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Abstract
The effects of early-life metal exposure on neurodevelopment in very low birth weight preterm (VLBMP) children (with a 
birth weight of <1500 g and a gestational age of <37 weeks) have not been clearly established. We aimed to investigate asso-
ciations of childhood exposure to multiple metals and preterm low birth weight with neurodevelopment among children at 24 
months of corrected age. VLBWP children (n = 65) and normal birth weight term (NBWT) children (n = 87) were enrolled 
from Mackay Memorial Hospital in Taiwan between December 2011 and April 2015. Lead (Pb), cadmium (Cd), arsenic (As), 
methylmercury (MeHg), and selenium (Se) concentrations in the hair and fingernails were analyzed as biomarkers for metal 
exposure. The Bayley Scale of Infant and Toddler Development, Third Edition, was used to determine neurodevelopment 
levels. VLBWP children had significantly lower scores in all development domains compared to NBWT children. We also 
investigated preliminary exposure levels of VLBWP children to metals as reference values for future epidemiological and 
clinical survey. Fingernails are a useful biomarker for metal exposure to evaluate the effects on neurological development. 
A multivariable regression analysis revealed that fingernail Cd concentrations were significantly negatively associated with 
cognition (β = −0.63, 95% confidence interval (CI): −1.17 to −0.08) and receptive language function (β = −0.43, 95% CI: 
−0.82 to −0.04) among VLBWP children. VLBWP children with a 10-μg/g increase in the As concentration in their nails 
had a 8.67-point lower composite score in cognitive ability and a 1.82-point lower score in gross-motor functions. Effects of 
preterm birth and postnatal exposure to Cd and As were associated with poorer cognitive, receptive language, and gross-motor 
abilities. VLBWP children are at risk for neurodevelopmental impairments when exposed to metals. Further large-scale stud-
ies are needed assess to the risk of neurodevelopmental impairments when vulnerable children are exposed to metal mixtures.
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Cd	� cadmium
CV	� coefficient of variation
LOD	� limit of detection
MeHg	� methylmercury
NBWT	� normal birth weight term
Pb	� lead
SD	� standard deviation
Se	� selenium
VLBWP	� very low birth weight preterm

Background

The number of newborns in Taiwan has decreased in recent 
years, whereas the incidence of prematurity is increasing, 
and the rate was 10.4% in 2019 (HPA 2021). For the past 20 
years, the Premature Baby Foundation of Taiwan has been 
longitudinally collecting neurodevelopmental evaluations 
at 6, 12, and 24 months of corrected age of very low birth 
weight preterm (VLBWP) infants (with a birth weight of 
<1500 g and a gestational age of <37 weeks). Compared to 
normal birth weight term (NBWT) children, VLBWT chil-
dren are vulnerable and at risk of growth delays, chronic 
medical problems, cognitive deficits, motor coordination 
disorders, and academic disabilities (Caravale et al. 2005; 
McNicholas et al. 2013; Oliveira et al. 2011). The neurologi-
cal prognosis of VLBWP children during early life will influ-
ence their neurodevelopment in childhood and adolescence.

Compared to adults, children may be at higher risk of 
exposure to environmental pollutants because of their behav-
iors (Tsou et al. 2015). Some metals such as lead (Pb), cad-
mium (Cd), mercury (Hg), and arsenic (As) are recognized 
as neurotoxicants that can interfere with neurodevelopmental 
functions in children. Pan et al. (2018) showed that postna-
tal Pb exposure was associated with a decreased intelligent 
quotient (IQ) at 9~11 years of age in China. A large-scale 
prospective cohort survey conducted in Bangladesh indi-
cated that childhood Cd exposure was related to lower full-
scale IQ levels and poorer prosocial behavior scores (Gustin 
et al. 2018). Total Hg concentrations were negatively corre-
lated with the general cognitive, memory, and verbal scores 
among preschool children in Spain (Freire et al. 2010). An 
inverse relationship between As exposure and motor func-
tion was detected among 304 school-age children in Bang-
ladesh (Parvez et al. 2011). However, those studies investi-
gated the impacts of metal exposure on neurodevelopment 
only among children with a normal birth.

Compared to blood and urine samples, human hair and 
fingernails are used to reflect longer-term exposure, due to 
the growth rate of hair being approximately 1 cm/month 
(Jursa et al. 2018) and the rate of fingernails being 0.3 cm/
month (Slotnick and Nriagu 2006). Also, collecting hair 
and fingernail samples is painless and more convenient for 

vulnerable VLBWP children. Davis et al. (2014) indicated 
that infant nails were a reliable biomarker for As exposure. 
Additionally, previous studies revealed good associations 
between metal concentrations in nails and other biomarkers 
(Levin-Schwartz et al. 2021; Parvez et al. 2011).

Evidence indicates that compared to NBWT children, 
VLBWP children exhibit impairments in several develop-
mental domains. To our knowledge, few investigations of 
both preterm effects and childhood metal exposure of chil-
dren have been conducted. The aim of this study was to 
assess correlations of childhood exposure to multiple met-
als and of preterm low birth weight with neurodevelopment 
among children at 24 months of corrected age. We also 
investigated biomonitoring data of VLBWP children’s expo-
sure to metals as reference values for future epidemiological 
and clinical survey in Taiwan.

Methods

Study population

VLBWP children (with a birth weight of <1500 g and a ges-
tational age of <37 weeks) (n = 65) with neurodevelopment 
information at 24 months of corrected age, as well as postna-
tal exposure to heavy metals, were compared to NBWT chil-
dren (with a birth weight of ≥2500 g and a gestational age of 
≥37 weeks) at 24 months of age (n = 87). All subjects were 
recruited from Mackay Memorial Hospital (Taipei, Taiwan) 
between December 2011 and April 2015. Written informed 
consent was obtained from parents of participating children 
after receiving an explanation of the study. This study was 
approved by the institutional review board of Taipei Mac-
kay Memorial Hospital (IRB no. MMH-I-S-596 and IRB 
no. 13MMHIS088). Both hair and fingernail samples were 
collected at 24 months of corrected age among VLBWP 
children and 24 months of age among NBWT children. A 
structured questionnaire was used to obtain demographic 
information of children and their parents at the same time.

