After the 
digestion, the volume was made up to 10 mL using ultrapure water. A vigorous quality control procedure was 
implemented throughout the analysis using a certified reference material (GBW10017). The limits of detection of 
Pb, Cd, Cr, As, Cu, and Mn were 0.02, 0.01, 0.06, 0.01, 1.14, and 0.02 μg/L, respectively.

2.3. Birth Outcomes

We obtained the infants' length (cm) and weight (g) at birth from their obstetric medical records.

2.4. Covariates

Personal interviews, self-administered questionnaires, and medical record transcripts were used to collect infor-
mation on possible confounding variables. Maternal characteristics included the age at delivery (y) (medical 
records), BMI (kg/m 2) before pregnancy (medical records), smoking during pregnancy (no/yes) (questionnaires), 
education at recruitment (<college graduate or ≥ college student) (questionnaires), and parity (nulliparous or 
multiparous) (medical records). The characteristics of the children included the sex (male or female), gestational 
age at birth (wk), birth length (cm), and BW (g, Cathey et al., 2022; Chatzi et al., 2019; Donangelo et al., 2021; 
Howe et al., 2021; M. S. Lee et al., 2021). To avoid adjustments for potential intermediate factors that lie in the 
pathway from exposure to the outcome and lead to biased and paradoxical results (VanderWeele et al., 2012), we 
did not control for gestational age in our models.

2.5. Statistical Analyses

All Cr, Mn, Cu, As, and Pb concentrations in human milk were above the respective detection limits; 12 Cd 
measurements (12%) below the detection limit were replaced with half the detection limit. Descriptive statistics 
were calculated for all variables. Associations between the concentrations of each metal pair in human milk 
samples were examined using Pearson's correlation coefficients. The metal concentrations in human milk were 
right-skewed. Therefore, the concentrations were log-transformed to address the skewness in the data. All statis-
tical analyses were performed using R software (version 4.2.1; R Foundation for Statistical Computing). The 
cut-off level for statistical significance was set to p < 0.05 for the main analyses and to p < 0.10 for interactions 
(two-tailed tests). Associations between the metals in human milk and birth outcomes were evaluated using the 
following multivariable linear regression:

 

where Y denotes the birth outcome phenotype for individual i; As, Cd, Cr, Cu, Mn, and Pb represent the standard 
log concentrations of As, Cd, Cr, Cu, Mn, and Pb, respectively; Z represents the covariates; and β is the regression 
coefficient. Point estimates are presented as changes in the infant size for each interquartile range increase in the 
natural log concentration of metals. The results of previous studies suggested that child sex can modify the effects 
of metals on birth outcomes (Chatzi et al., 2019; Howe et al., 2021; M. S. Lee et al., 2021). Therefore, the analyses 
were stratified according to sex.

The Bayesian kernel machine regression (BKMR) method was used to analyze the associations between mixed 
exposures to heavy metals and the interaction of heavy metals and birth outcomes (Bobb, 2022).

https://www.medicinenet.com/script/main/art.asp?articlekey=7898
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3. Results
Table  1 summarizes the characteristics of the 102 mother–infant pairs 
included in the analyses. The average maternal age (standard deviation) at 
delivery was 29.4 (5.4)  years. Before pregnancy, 97.1% of mothers were 
nonsmokers, 25.5% had received more than a college education, and 69.6% 
were nulliparous. At birth, 54.9% of the children were boys. The average 
infant size (standard deviation) at birth was 3,323 (429) g for BW and 50.0 
(0.8) cm for birth length.

Table 2 shows the distributions of heavy metal concentrations measured in 
human milk samples overall and stratified by sex. In general, human milk 
metal concentrations did not significantly differ between males and females. 
Girls had a slightly higher prenatal exposure to Cu, Mn, and Pb. Accord-
ing to the WHO, the permissible levels of heavy metals in human milk are 
2–5 μg/L for Pb, <1 μg/L for Cd, 0.8–1.5 μg/L for Cr, 0.2–0.6 μg/L for As, 
180–310 μg/L for Cu, and 3–4 μg/L for Mn (Parr et al., 1991), Overall, 34.3% 
(n = 35) and 2.0% (n = 2) of the milk samples exceeded the WHO guidelines 
for Cr and Mn, respectively. Meanwhile, the mean exposure of Cr exceeded 
the WHO guidelines (the maximum was five times above the limit). The 
concentrations of Cu, Pb, As, and Cd were within permissible limits set by 
the WHO. Moreover, Cr concentration in human milk in the e-waste recycling 
area was significantly higher than the WHO guidelines, while Cu, Pb, As, and 
Cd concentrations were significantly lower than the WHO guidelines (Table 
S1 in Supporting Information S1). The associations between the metals are 
shown in Figure S1 in Supporting Information S1. The Cr concentration was 
moderately associated with the Mn and Pb concentrations (r = 0.4550 and 
0.3052, respectively; Figure S1 in Supporting Information S1).

