

  ijerph-17-04120




ijerph-17-04120







Int. J. Environ. Res. Public Health 2020, 17(11), 4120; doi:10.3390/ijerph17114120




Article



Exposure to Toenail Heavy Metals and Child Behavior Problems in Nine-Year-Old Children: A Cross-Sectional Study



Shamshad Karatela 1,*[image: Orcid], Christin Coomarasamy 2, Janis Paterson 3 and Neil I. Ward 4





1



Faculty of Medicine, University of Queensland, Herston, QLD 4006, Australia






2



Ko awatea, Counties Manukau Health, Private Bag 93311, Auckland 1640, New Zealand






3



School of Public Health and Psychosocial Studies, Auckland University of Technology, Auckland 0627, New Zealand






4



Department of Chemistry FEPS, University of Surrey, Guildford, Surrey GU2 7XH, UK









*



Correspondence: s.karatela@uq.edu.au; Tel.: +61-07-3163-2446







Received: 22 May 2020 / Accepted: 8 June 2020 / Published: 9 June 2020



Abstract

:

Behavioral problems are multifactorial and includes perinatal, maternal, family, parenting, socio-economic and personal risk factors, but less is known about the association of postnatal heavy metals on children’s behavioral problems in Pacific Island children. Methods: A cohort of eligible nine-year-old children within a Pacific Island Families longitudinal study were recruited for a cross-sectional study. Child behavior problems were assessed using the child behavior checklist. Heavy metals (including Ni, Cu, Pb, Al, Cr and Cd) were determined in toenails, after acid digestion and analyzed using inductively coupled plasma mass spectrometry. Other factors such as lifestyle (smoking in pregnancy), health outcomes (obesity, health status), demographics (gender, ethnicity, parents’ marital status) and socioeconomic status (household income levels) were also collected. The statistical analysis included t-tests for independent sample and Mann–Whitney U-test, and chi-square or Fisher’s exact tests of independence for comparisons of the proportions. Regression models tested the hypothesized risk factors for behavior outcomes. Results: This observational study enrolled 278 eligible Pacific Island children living in Auckland, New Zealand. The prevalence of behavioral problems in the clinical range was high (22%) but there was no significant association between heavy metals in toenails and adverse behavioral outcomes. Conclusion: Regular monitoring and assessments of children for environmental risk factors, as well as social and lifestyle factors for behavior problems, continues. Alternative indicators of exposure to heavy metal should be evaluated.
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1. Introduction


Child behavior problems, a developmental disorder, are a cause of lifelong health morbidity with negative consequences for adult as well as child health. Around 5–10% of children around the world are affected by developmental disorders [1]. Behavioral problems in children can be complex as they involve a range of other factors such as biological, psychosocial and environmental factors [2,3,4]. However, evidence is increasing that adverse environmental exposures have a substantial role in the initiation and progression of childhood behavior problems [5]. Heavy metals occur naturally; however, with climate change heavy metal contamination is getting worse [6]. Many of these chemicals can bio-accumulate in predators, and eventually reach humans who may consume such products like fish. Third-hand smoking, another source of heavy metal exposure, can remain in places where smoking may have occurred for very long periods. Children are more vulnerable due to their small size and their hand-to-mouth habits which put them at risk of exposure to these contaminants. In 2001, a survey estimated that 0.9% of Pacific children between the ages of 0 to 14 years had developmental disabilities, particularly an intellectual disability [7]. Another survey conducted between 2005 and 2009 found that the number of Pacific children and young people with developmental delays was higher than for their Māori, European and Asian counterparts [8]. A survey conducted between 2005 and 2009 found that mental health issues are experienced by Pacific people at a higher rate than among the general population, especially in Pacific people who were born in New Zealand (NZ), 37% of whom have mental health disorders compared to 15% of those who migrated from Pacific Island countries [9].