Exposure assessment

Pb, As, Cd, and Se concentrations in hair and finger-
nails were examined by inductively coupled plasma-mass 
spectrometry (ICP-MS; Thermo X-series II) according to 
USEPA method 200.8 (EPA USA 1994). Hair and fingernail 
samples of children were applied as non-invasive biomark-
ers to reflect internal exposure to environmental trace ele-
ments over long-term periods of time (Barbosa et al. 2005; 
Esplugas et al. 2019; Fiłon et al. 2020; Salcedo-Bellido 
et al. 2021). Hair samples from the occipital region of the 
scalp and fingernail samples were collected and rinsed three 
times with deionized water after sonication with a neutral 
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detergent for 30 min. After being dried in an oven at 37 °C 
for 24 h, 0.1 g of hair sample was added to 5 mL of 69% 
nitric acid (J.T. Baker®) and wet-digested at 90 °C for 3 
h. A fingernail sample (0.04 g) was placed in an acid-bath 
with 1.09 mL of 69% nitric acid and 0.2 mL of 30% hydro-
gen peroxide (Merck, Germany) overnight and wet-digested 
at 90 °C for 3 h. Certified reference material GBW09101b 
from the Shanghai Institute of Nuclear Research (Shang-
hai, China) was used to validate the quality of the meas-
urements. The precision (coefficient of variation, CV) and 
accuracy were 0.06~6.79% and 92.1~110%, respectively. 
The limits of detection (LODs), calculated as three times 
the standard deviation (SD) of the blank concentration, for 
Pb, Cd, As, and Se were 0.012, 0.004, 0.009, and 0.071 
μg/L, respectively.

Methylmercury (MeHg) concentrations in hair and fin-
gernail samples were analyzed using the Brooks Rand BRL 
Method BR-0011 and the USEPA method 1630 with minor 
modifications (Hsi et al. 2016). Samples was rinsed three 
times with deionized water after sonication with a neutral 
detergent for 30 min and dried in an oven at 37 °C for 24 
h. Samples (0.01 g) were heated with 2 ml of 25% KOH/
methanol at 75 °C for 5.5 h. The cooled sample was added to 
10 ml of CH2Cl2 and 2 ml of HCl before shaking for 30 min. 
Samples were filtered through a 0.45-μm filter, which was 
placed in a distillation vessel and purged for 1 h after deion-
ized water was added. An aliquot in a closed purge vessel 
was supplemented with 300 μL of sodium acetate buffer and 
40 μL of 1.0% sodium tetraethylborate. The ethyl analog of 
MeHg was separated from the solution, and MeHg concen-
trations were determined by an automated methylmercury 
analytic system (MERX, Brooks Rand, USA) using cold 
vapor atomic fluorescence spectrophotometry (CVAFS). 
Reference materials, IAEA-085 methylmercury, total mer-
cury, and other trace elements in human hair of the Interna-
tional Atomic Energy Agency were applied to validate the 
quality of the measurements. The precision and accuracy 
were 10.28% ± 6.81% and 91.36% ± 8.71%, respectively, 
while the detection limit was 0.25 ng/g.

Neurodevelopment assessment

The Bayley Scale of Infant and Toddler Development, Third 
Edition (Bayley-III) was applied to assess neurodevelop-
mental function of NBWT children at 24 months of age 
and VLBWP children at 24 months of corrected age. This 
scale is a useful tool for evaluating development of children 
between the ages of 1 and 42 months (Walder et al. 2009). 
Cognition, language, and motor developmental domains 
of children were assessed by psychologists. The cognitive 
domain assesses functions such as sensorimotor develop-
ment, exploration and manipulation, object relatedness, 
concept formation, and memory. The language development 

domain is subdivided into receptive language and expressive 
language subscales, while the motor development domain is 
subdivided into fine-motor and gross-motor subscales. We 
present scaled scores of five subscales for cognition, recep-
tive language, expressive language, fine-motor, and gross-
motor development. The mean (SD) normative score of each 
subscale was 10 (3). Composite scores were derived from 
subscales for cognition, language, and motor developmental 
domains with a mean ± SD score of 100 ± 15. Higher scores 
indicated better neurodevelopmental function.

Covariates

Information about children’s demographic characteristics 
including gender, age, gestational age, weight, height, head 
circumference, Apgar scores at birth, parity, breastfeeding 
duration, and dietary intake were collected using trained 
interviewers with a structured questionnaire. Sociodemo-
graphic characteristics of the parents such as family income, 
maternal age at delivery, and maternal smoking were also 
obtained.

Statistical analyses

Sociodemographic characteristics of the study population 
were described by the mean and SD for continuous variables 
and counts (%) for categorical variables. Metal concentra-
tions in hair and fingernail samples were natural logarithm-
transformed to normalize right-skewed data. Bivariate 
associations of exposure with neurodevelopment outcomes 
and covariates among VLBWP and NBET children were 
assessed with the Mann-Whitney U-test or the Kruskal-
Wallis test and Spearman correlation coefficients. We also 
applied multivariable linear regression models to evaluate 
effects of metal mixtures exposure on neurodevelopmen-
tal outcomes among these two groups children. Variables 
with p < 0.2 in a univariate regression analysis were fur-
ther included in the final model analysis. As covariates with 
a high correlation, only variables that induced the highest 
adjusted R2 were included in the final multivariate regres-
sion model to eliminate collinearity. The variance inflation 
factor (VIF) was used to measure the severity of collinearity.