Table 3 depicts the associations between metals and birth outcomes from multivariable linear models stratified by 
sex. The P-value for the interaction indicates whether there is a significant difference between male and female 
(Shih et  al.,  2021). No significant associations were observed between the participants or stratum. However, 
we found significant interactions in the associations between Cr and birth length; Mn and gestational age, birth 
length, and BW; and Cd and birth length. Additionally, the maternal human milk Cd concentration is inversely 
associated with the BW (β = −162.71; 95% CI = −303.16, −22.25; P-value for interaction = 0.017) of female 
infants, and we added a figure (Figure S2 in Supporting Information S1) with BW on the x-axis and the Cd level 
on the y-axis through simple linear regression analysis to visualize the relationship between BW and Cd in female 
infants (r = −0.339, P = 0.021). On the other hand, no significant associations were observed between education 
levels and heavy metals (Table S2 in Supporting Information S1).

The results of the BKMR analysis showed that in birth outcomes (male and female), each curve shifted parallel 
to the other metal concentrations, suggesting that the associations of mixed heavy metal exposure and birth 
outcomes may be additive rather than synergistic (Figures S3 and S4 in Supporting Information S1).

4. Discussion
This study analyzed the concentrations of six heavy metals in 102 human milk samples collected from pregnant 
women in Taizhou, an e-waste recycling area in China. In addition, 34.3% (n = 35) of the study participants had 
levels of the Cr that exceeded the WHO guideline, we also explored the associations between prenatal exposure 
to six heavy metals and birth outcomes, revealing a significant negative association between the Cd concentration 
in human milk and BW in female infants.

The BW is an essential indicator of infant growth and development. High or low BW can lead to obesity and 
type 2 diabetes in adulthood (Wei et al., 2003). Current research suggests that a low BW may be associated with 
adverse health outcomes such as intellectual disability and asthma (Gu et al., 2017; Mebrahtu et al., 2015). Low 
BW leads to a frequent decrease in the glomerular filtration rate (eGFR) and an increase in systolic blood pressure 

Characteristic Mean ± SD n (%) Median Range

Maternal characteristics

 Age at delivery (y) 29.4 ± 5.4 28 16–47

 BMI at enrollment (kg/m 2) 21.2 ± 2.7 20.9 16.0–30.3

Smoking during pregnancy

 Yes 3 (2.9)

 No 99 (97.1)

Education

 <College graduate 76 (74.5)

 ≥College graduate 26 (25.5)

Parity

 Nulliparous 71 (69.6)

 Multiparous 31 (30.4)

Neonatal characteristics

 Sex

  Male 56 (54.9)

  Female 46 (45.1)

Gestational age at birth (wk) 38.8 ± 1.0 39.0 36.0–41.3

Birth length (cm) 50.0 ± 0.8 50.0 48–52

Birth weight (g) 3,323 ± 429 3,300 2,000–4,500

Table 1 
Participant Characteristics (N = 102)



GeoHealth

CHEN ET AL.

10.1029/2023GH000897

5 of 10

(Kanda et  al.,  2020). Furthermore, low BW is associated with later renal 
function and is a risk factor for the development of diabetic nephropathy 
(Silverwood et al., 2013). Therefore, to safeguard the health of infants, it is 
important to understand the risk factors of a low BW.