Many studies have reported an association between heavy metal exposures and behavioral problems. Specifically, research in neurotoxin (such as lead (Pb)) has demonstrated the effect that toxins can have on the absorption of various essential elements, thus reducing the bioavailability of essential elements, which can potentially lead to behavioral problems [10]. Cadmium (Cd) is known to cause toxicity to humans, especially children. Studies have shown that at higher levels, there is an increased risk of learning difficulties and special education [11] as well as aggressive behavior [12]. Its adverse effects during pregnancy in some studies have been documented [13,14] while others have shown no effects [15]. Other elements such as nickel (Ni) and chromium (Cr) at minute levels are considered essential; however, certain forms of these metals can be toxic and carcinogenic [16]. The associations between postnatal Ni, Cr exposures and child behavior problems have not been documented before. However, Cr is known to cause respiratory effects [17], dermatological effects [18], and has also been linked to cancer [19]. Ni is known to cause certain kinds of cancers [20]. However, with regards to behavior problems, a systematic review showed that a weak association remained between Ni and autism, but no associations were observed in child behavioral outcomes [16]. Aluminum is non-essential to humans; however, exposure to this metal is very common especially via food, medications or cooking utensils. Aluminum is blocked by the blood–brain barrier; however, preterm brains are more susceptible as they are still developing. A study has shown that preterm infants exposed to Al via feeding on intravenous feeding solution resulted in impaired neurological development [21]. Studies have shown that the long-term effects of prolonged aluminum exposure lead to Alzheimer’s disease [22]. Copper (Cu) is an essential element at minute levels, but at high levels and longer exposure duration it can have deleterious effects, especially on children. It is known to cause gastrointestinal disorders of liver damage in the long run [23]. However, there are no known studies on copper exposure and neurodevelopment in children.



Heavy metal concentrations can be measured in many different matrices, some of which include blood, hair, urine, saliva, nails and fingerprints. Choosing the right matrix for heavy metal analysis depends on the investigation at hand. Hair and nail samples are less invasive, especially in child populations, and can be stored at room temperature until the chemical analysis [24]. Hair samples have been widely used in monitoring heavy metals and are a recognized biomarker, especially for mercury [25,26]. However, nails are also recognized as a matrix for exposure assessment [24]. The concentrations of elements in nails have been studied in relation to health problems such as skin diseases, hypertension, diabetes, obesity, diet, smoking and drinking habits [27,28,29,30,31,32]; however, very few in relation to behavior problems. The association of behavior problems in Pacific Island children and toenail mercury exposure has been explored [33]; however, other heavy metals such as Ni, Cu, Pb, Al, Cr and Cd and behavior problems need to be further understood within Pacific Island children. Therefore, the purpose of this sub-study was to investigate the association of toenail Ni, Cu, Pb, Al, Cr and Cd, along with other risk factors, with behavior problems in Pacific Island children at nine years of age.




2. Materials and Methods


A sub-sample of nine-year-old Pacific children within Pacific Island Families (PIF), a longitudinal birth cohort, were invited to participate in this sub-study. The details of the PIF cohort profile is further provided elsewhere [34]. All participants that were contacted provided assent/consent (n = 278) to be a part of this sub-study. The main PIF cohort was selected from South Auckland, which has the highest Pacific Island population in New Zealand and is representative of the Pacific Island Families living in NZ [34]. Children with short nails was an exclusion criterion; however, all included participants provided toenail samples. The NZ Health and Disability Ethics Committee (NTX/07/05/050) provided approval for this study.



The toenail samples (Ω > 50 milligram (mg)) were collected from the children at their school. Each participant’s nails were placed in a polythene bag, with their identification numbers (for anonymity) and kept at room temperature until chemical analysis was conducted. Toenail sample analysis has been explained further elsewhere [35]. However, all nails were washed prior to chemical analysis to remove any external dirt using acetone, deionized distilled water (DDW, 18.2 MΩ) (×3) and then acetone again. An analysis of all the washed and digested nail samples was carried out by inductively coupled plasma mass spectrometry (ICP MS) using an Agilent 7700 X ICP-MS instrument (Agilent Technology, Santa Clara, CA, USA). The recovery rate range for all the elements was between 76% and 101.3%. All instrumental data for each element (according to the isotope selected) was reported as counts per second. The value was corrected for a reagent blank signal (to correct for any contribution from the digestion procedure) and ratioed with the internal standard isotope value (to correct any instrumental drift or signal enhancement/depression caused by the matrix). Data for the calibration standards was handled in the same manner and an Excel™ calibration curve was produced for each element, with ratio signal (y-axis) and concentration of five standards (x-axis), from which the calibration equation was determined for calculation of the unknown toenail sample elemental concentration. The elemental values for each toenail sample were corrected for the dilution factor and the final values used in this data analysis. All sample were analyzed by using internationally recognized certified reference materials (NIST SRM 1643e (National Institute of Standards and Technology, Gaithersburg, MD, USA) and TMDA-54.4 (National Water Research Institute, Canada). Other data that was collected are addressed in the following subsections.