The interaction analysis of prematurity and postna-
tal metals exposure on children’s neurodevelopment was 
assessed. According to the gestational age stratified by 37 
weeks incorporate with metal concentrations in fingernails 
categorizing them into high and low based on a median 
value, children were categorized into four subgroups: having 
high metal exposure/with a gestational age of <37 weeks, 
having low metal exposure/with a gestational age of <37 
weeks, having high metal exposure/with a gestational age 
of ≥37 weeks, and having low metal exposure/with a ges-
tational age of ≥37 weeks. The neurodevelopmental scores 
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between these four subgroups were assessed. The trend test 
was applied to evaluate the dose-response relationship. All 
statistical analysis were conducted using the SAS software 
(vers. 9.4, SAS Institute, Cary, NC, USA).

Results

Demographic characteristics

Sociodemographic characteristics of VLBEP compared to 
NBWT children are described in Table 1. The mean gesta-
tional age and birth weight of VLBWP children were 28.6 
± 3.2 weeks and 1077 ± 281 g, while those of NBWT chil-
dren were 38.6 ± 1.3 weeks and 3084 ± 515 g, respectively. 
Birth outcomes such as gestational age, weight, height, head 
circumference, and Apgar score were lower among VLBWP 
children compared to NBWT children. The breastfeeding 
duration and rice intake levels in VLBWP children were 
significantly lower than those of NBWT children. In family 
characteristics, there was a significantly higher monthly fam-
ily income, maternal age at delivery, and maternal smoking 
among the VLBWP group.

Metal concentrations and neurodevelopmental 
scores

The different distributions of metal concentrations in hair 
and fingernails between these two group are presented in 
Fig. 1. Higher concentrations of MeHg in both biomark-
ers, Se in hair, and Cd in fingernails were observed among 
NBWT children. Se concentrations in fingernails of VLBWP 
children were higher than those of NBWT children. As and 
Pb levels in hair and fingernails between these two groups 
exhibited no significant differences. Table 2 shows develop-
mental scores of Bayley-III of each group. There were sig-
nificant differences in all subtests between groups. VLBWP 
children had lower scores (mean ± SD) in cognition (8.8 ± 
2.6), receptive language (9.0 ± 2.2), expressive language 
(8.1 ± 2.7), fine-motor (8.4 ± 2.7), and gross-motor (7.1 ± 
2.9) development than the normative score (10 ± 3).

Associations between metal mixtures exposure 
and neurodevelopment

Negative correlations of metal levels in fingernails with 
developmental scores were obtained (r = −0.34~0.02), 
whereas no correlations between metal levels in hair and 
outcomes were observed (r = −0.003~0.14). Therefore, we 
applied metal concentrations in fingernails as an indica-
tor of metal exposure for the following analysis. Covari-
ates such as breastfeeding, parity, and maternal age with 
a p value of >0.2 in a univariate regression analysis were 

further excluded in the final model analysis. The VIF in 
multivariable regression analysis is less than 2 indicat-
ing the rare presence of collinearity. Relationship between 
metal mixtures exposure and neurocognitive abilities from 
multivariable linear regression stratified by VLBWP and 
NBWT children are given in Table 3. The effects of As 
and Cd in fingernails on neurodevelopmental scores were 
significant. Hence, we only presented the results of As and 
Cd in Table 3. Linear regression analyses from VLBWP 
children revealed that fingernail Cd concentrations were 
significantly negatively associated with cognition (β = 
−0.63, 95% confidence interval (CI): −1.17 to −0.08) and 
receptive language (β = −0.43, 95% CI: −0.82 to −0.04). 

Table 1   Sociodemographic characteristics of the very low birth 
weight preterm (VLBWP) and normal birth weight term (NBWT) 
groups

SD standard deviation

VLBWP NBWT p
Mean ± SD or n (%)

Children’s characteristics
  n 65 87
  Male 32 (49.2) 40 (46.0) 0.69
  Gestational age (weeks) 28.6 ± 3.2 38.6 ± 1.3 <0.0001
  Age (years) 2.7 ± 0.5 2.9 ± 0.3 0.003
  1-min Apgar score 6.38 ± 1.7 9.7± 0.5 <0.0001
  5-min Apgar score 8.1 ± 1.2 9.9 ± 0.4 <0.0001
  Birth height (cm) 35.8 ± 4.2 49.9 ± 2.1 <0.0001
  Birth weight (g) 1077 ± 281 3084 ± 515 <0.0001
  Birth head circumference 

(cm)
25.8 ± 2.7 33.1 ± 1.5 <0.0001

Parity
  1 40 (64.5) 62 (71.3) 0.38
  ≥2 22 (35.5) 25 (28.7)
  Breastfeeding (months) 7.5 ±.6.4 10.7 ± 9.4 0.01
Food consumption (servings/week)
  Rice 19.2 ± 14.5 23.3 ± 12.3 0.02
  Meat products 9.3 ± 6.7 8.3 ± 7.0 0.12
  Eggs 6.2 ± 7.3 4.7 ± 3.8 0.28
  Dairy 12.1 ± 17.5 12.9 ± 9.5 0.17
  Vegetables and fruits 15.7 ± 11.7 18.6± 13.7 0.22
  Seafood 8.6 ± 8.5 7.4 ± 7.4 0.49
  Freshwater fish 4.3 ± 4.7 3.5 ± 3.7 0.35
  Saltwater fish 3.7 ± 3.8 3.8 ± 4.0 0.75
  Shellfish 2.5 ± 2.2 2.4 ± 2.6 0.51
Sociodemographic characteristics
  Family income (US$/month)
    <2300 29 (47.5) 68 (81.0) <0.0001
    ≥2300 32 (52.5) 16 (19.0)
  Maternal age at delivery 

(years)
33.2 ± 4.4 31.6 ± 4.2 0.02

  Maternal smoking 6 (14.3) 1 (1.2) 0.005
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VLBWP children with a 10-μg/g increase in As concentra-
tions in fingernails had a 8.67-point lower composite score 
in cognitive ability (95% CI: −16.44 to −0.91) and a 1.82-
point lower score in gross motor (95% CI: −3.68 to 0.04). 
In NBWT children, there were no significant associations 
between Cd exposure and neurodevelopment outcomes. A 
significant negative correlation between As concentrations 
in fingernails with gross-motor scores (β = −1.31, 95% CI: 
−2.43 to −0.19).