Cd is a toxic pollutant that is widely detected in the environment and is harm-
ful to human health (Genchi et al., 2020). Excessive exposure to Cd can lead 
to liver and kidney lesions (Mezynska & Brzóska, 2018). It is also associ-
ated with delayed childhood growth patterns, especially length and weight 
(Geng & Wang, 2019). In this study, we evaluated the associations between 
prenatal heavy metal exposure and infant birth outcomes in 102 mother–
infant pairs. Sex-specific associations were observed for Cd, which generally 
is negatively associated with the BW of female infants. Observed inverse 
associations suggest that female infants may be more susceptible to prenatal 
Cd toxicity. In a prospective cohort study of 1,616 mothers and infants in 
rural Bangladesh, the prenatal urinary Cd concentration was negatively asso-
ciated with the BW of female infants (Kippler et al., 2012). Furthermore, in 
a New Hampshire birth cohort study, high levels of Cd in the placenta were 
associated with a decreased placenta weight and a stronger association with 
Cd in the placenta was observed for female infants than for male infants 
(Punshon et al., 2019). The Avon Longitudinal Study of Parents and Children 
also showed that maternal blood Cd levels are negatively associated with the 
BW of female infants (Taylor et al., 2016). The results of a cohort study of 
408 pairs of mothers and infants in the Hubei Province, China, revealed a 
significant positive association between higher maternal urinary Cd levels 
and preterm low BW, especially in female infants (K. Huang et al., 2017). 
Our results are identical to those of the above-mentioned studies. In addi-
tion, in the present study, the concentration of Cd in maternal human milk 
was within permissible limits set by the WHO. Some studies point out that 
low to moderate Cd exposure adversely affects infant birth outcomes. For 
instance, a cross-sectional study conducted in China found that exposure to 
low levels of Cd in children may lead to renal tubular dysfunction and kidney 
damage (D. Wang et al., 2016), even though the urinary Cd level at this time 
was 0.12 μg/L (D. Wang et al., 2016), much lower than the urinary Cd level 
across all human environmental pollution surveys in Korea (0.65 μg/L) (J. 
W. Lee et al., 2012). Moreover, studies have shown that even short periods 
of exposure to low concentrations of Cd can affect the body's glomerular 
filtration function (M. S. Kim et  al.,  2018). Swedish birth cohort studies 
have shown that maternal prenatal exposure to low levels of Cd and Hg is 
inversely associated with BW and birth length (Gustin et al., 2020). Overall, 

the available studies indicate that fetal growth is susceptible to Cd exposure during critical periods, regardless of 
differences in parameters. Therefore, we need to pay continuous attention to the associations of Cd exposure with 
the infant birth outcomes, albeit at low concentrations.

To explore the effect of Cd exposure on sex diversity, mechanisms of sex-specific associations between prena-
tal Cd exposure and BW have attracted widespread attention. In previous studies, the mechanisms underlying 
female-specific effects, including increased Cd uptake at low iron stores and interference with insulin-like 
growth factors, have been identified (S. Huang et al., 2019). Other authors have reported sex-specific effects of 
DNA methylation patterns related to prenatal Cd exposure, presenting a potential mechanism based on which 
the BW might be affected by Cd exposure (Kippler et al., 2013; Mohanty et al., 2015). A cohort study of 24 
pairs of  mothers and infants provided evidence of a sex-specific association between placental Cd and placental 
genome-wide DNA methylation (Mohanty et al., 2015). Mohanty et al. (2015) reported that high Cd levels in 
female infants are associated with hypomethylation of siah E3 ubiquitin-protein ligase family member 3 (SIAH3), 
heparin sulfate (glucosamine) 3-O-sulfotransferase 4 (HS3ST4), and TP5Starget1 (TP53G1), genes associated 
with cellular damage response. In male infants, high Cd levels are associated with hypomethylation of the EVI1 

Chromium (μg/L) Mean ± SD Median IQR Range

Overall 1.517 ± 0.849 1.410 1.229–1.532 0.598–7.453

Male 1.544 ± 0.632 1.436 1.285–1.571 0.633–3.256

Female 1.485 ± 1.062 1.376 0.974–1.518 0.598–7.453

P-value 0.729

Manganese (μg/L)

 Overall 1.214 ± 0.830 1.043 0.817–1.369 0.438–7.040

 Male 1.165 ± 0.531 1.062 0.821–1.381 0.438–3.220

 Female 1.274 ± 1.093 0.988 0.776–1.323 0.506–7.040

 P-value 0.513

Copper (μg/L)

 Overall 46.64 ± 17.73 45.81 34.66–55.01 13.07–98.07

 Male 44.80 ± 17.55 45.14 31.55–53.52 15.81–93.93

 Female 48.89 ± 17.88 47.71 36.58–56.06 13.07–98.07

 P-value 0.249

Arsenic (μg/L)

 Overall 0.113 ± 0.086 0.089 0.048–0.151 0.012–0.440

 Male 0.124 ± 0.098 0.100 0.047–0.177 0.012–0.440

 Female 0.101 ± 0.068 0.086 0.044–0.132 0.019–0.278

 P-value 0.179

Cadmium (μg/L)