2.1. Questionnaires


The mother–child pairs who were part of this sub-study completed reliable and validated interviewer-administered questionnaires regarding: the sex of the child (male, female); the mother’s marital status (single, married, de facto); maternal question on prenatal smoking exposure (yes/no); the child’s Pacific ethnicity (Samoan, Tongan, Cook Island, and others including Tokelau and Niuean); family income (≤$20,000, $20,001–$40,000, >$40,000); the presence of any childhood health condition (yes/no).




2.2. Behavioral Problems


This parental version of the 120-item child behavior checklist (CBCL)/6-18 [36] was administered to the mothers or child carers as part for the main PIF cohort. The ratings were obtained based on emotional and behavioral problems in the children. The CBCL is a validated tool which is known for its cultural acceptance across many different cultures and countries [37]. The CBCL consists of internalizing behavior, externalizing behavior and total behavior which are determined by calculating the total problem scores (T-scores). The CBCL is assessed on a 3-point Likert-type scale: 0 = not true, 1 = somewhat or sometimes true, and 2 = very true or often true. Higher scores indicate greater degrees of behavioral and emotional problems. Using the cut-off criteria recommended by Achenbach and Rescorla [36], the 83rd percentile was used to define the borderline/normal group whilst the 90th percentile defined the clinical range group for the total scores. In all the behavioral categories, children were either in the normal group (scored below clinical range) or clinical group (scored within the clinical range). The children that fell within the clinical group were classified as having child behavior problems.




2.3. Anthropometric Measurement


The International Obesity Task Force (IOTF) criteria for obesity (normal, overweight, obese) was used in this study [38]. Prior to data collection, equipment was standardized, procedures documented in an operations manual and assessors trained.




2.4. Statistical Analysis


All data was imported into Microsoft Excel and transported to a statistical software SAS version 9.4 for statistical analysis. Each element of interest was reported as median, upper (75%) and lower (25%) quartiles and dispersion (range). Tests of the significance of bivariate associations between total behavior and other measures were derived using t-tests for independent samples or Mann–Whitney U-test, chi-square or Fisher’s exact tests of independence for comparisons of proportions. Univariate logistic regression was fitted for determining the risk factors associated with the behavior outcomes. Odds ratio estimates and corresponding confidence intervals were also derived using the fitted model parameters.



A probability p value of <0.05 was used to determine the level of statistical significance.





3. Results


3.1. Demographic Characteristics


Table 1 provides information on the characteristics of the study subjects. There was a sufficient mass of toenail clipping provided by the 278 participants for ICP-MS analysis. The study population included 160 boys (58%) and 118 (42%) girls with the majority being of Samoan ethnicity (53%). Almost a quarter of the children had a birth weight of above 4 kg. The majority of the children were either obese or overweight (67%). Almost a quarter of the children’s mothers smoked during pregnancy within this sample. The majority of the children did not have any childhood health conditions (82%). The proportion of subjects with behavioral problems in the clinical range (61/278 or 22%; 95% CI: 17% to 27%) was higher than expected given that “clinical range” was defined as having a CBCL total problem score above the population 90th percentile. No significant associations were found between any of the variables and behavioral problems.




3.2. Heavy Metal Concentrations


As reported in Table 2, no statistically significant associations were observed between heavy metal concentrations and behavior outcomes. However, Cu, Pb and Ni were higher (in both clinical and normal groups) than the laboratory reference value (LRV). Al and Cr concentrations were lower than the LRV in both the clinical and normal group.