Effects of preterm birth and postnatal exposure 
to metal mixtures on neurodevelopment

We attempted to further evaluate the interaction that existed 
between prematurity and postnatal metals exposure. Accord-
ing to the gestational age stratified by 37 weeks and As and 
Cd concentrations in fingernails stratified by the median, 
children were categorized into four groups: having high 
metal exposure/with a gestational age of <37 weeks, having 

Fig. 1   Metal concentrations in hair (A) and fingernails (B) among very low birth weight preterm (VLBWP) and normal birth weight term 
(NBWT) children
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low metal exposure/with a gestational age of <37 weeks, 
having high metal exposure/with a gestational age of ≥37 
weeks, and having low metal exposure/with a gestational 
age of ≥37 weeks. Due to the small sample number of each 
subgroup, we could not analyze multivariate regression that 

included both dichotomized variables. Children with pre-
term birth (a gestational age of <37 weeks) and higher Cd 
exposure have the lowest cognitive, receptive language, and 
gross-motor scores (p for trend:<0.0001). The dose-response 
trends of As exposure and gestational age on neurodevelop-
ment were observed (p for trend:<0.0001) (Table 4).

Discussion

In our study, VLBWP children had significantly lower scores 
in all development domains than did NBWT children. We 
also investigated preliminary data of exposure to metals 
by VLBWP children as reference values for future epide-
miological and clinical survey in Taiwan. Previous stud-
ies mostly investigated associations between metal expo-
sure and development in full-term children. We examined 
effects of both preterm birth and metal mixtures exposure 
on neurodevelopment in the early life of children. Inverse 
correlations between metal concentrations in fingernails and 

Table 2   Results of neurodevelopment evaluated by the Bayley Scale 
(Bayley-III) for very low birth weight preterm (VLBWP) children at 
24 months of corrected age and normal birth weight term (NBWT) 
children at 24 months of age

SD standard deviation
a Normative score: average 10, SD 3

Scorea VLBWP NBWT p
Mean ± SD mean ± SD

Cognitive 8.8 ± 2.6 11.5 ± 2.6 <0.0001
Receptive language 9.0 ± 2.2 11.2 ± 2.4 <0.0001
Expressive language 8.1 ± 2.7 11.1 ± 2.5 <0.0001
Fine motor 8.4 ± 2.7 11.5 ± 2.7 <0.0001
Gross motor 7.1 ± 2.9 10.5 ± 1.7 <0.0001

Table 3   Linear regression 
analysis of cadmium (Cd) and 
arsenic (As) concentrations 
(μg/g, log-transformed) in 
fingernails with very low birth 
weight preterm (VLBWP) 
and normal birth weight 
term (NBWT) children’s 
neurocognitive abilities

The model was adjusted for children’s gestational age, age, family income, and methylmercury, lead, and 
selenium concentrations in fingernails
The bold represented the statistical significance
CI, confidence interval

VLBWP NBWT

β (95% CI) p β (95% CI) p

Cognitive score
  Nail Cd −0.63 (−1.17, −0.08) 0.03 0.39 (−0.53, 0.86) 0.39
  Nail As −1.49 (−3.15, 0.18) 0.07 0.01 (−0.54, 0.57) 0.95
Receptive language score
  Nail Cd −0.43 (−0.82, −0.04) 0.03 −0.05 (−0.80, 0.69) 0.88
  Nail As −0.15 (−1.39, 1.09) 0.80 0.02 (−0.43, 0.48) 0.92
Expressive language score
  Nail Cd −0.35 (−0.91, 0.22) 0.22 −0.11 (−1.01, 0.79) 0.81
  Nail As −0.80 (−2.65, 1.05) 0.38 −0.06 (−0.61, 0.48) 0.82
Fine-motor score
  Nail Cd −0.26 (−0.78, 0.26) 0.32 0.33 (−0.47, 1.13) 0.40
  Nail As −1.08 (−2.76, 0.58) 0.19 −0.09 (−0.57, 0.40) 0.72
Gross-motor score
  Nail Cd −0.30 (−0.88, 0.27) 0.30 −0.02 (−1.08, 1.06) 0.97
  Nail As −1.82 (−3.68, 0.04) 0.05 −1.31 (−2.43, −0.19) 0.03
Composite cognitive score
  Nail Cd −2.96 (−5.51, −0.43) 0.02 2.02 (−2.29, 6.34) 0.35
  Nail As −8.67 (−16.4, −0.91) 0.03 0.31 (−2.33, 2.96) 0.81
Composite language score
  Nail Cd −2.74 (−5.40, −0.07) 0.04 −0.14 (−4.29, 4.00) 0.94
  Nail As −2.46 (−10.68, 5.75) 0.55 −0.27 (−2.81, 2.26) 0.83
Composite motor score
  Nail Cd −2.43 (−5.46, 0.60) 0.11 −1.25 (−12.8, 10.32) 0.83
  Nail As −8.73 (−17.99, 0.53) 0.06 1.84 (−5.25, 8.92) 0.60
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development outcomes were obtained. In the multivariable 
linear regression analysis, fingernail Cd concentrations were 
significantly negatively associated with cognition and recep-
tive language among VLBWP children. Better cognitive and 
gross-motor scores were observed among VLBWP children 
with lower As exposure. The joint effects of preterm birth 
and Cd and As exposure on poor neurodevelopment revealed 
dose-response trends. Results indicated that VLBWP chil-
dren were more vulnerable to metal exposure and at risk for 
neurodevelopmental impairments.