 Overall 0.016 ± 0.014 0.013 0.007–0.018 0.002–0.078

 Male 0.017 ± 0.016 0.013 0.008–0.018 0.002–0.078

 Female 0.016 ± 0.012 0.011 0.007–0.020 0.002–0.063

 P-value 0.683

Lead (μg/L)

 Overall 0.260 ± 0.385 0.176 0.137–0.262 0.050–3.449

 Male 0.246 ± 0.269 0.182 0.143–0.274 0.066–2.058

 Female 0.277 ± 0.494 0.161 0.130–0.248 0.050–3.449

 P-value 0.690

Table 2 
Breast Milk Metal Concentrations by Children Sex
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complex locus (MECOM) and hypermethylation of spalt-like transcription factor 1 (SALL1), genes associated 
with cell differentiation, angiogenesis, and organ development.

In addition to Cd, we also studied the associations of birth outcomes with prenatal exposure to five other metals. 
Mn is an essential trace element, which is crucial for the growth and development of children. A study conducted 
in Shanghai, China, on cord blood metal concentrations and birth outcomes revealed an inverse U-shaped asso-
ciation between the Mn concentration and BW (Chen et al., 2014). This result was supported by another study 
conducted in China on maternal cord blood concentration and BW (Guan et al., 2014). However, in the Infantes 
Salud Ambiental cohort study in Costa Rica, no association was observed between changes in the maternal blood 
Mn concentration and lower fetal BW (Mora et al., 2015). Similarly, no association was detected between the Mn 

Metal Gestational age Birth weight Birth length

Chromium

 Overall −0.06 (−0.47, 0.36) 101.20 (−59.04, 261.43) 0.19 (−0.13, 0.52)

 Male −0.15 (−0.78, 0.47) 95.45 (−137.35, 328.25) −0.02 (−0.48, 0.44)

 Female 0.22 (−0.42, 0.86) 164.94 (−65.91, 395.79) 0.47 (−0.02, 0.96)

 P-value for interaction 0.350 0.721 0.036

Manganese

 Overall −0.02 (−0.28, 0.24) 43.44 (−56.47, 143.35) 0.06 (−0.14, 0.27)

 Male 0.15 (−0.27, 0.56) 116.39 (−39.52, 272.31) 0.24 (−0.07, 0.55)

 Female −0.17 (−0.53, 0.20) 8.24 (−123.15, 139.63) −0.09 (−0.37, 0.18)

 P-value for interaction 0.071 0.087 0.042

Copper

 Overall −0.04 (−0.26, 0.17) 55.47 (−28.04, 138.99) 0.06 (−0.11, 0.23)

 Male 0.00 (−0.32, 0.32) 65.54 (−53.61, 184.69) 0.00 (−0.23, 0.24)

 Female −0.10 (−0.42, 0.23) 28.02 (−90.92, 146.97) 0.05 (−0.21, 0.30)

 P-value for interaction 0.243 0.649 0.663

Arsenic

 Overall −0.15 (−0.49, 0.20) −3.61 (−135.85, 128.63) −0.04 (−0.31, 0.23)

 Male −0.11 (−0.58, 0.37) 64.60 (−112.62, 241.82) 0.06 (−0.29, 0.41)

 Female −0.25 (−0.81, 0.30) −150.90 (−351.37, 49.56) −0.27 (−0.69, 0.16)

 P-value for interaction 0.296 0.118 0.150

Cadmium

 Overall −0.12 (−0.38, 0.15) −40.44 (−143.61, 62.74) −0.09 (−0.30, 0.13)

 Male −0.09 (−0.51, 0.32) 73.48 (−81.06, 228.02) 0.10 (−0.20, 0.41)

 Female −0.05 (−0.44, 0.34) −162.71 (−303.16, −22.25) −0.27 (−0.57, 0.03)

 P-value for interaction 0.960 0.017 0.072

Lead

 Overall 0.03 (−0.29, 0.35) −77.56 (−198.92, 43.81) −0.07 (−0.32, 0.18)

 Male 0.10 (−0.33, 0.53) −77.80 (−238.73, 83.12) −0.13 (−0.45, 0.19)

 Female −0.13 (−0.62, 0.37) −87.67 (−267.34, 91.99) −0.05 (−0.44, 0.33)

 P-value for interaction 0.488 0.297 0.694

Note. Bold font indicates a statistically significant difference between male and female.
 aModels adjusted for all metals, maternal age (y), BMI at enrollment (kg/m 2), smoking during pregnancy (yes or no), 
education level (<college graduate or  ≥  college graduate), parity (nulliparous or multiparous), and infant sex (male or 
female).