For the total behavioral problems, based on the univariate results, only income was found to be significantly associated (Table 3). Therefore, for those earning between $20,000–$40,000 the odds of behavior problems was twice as much compared to those with ≤$20,000.





4. Discussion


The current study was conducted within the Pacific Island Families study birth cohort and used toenail samples as a matrix for determining the heavy metal burden within these children. The collection of toenail samples was a novel approach for this cohort. More research is required in order to understand the multi-elemental analysis using toenail clippings in epidemiological studies, where children are involved.



The majority of the children were males (58%) and more than half of the families in this study identified themselves as of Samoan origin (53%). It goes without saying that Pacific peoples are diverse, as seen in this cohort, and vary in their demographics, socio-cultural beliefs and practices [40]. Most of the participant children lived in homes with income levels below $40,000. The personal incomes of Pacific people are generally low compared to the rest of Auckland ($18,900 median personal income compared with $29,600) [40]. They are more likely to rent than own their own homes, with over 60% reporting problems with their rental houses [41]. Housing problems have been shown to be associated with psychological distress within the Pacific Island Family cohort [42]. According to the 2013 census, 36% of Pacific children were between the ages of 0 and 14 years [43] and were more likely to be living in lower decile areas than other ethnic groups, apart from Māori [44]. Living in lower decile areas and mental health disorders are correlated [45]. Poor housing conditions are common, especially in Auckland, NZ, where there is a housing crisis characterized by the undersupply of housing and increasing house prices [46]. With these house crises and the high percentage of Pacific people renting, the likelihood of water pipes leaching heavy metals or living close to traffic exposes them to toxic metals. As Pacific people in NZ play an important role socially and economically, reducing their burden of illness, such as mental health, becomes important. Mental health in children includes behavior issues, including internalizing or externalizing behaviors, which this study has explored.



	
Behavioral problems and heavy metal levels






Cu is an essential element required by the body; however, in excess it can cause liver and kidney damage [47]. Cu exceeded the LRV [39] range within the study participants. People with Wilson’s disease are incapable of excreting Cu, leading to Cu toxicity [48]; however, none of the children in this cohort had Wilson’s disease. Exposure to Cu occurs generally through drinking water, especially if the pipes are made of Cu, or using Cu cookware. This was not measured within the cohort. There was no difference in the Cu concentrations between children with behavior problems and children without behavior problems. Some correlations have been observed between Cu and neurodevelopmental problems like schizophrenia [49], anxiety [50], and Parkinson’s disease [51]. However, these studies were conducted in the adult population and not children. Further research is required to study the long-term effects of high Cu levels and neurodevelopmental disorders in children.



Cr was not associated with total behavior problems in this study, as the concentrations were lower in both the clinical and normal group than the LRV [39]. Cr is generally found in animals, plants and dust particles and is considered a micronutrient [52]. Cr comes in many different forms; however, Cr III is an essential nutrient for humans in smaller amounts [53]. High Cr exposure in adults generally occurs through working in tanneries, as a machinist, or in printing [54]; however, the study participants would unlikely to be working in such environments. One recent cross-sectional study found an association between Cr and neuropsychological problems in children [55]. Further research is required to understand the effects on behavior, if any. Additionally, different forms of Cr have different health risks in humans; therefore, identifying each form of Cr and its effects on people is important.



Pb is a neurotoxin and is known to cause neurodevelopmental disorders even at low concentrations [56]. It is known that living closer to motorways, old paint around the houses, and dust particles expose people to heavy metals such as Pb. There is compelling evidence that for children an early adverse environment with Pb exposure can have lifelong effects on the emergence of conduct disorder, substance abuse, and physical and mental health problems [57]. Within this study, Pb levels were higher than the LRV [39], but we did not find any associations with behavior problems.



We did not find Al associated with behavioral problems in children. Al has been used for a long time for a number of different purposes due to its properties. Al is used in manufacturing processes, as crockery, and in jewelries, some medications and cosmetics [22]. Identification of use of crockery such as aluminum pots and pans was not determined for this study. A French longitudinal study demonstrated that Al exposure via drinking water showed a positive association with mild cognition over time [58]. Many other studies have shown an association of hair and urine aluminum levels and autism spectrum disorder as compared with control groups [59,60]. However, further research is required in this area in relation to neurodevelopment in children.