MeHg exposure levels in both biomarkers of NBWT 
children were significantly 2.5-times higher than those of 
VLBWP children in our results. We found a positive cor-
relation between gestational age and MeHg exposure (r = 
0.36~0.43, p < 0.0001). A previous study indicated that 
80% of Hg is approximately represented by MeHg, which 
can cross the blood-brain and placenta barriers and expose 
fetuses to MeHg (McDowell et al. 2004; Pérez et al. 2019). 
A shorter gestational age may reduce prenatal exposure 
to MeHg in VLBWP children. Lee et al. (2021) indicated 
that prenatal MeHg exposure was correlated with postnatal 
exposure (r = 0.20). Moreover, we observed that VLBWP 
children had higher fingernail Se concentrations that may 
reduce exposure to mercury owing to the high affinity of Se 
for Hg (Melgar et al. 2019).

The exposure parameters such as activity patterns, hor-
monal status (Barbosa et al. 2005), nutritional status (Kordas 
et al. 2016; Papadopoulou et al. 2019), and environmental 

factors (Hussein et al. 2008; Tippairote et al. 2019) may 
affect differences in biomarkers of metal concentrations 
among VLBWP and NBWT children. Hence, we observed 
inconsistent trends of Se concentrations in both biomark-
ers between groups. Fingernail Cd and As concentrations 
of NBWT children in our study were similar to those 
observed in Brazil (Carneiro et al. 2011), whereas higher 
Pb and Se levels in fingernails were shown in our study. It 
was noted that Pb, Cd, and As exposure levels of VLBWP 
children were comparable to those of NBWT children in our 
study. These findings provide metal exposure levels among 
VLBWP children as reference values for future epidemio-
logical and clinical investigations.

Negative associations between metal levels in finger-
nails and developmental scores were obtained in our results, 
whereas rare correlations were observed with hair in our 
results. Previous studies applied fingernails as proxies for 
metal exposure in children (Carneiro et al. 2011; Hussein 
et al. 2008). Fingernails have been applied as a marker of 
long-term exposure owing to nails’ growth rate of 0.3 cm/
month (Barbosa et al. 2005; Slotnick and Nriagu 2006). 
Compared to full-term children, VLBWP children likely 
have a lower growth rate of nails which would still be suit-
able for reflecting long-term metal exposure. We can evalu-
ate long-term associations between metal exposure and 
neurodevelopment using fingernails as biomarkers. Also, 
collecting fingernail samples is painless and more conveni-
ent than drawing blood and thus is suitable for vulnerable 

Table 4   Combined effects 
of gestational age (GA) and 
low and high cadmium (Cd) 
and arsenic (As) exposure on 
neurodevelopmental scores of 
Bayley-III

GA gestational age, SD standard deviation
* Kruskal-Wallis test
a Cd levels in fingernails were categorized into high and low groups using the median concentration of 0.03 
μg/g
b As levels in fingernails were categorized into high and low groups using the median concentration of 0.18 
μg/g
c The trend analysis was conducted by a multiple linear regression analysis with controlling for children’s 
age and family income

Metal exposure GA (weeks) n Cognitive 
score (mean ± 
SD)

Receptive language 
score (mean ± SD)

Gross-motor 
score (mean ± 
SD)

Cd levels in fingernailsa High <37 19 7.57 ± 3.34 8.04 ± 2.65 5.76 ± 3.03
Low <37 42 9.37 ± 1.93 9.47 ± 1.83 7.91 ± 2.51
High ≥37 36 12.21 ± 1.98 12.21 ± 2.04 10.67 ± 1.33
Low ≥37 25 11.16 ± 2.97 10.12 ± 2.35 10.33 ± 2.60

P value* <0.0001 <0.0001 <0.0001
P for trendc <0.0001 <0.0001 <0.0001
As levels in fingernailsb High <37 27 8.54 ± 2.12 8.92 ± 2.19 6.44 ± 3.19

Low <37 34 8.95 ± 2.83 9.07 ± 2.26 7.70 ± 2.54
High ≥37 34 12.29 ± 2.39 12.14 ± 1.93 10.43 ± 0.85
Low ≥37 27 11.34 ± 2.59 10.63 ± 2.54 10.69 ± 2.50

P value* <0.0001 <0.0001 <0.0001
P for trendc <0.0001 <0.0001 <0.0001
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VLBWP children. Furthermore, a previous study showed 
good associations between metal concentrations in nails and 
other biomarkers (Parvez et al. 2011). A study investigated 
Pb levels in multimedia biomarkers from blood, urine, hair, 
and fingernails and showed that nail Pb levels were signifi-
cantly correlated with other biomarkers (r = 0.15~0.26) 
(Levin-Schwartz et al. 2021). In our study, fingernail sam-
ples were a reliable biomarker of metal exposure for evaluat-
ing the effects on neurological development among VLBWP 
children.