Table 3 
Adjusted Effect Estimates (β and 95% CIs) From Multivariable Linear Regression Models for Birth Outcomes in 
Association With IQR Increases in Log-Transformed Breast Milk Metal Concentrations a
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concentration and infant birth outcomes in our study. In addition, we have not yet reached definitive conclusions 
regarding the associations between As concentrations and infant birth outcomes. However, a prospective cohort 
study reported that increased As concentrations cause lower BWs in infants (Mullin et al., 2019). In contrast, a 
positive association between BW and maternal As exposure was observed in a recent study (Myers et al., 2010). 
These results indicate that the effects of Mn and As exposure on birth outcomes remain unclear and must be 
confirmed in future studies.

In the current study, no association was observed between the Pb levels and birth outcomes. However, a signif-
icant negative association between high maternal blood Pb concentrations (mean = 6.81 μg/dL) and lower BW 
in infants was determined in a previous birth cohort study of 300 preschool children in the Guiyu e-waste recy-
cling area in China (Zeng et al., 2019). In contrast, in another study conducted in the Guiyu e-waste recycling 
area, no association was observed between high Pb concentrations in the placenta (301.43 ng/g wt) and BW in 
101 mother–infant pairs (Guo et al., 2010). The results of previous studies on Pb exposure revealed negative 
associations with birth outcomes. Therefore, the observed lack of association of birth with outcomes with Pb 
exposure in this study may be due to the small sample size and low levels of Pb exposure. In summary, the 
possibility that Pb exposure interferes with and inhibits normal growth and development in children must be 
further investigated.

Because Cr and Cu play important roles in human metabolism, their concentrations are also critical for infants. 
The results of previous studies showed that high levels of Cr and Cu are positively associated with the risk of a 
low BW (Bermúdez et al., 2015; Xia et al., 2016). In addition, previous data from the Spanish study INMA project 
showed that data from placenta samples of 327 mother-infant pairs indicated a negative association between Cr 
concentration and birth length (Freire et al., 2019). In our study, we found that the 34.3% of the milk samples 
had Cr concentrations that exceeded the WHO permissible. However, associations between the Cu and Cr levels 
and birth outcome were not observed in our study. Research has shown that exposure to Cr during pregnancy 
may increase the risk of neuroblastoma and lymphocyte damage in infants (McDermott et al., 2015). However, 
some studies have concluded that Cr in breast milk does not affect the health of infants (Samiee et al., 2019). The 
above results indicate that although the benefits of consuming breast milk may offset the potential risk of infant 
exposure to chromium, continuous monitoring of this pollutant is important, especially in the e-waste recycling 
area. This will help health authorities take measures to reduce maternal exposure to Cr during pregnancy, thereby 
avoiding unnecessary health risks.

In this study, we used BKMR to assess the nonlinear association and interactions among the six metals as a way 
to assess the association of mixed metal exposure with birth outcomes. The results show a cumulative association 
of mixed exposure of the six metals at low concentrations without synergistic association, which is consistent 
with other studies (Takatani et al., 2022).

The results of this study provide evidence for the association between prenatal metal exposure and birth outcomes. 
However, the current study has several limitations. First, the sample size was relatively small; our results must 
be validated with a larger sample size in future studies. Second, this study did not collect samples from other 
environmental sources, such as drinking water, food, or soil other than human milk during pregnancy or at the 
time of delivery, for analyzing prenatal exposure concentrations of heavy metals. Third, a cross-sectional study 
design was used, which means that this information may not be sufficient and might not be able to adequately 
explain the long-term effects of prenatal exposure to heavy metals on child health alone. Finally, to confirm the 
associations between heavy metal exposure and infant growth and development, it is important to conduct indi-
vidualized follow-up cohort studies.

5. Conclusions
In this study, we found that 34.3% of participants in an e-waste recycling area had a Cr concentration that exceeded 
WHO guidelines, and there was a significant negative association between prenatal exposure to the Cd and infant 
BW in females. These results suggest that prenatal exposure to heavy metals in e-waste recycling areas may lead 
to adverse birth outcomes, particularly for female infants. In future, the associations between metal exposure in 
the e-waste recycling area and the growth and development of infants must be studied over the long term. More-
over, although no synergistic associations of metal exposure were found in this study, mixed exposure to metal is 
of interest in the future.
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