The longitudinal survey, maternal and infant nutrition 
interventions in Bangladesh, investigated the Se status and 
cognitive function of children at 5 and 10 years of age, and 
they revealed negative associations between Se concentra-
tions in hair above the spline knot at 0.66 μg/g and cognitive 
function scores (Skroder et al. 2017). In our results, 10.8% 
of VLBWP children (n = 7) had hair Se levels higher than 
the value of 0.66 μg/g with a mean of 2.01 μg/g. We found 
that those children had lower scores of gross-motor function 
(mean ± SD: 6.43 ± 2.82). However, there were few par-
ticipants with levels of Se in the hair above 0.66 μg/g in our 
analysis. Further study is needed to assess the neurotoxicity 
of excessive exposure to Se.

To our knowledge, the evidence of associations between 
early-life multiple metal exposure and neurodevelopment of 
VLBEP children is insufficient. Our findings showed that 
fingernail Cd concentrations were significantly negatively 
associated with cognition and receptive language functions. 
Cadmium was shown to indirectly affect the developing 
brain by disrupting endocrine hormone function (Gustin 
et al. 2018; Iijima et al. 2007). Prenatal and postnatal cad-
mium exposure may impair children’s cognition develop-
ment, learning abilities, and behavior (Ciesielski et al. 2012; 
Kippler et al. 2016). A 10-year longitudinal cohort study 
assessed effects of prenatal and childhood Cd exposure on 
neurodevelopment in Bangladeshi children. Their results 
revealed that childhood Cd exposure was negatively corre-
lated with full IQ scores and most of the subtests. Also, chil-
dren with the highest exposure tertile had prosocial behavior 
impairment (Gustin et al. 2018).

VLBWP children with lower As exposure had better cogni-
tive and gross-motor abilities in our results. A previous study 
conducted in Taiwan demonstrated that preschool children 
exposed to higher As were significantly associated with a risk 
of developmental delays, which indicated that urinary total As 
levels were significantly correlated with developmental delays 
in the speech-language domain (OR = 3.57, 95% CI: 1.22 to 
10.57) and in the global delays domain (OR = 2.00, 95% CI: 
1.01 to 3.98) (Hsieh et al. 2014). A study in Bangladesh indi-
cated that As exposure was negatively correlated with total 
motor composite scores (β = −3.77, 95% CI: −6.52 to −1.03) 
(Parvez et al. 2011). Although those studies collected biologi-
cal samples from children with a normal birth, few studies have 

investigated effects of both very low birth weight preterm and 
metal exposure on neurodevelopment in the early life of chil-
dren. Oliveira et al. (2011) revealed that VLBWP children were 
at risk of motor and cognitive impairments. They only assessed 
the effects of parents’ level of education and the home environ-
ment on development of these children. Our results showed 
effects of preterm birth and postnatal exposure to metal mix-
tures on a risk of neurodevelopmental impairments.

The main strengths of this study are the demonstrated asso-
ciation of childhood multiple metal exposure and preterm low 
birth weight with neurodevelopment among children at 24 
months of corrected age. We also included information on 
exposure and outcomes of full-term born children to validate 
that VLBWP children have risks of cognitive, language, and 
motor impairments. Fingernails were used as a biomarker of 
long-term metal exposure and revealed good correlations with 
neurodevelopmental scores. We adjusted potential neurotoxic 
contaminants, such as MeHg and Pb, that may cause neurode-
velopmental problems in children (Freire et al. 2010; Hong 
et al. 2015). We investigated the joint effect of preterm birth 
and postnatal exposure to metal mixtures on poor neurode-
velopmental scores. However, we enrolled only a small num-
ber of participants owing to a small population of VLBWP 
children. Additionally, we lacked an investigation of prenatal 
metal exposure, which is also associated with child neurode-
velopmental outcomes (Guo et al. 2020).

Conclusions

Our study reaffirmed that VLBWP children had significantly 
poorer neurodevelopment than NBWT children. We inves-
tigated preliminary exposure levels of VLBWP children to 
metals as reference values for future epidemiological and 
clinical studies. We revealed associations of childhood 
exposure to multiple metals and preterm low birth weight 
with neurodevelopment among children in early life. Metal 
exposure using fingernails as a biomarker can be used to 
evaluate the effects on neurological development among 
VLBWP children. Cd exposure was significantly negatively 
associated with cognitive and receptive language function, 
while VLBWP children with lower As exposure had better 
cognitive and gross-motor abilities. The joint effects of pre-
term birth and postnatal exposure to metal mixtures revealed 
dose-response trends. These results indicated that very low 
birth weight preterm children are at risk for neurodevelop-
mental impairments when exposed to metal mixtures. Fur-
ther longitudinal large-scale surveys are needed to investi-
gate associations between metal mixtures and development 
among these vulnerable children.

Acknowledgements  The authors express their gratitude to the staff at 
the Department of Pediatrics, MacKay Children’s Hospital, who were 



86864	 Environmental Science and Pollution Research (2023) 30:86856–86865

1 3

involved in data and sample collection, and all participants in this study 
for their efforts.

Availability of data and materials  The datasets used and/or analyzed 
during the current study are available from the corresponding author 
on reasonable request.

Author contribution  Chi-Sian Kao—conceptualization, formal anal-
ysis, writing—original draft; Yen-Tzu Fan—formal analysis, data 
validation; Ling-Chu Chien—formal analysis, methodology, funding 
acquisition; Kai-Wei Liao—formal analysis; investigation; Jui-Hsing 
Chang—resources, investigation; Chyong-Hsin Hsu—resources, inves-
tigation; Yi-Jhen Chen—formal analysis, methodology; Chuen-Bin 
Jiang—conceptualization, formal analysis, methodology, writing—
reviewing and editing.

Funding  This work was supported by a grant (TMU102-F-002) from 
Taipei Medical University.

Declarations 

Ethics approval and consent to participate  This study was approved 
by the institutional review board of Taipei Mackay Memorial Hospital 
(IRB no. MMH-I-S-596 and IRB no. 13MMHIS088).

Consent for publication  Not applicable.

Conflict of interest  The authors declare no competing interests.

References

Barbosa FJ, Tanus-Santos JE, Gerlach RF, Parsons PJ (2005) A criti-
cal review of biomarkers used for monitoring human exposure to 
lead: advantages, limitations, and future needs. Environ Health 
Perspect 113:1669–1674

Caravale B, Tozzi C, Albino G, Vicari S (2005) Cognitive development 
in low risk preterm infants at 3–4 years of life. Arch Dis Child 
Fetal Neonatal Ed 90:F474–F479

Carneiro MF, Grotto D, Batista BL, Rhoden CR, Barbosa FJ (2011) 
Background values for essential and toxic elements in children's 
nails and correlation with hair levels. Biol Trace Elem Res 
144:339–350

Ciesielski T, Weuve J, Bellinger DC, Schwartz J, Lanphear B, Wright 
RO (2012) Cadmium exposure and neurodevelopmental outcomes 
in U.S. children. Environ Health Perspect 120:758–763

Davis MA, Li Z, Gilbert-Diamond D, Mackenzie TA, Cottingham KL, 
Jackson BP, Lee JS, Baker ER, Marssit CJ, Karagas MR (2014) 
Infant toenails as a biomarker of in utero arsenic exposure. J Expo 
Sci Environ Epidemiol 24:467–473

EPA USA (1994) Determination of trace elements in waters and wastes 
by inductively coupled plasma-mass spectrometry, Method 200.8, 
Revision 5.4, Cincinnati, OH.  Available from: https://​www.​
epa.​gov/​sites/​produ​ction/​files/​2015-​06/​docum​ents/​epa-​200.8.​
pdf. Accessed 2021

Esplugas R, Mari M, Marquès M, Schuhmacher M, Domingo JL, Nadal 
M (2019) Biomonitoring of trace elements in hair of schoolchil-
dren living near a hazardous waste incinerator—a 20 years follow-
up. Toxics 7:52

Fiłon J, Ustymowicz-Farbiszewska J, Krajewska-Kułak E (2020) Anal-
ysis of lead, arsenic and calcium content in the hair of children 
with autism spectrum disorder. BMC Public Health 20:383

Freire C, Ramos R, Lopez-Espinosa MJ, Diez S, Vioque J, Ballester 
F, Fernández MF (2010) Hair mercury levels, fish consumption, 
and cognitive development in preschool children from Granada, 
Spain. Environ Res 110:96–104

Guo J, Wu C, Zhang J, Qi X, Lv S, Jiang S, Zhou T, Lu D, Feng C, 
Chang X, Zhang Y, Cao Y, Wang G, Zhou Z (2020) Prenatal 
exposure to mixture of heavy metals, pesticides and phenols and 
IQ in children at 7 years of age: The SMBCS study. Environ Int 
139:105692

Gustin K, Tofail F, Vahter M, Kippler M (2018) Cadmium exposure 
and cognitive abilities and behavior at 10 years of age: a prospec-
tive cohort study. Environ Int 113:259–268

Hong SB, Im MH, Kim JW, Park EJ, Shin MS, Kim BN, Yoo HJ, 
Cho IH, Bhang SY, Hong YC, Cho SC (2015) Environmental 
lead exposure and attention deficit/hyperactivity disorder symp-
tom domains in a community sample of South Korean school-age 
children. Environ Health Perspect 123:271–276

HPA (2021) Statistics of Birth Reporting System, Health Promotion 
Administration. Ministry of Health and Welfare, Taipei, Tai-
wan. https://​www.​hpa.​gov.​tw/​Pages/​Detail.​aspx?​nodeid=​649&​
pid=​13646

Hsi HC, Hsu YW, Chang TC, Chien LC (2016) Methylmercury 
concentration in fish and risk-benefit assessment of fish intake 
among pregnant versus infertile women in Taiwan. PLoS One 
11:e0155704

Hsieh RL, Huang YL, Shiue HS, Huang SR, Lin MI, Mu SC, Chung 
CJ, Hsueh YM (2014) Arsenic methylation capacity and develop-
mental delay in preschool children in Taiwan. Int J Hyg Environ 
Health 217:678–686

Hussein WF, Njue W, Murungi J, Wanjau R (2008) Use of human nails 
as bio-indicators of heavy metals environmental exposure among 
school age children in Kenya. Sci Total Environ 393:376–384

Iijima K, Otake T, Yoshinaga J, Ikegami M, Suzuki E, Naruse H, 
Yamanaka T, Shibuya N, Yasumixu T, Kato N (2007) Cadmium, 
lead, and selenium in cord blood and thyroid hormone status of 
newborns. Biol Trace Elem Res 119:10–18

Jursa T, Stein CR, Smith DR (2018) Determinants of hair manganese, 
lead, cadmium and arsenic levels in environmentally exposed chil-
dren. Toxics 6:19–34

Kippler M, Bottai M, Georgiou V, Koutra K, Chalkiadaki G, Kampouri 
M, Kyriklaki A, Vafeiadi M, Fthenou E, Vassilaki M, Kogevians 
M, Vahter M, Chatzi L (2016) Impact of prenatal exposure to cad-
mium on cognitive development at preschool age and the impor-
tance of selenium and iodine. Eur J Epidemiol 31:1123–1134

Kordas K, Queirolo EI, Manay N, Peregalli F, Hsiao PY, Lu Y, Vahter 
M (2016) Low-level arsenic exposure: nutritional and dietary pre-
dictors in first-grade Uruguayan children. Environ Res 147:16–23

Lee KS, Kim KN, Ahn YD, Choi YJ, Cho J, Jang Y, Lim YH, Kim 
JI, Shin CH, Lee YH, Kim BN, Hong YC (2021) Prenatal and 
postnatal exposures to four metals mixture and IQ in 6-year-old 
children: a prospective cohort study in South Korea. Environ Int 
157:106798

Levin-Schwartz Y, Claus Henn B, Gennings C, Coull BA, Placidi D, 
Horton MK, Smith DR, Lucchini RG, Wright RO (2021) Inte-
grated measures of lead and manganese exposure improve esti-
mation of their joint effects on cognition in Italian school-age 
children. Environ Int 146:106312

McDowell MA, Dillon CF, Osterloh J, Bolger PM, Pellizzari E, Fer-
nando R, de Oca RM, Schober SE, Sinks T, Jones RL, Mahaffey 
KR (2004) Hair mercury levels in U.S. children and women of 
childbearing age: reference range data from NHANES 1999-2000. 
Environ Health Perspect 112:1165–1171

McNicholas F, Healy E, White M, Sherdian-Pereira M, O’Connor N, 
Coakley S, Dooley B (2013) Medical, cognitive and academic 
outcomes of very low birth weight infants at age 10-14 years in 
Ireland. Ir J Med Sci 183:525–532

https://www.epa.gov/sites/production/files/2015-06/documents/epa-200.8.pdf
https://www.epa.gov/sites/production/files/2015-06/documents/epa-200.8.pdf
https://www.epa.gov/sites/production/files/2015-06/documents/epa-200.8.pdf
https://www.hpa.gov.tw/Pages/Detail.aspx?nodeid=649&pid=13646
https://www.hpa.gov.tw/Pages/Detail.aspx?nodeid=649&pid=13646


86865Environmental Science and Pollution Research (2023) 30:86856–86865	

1 3

Melgar MJ, Nunez R, Garcia MA (2019) Selenium intake from tuna in Gali-
cia (Spain): health risk assessment and protective role against exposure 
to mercury and inorganic arsenic. Sci Total Environ 694:133716

Oliveira GE, Magalhães LC, Salmela LFT (2011) Relationship between 
very low birth weight, environmental factors, and motor and cog-
nitive development of children of 5 and 6 years old. Rev Bras 
Fisioter 15:138–145

Pan S, Lin L, Zeng F, Zhang J, Dong G, Yang B, Jing Y, Chen S, Zhang 
G, Yu Z, Sheng G, Ma H (2018) Effects of lead, cadmium, arsenic, 
and mercury co-exposure on children’s intelligence quotient in an 
industrialized area of southern China. Environ Pollut 235:47–54

Papadopoulou E, Haug LS, Sakhi AK, Andrusaityte S, Basagaña X, 
Brantsaeter AL, Casas M, Fernández-Barrés S, Grazuleviciene R, 
Knutsen HK, Maitre L, Meltzer HM, McEachan RRC, Roume-
liotaki T, Slama R, Vafeiadi M, Wright J, Vrijheid M, Thomsen 
C, Chatzi L (2019) Diet as a source of exposure to environmental 
contaminants for pregnant women and children from six European 
countries. Environ Health Perspect 127:107005

Parvez F, Wasserman GA, Factor-Litvak P, Liu X, Slavkovich V, Sid-
dique AB, Sultana R, IslamT LD, Mey JL, Geen AV, Khan K, 
Kline J, Ahsan H, Graziano JH (2011) Arsenic exposure and 
motor function among children in Bangladesh. Environ Health 
Perspect 119:1665–1670

Pérez R, Suelves T, Molina Y, Corpas-Burgos F, Yusà V (2019) Biomon-
itoring of mercury in hair of children living in the Valencian Region 
(Spain) Exposure and risk assessment. Chemosphere 217:558–566

Salcedo-Bellido I, Gutiérrez-González E, García-Esquinas E, Fernán-
dez de Larrea-Baz N, Navas-Acien A, Téllez-Plaza M, Pastor-
Barriuso R, Lope V, LuisGómez-Ariza J, García-Barrera T, Pollán 

M, Moleón JJ, Pérez-Gómez B (2021) Toxic metals in toenails 
as biomarkers of exposure: A review. Environ Res 197:111028

Skroder H, Kippler M, Tofail F, Vahter M (2017) Early-life selenium 
status and cognitive function at 5 and 10 years of age in Bangla-
deshi children. Environ Health Perspect 125:117003

Slotnick MJ, Nriagu JO (2006) Validity of human nails as a bio-
marker of arsenic and selenium exposure: a review. Environ Res 
102:125–139

Tippairote T, Temviriyanukul P, Benjapong W, Trachootham D (2019) 
Prevalence and factors associated with high levels of aluminum, 
arsenic, cadmium, lead, and mercury in hair samples of well-
nourished Thai children in Bangkok and perimeters. Biol Trace 
Elem Res 188:334–343

Tsou MC, Özkaynak H, Beamer P, Dang W, Hsi HC, Jiang CB, Chien 
LC (2015) Mouthing activity data for children aged 7 to 35 
months in Taiwan. J Expo Sci Environ Epidemiol 25:388–398

Walder DJ, Sherman JC, Pulsifer MB (2009) “Neurodevelopmental 
assessment,” in evidence-based practice in infant and early child-
hood psychology. John Wiley & Sons, Inc, Hoboken, NJ, US

Publisher’s note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.


	Effects of preterm birth and postnatal exposure to metal mixtures on neurodevelopment in children at 24 months of age
	Abstract
	Background
	Methods
	Study population
	Exposure assessment
	Neurodevelopment assessment
	Covariates
	Statistical analyses

	Results
	Demographic characteristics
	Metal concentrations and neurodevelopmental scores
	Associations between metal mixtures exposure and neurodevelopment
	Effects of preterm birth and postnatal exposure to metal mixtures on neurodevelopment

	Discussion
	Conclusions
	Acknowledgements 
	References