Cd can be found in animals and plants at minor levels [53] and is known to interfere by mimicking Zn and Ca, which are important in development [61]. Also, Cd exposure can occur via smoking or passive smoking [61]. Some studies have found an association between hair Cd levels and behavioral problems [62] as well as lower child intelligence [63] whilst some studies found no such associations with regards to hair Cd levels and behavior problems [64]. No associations were found on cord cadmium levels and children’s IQ at 4.5 years [65]. As there is mixed evidence on the effects of Cd on children’s neurodevelopment, further research is required. Within this study, no associations were observed between behavior problems and toenail Cd levels.



Some forms of Ni can be toxic to humans; however, there are not many studies that show adverse effects in humans. The Ni concentrations in the study participants were slightly higher than the LRV; however, we did not find any association with behavioral problems. Exposure to nickel can happen via food, soil, water and air [66]. Ni in soil was associated with neural-tube defects; however, other studies did not find any associations with prenatal Ni exposure and birth weight [67], nor was there any effect on genital malformation, musculoskeletal defects or birthweight [68]. A systematic review on Cr and Ni concluded that there is a weak evidence of Ni and neurodevelopmental outcomes such as autism [16].



	
Demographic and lifestyle factors:






Maternal smoking in pregnancy was not associated with behavioral problems in the children within this study. In contrast, findings have been observed in other studies which have shown prenatal smoking elevates the risk of behavioral problems [69,70,71]. Some studies have reported social factors were responsible for behavior problems later in life, rather than just prenatal smoking exposure [72,73]. Most studies have focused only on prenatal smoking; however, more evidence is required to understand prenatal and postnatal exposure in children after taking into account societal factors. The apparent association (p = 0.028 without Bonferroni correction) of behavioral problems with moderate household income (but not with higher income) is counterintuitive. But this was the only finding of potential statistical significance among the 18 comparisons in Table 3, so it may be merely a chance association.



	
Strengths and Limitations






One of the strengths of this study was the cultural competent nature of the research. The Pacific Island Families study is a cohort that uses Pacific people’s research approaches. For example, the engagement of a Pacific advisory group, the inclusion of the Pacific community in research activities, and the sharing the research outcomes within the community was an important part of the research process. It is important to recognize/engage with Pacific peoples and their cultures before undertaking research which builds equitable and meaningful research outcomes [74]. Additionally, more than just numerical values for the sample size were considered, including cultural beliefs and customs within the Pacific Island peoples [75]. The representation of Pacific ethnic groups in NZ was a strength in this study, as it was conducted within an internationally recognized Pacific Island cohort study. The use of toenail sample as a biomarker within this study was a strength as they are non-invasive and easy to store, although this might not be a good matrix for heavy metal and behavioral outcomes within this study. Other matrices need to be explored with regards to heavy metal exposure and behavioral problems. One of the limitations of this study is the cross-sectional study design, which limits establishing causality and temporality.




5. Conclusions


The results of this study show that there is a presence of heavy metal, particularly Cu, Ni and Pb. However, no association between behavioral problems and heavy metal was observed. Sociodemographic factors, specifically income levels, were associated with behavior problems in univariate analysis, but further research is required to ascertain this association. As health risks can increase due to increased heavy metal concentrations, regular environmental exposure monitoring should be conducted in order to lower the health risks.







Author Contributions


S.K. made substantial contributions to the design of the research; the acquisition, analysis, and interpretation of data for the study and drafted the manuscript. C.C. assisted in the statistical analysis of the study and interpretation. N.I.W. provided the chemical analysis for nail samples in his lab, guidance on the interpretation of the chemical analysis results, and overall supervision of the study. J.P. provided supervision and overall guidance on the study within the Pacific Island population as well as reviewing of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This project was supported by AUT, Auckland, NZ, Faculty of Health and Environmental Contestable grant, and Graduate Assistantship funding sources.




Acknowledgments


The authors would like to thank the Pacific Island Families research team for their assistance throughout the research process. The authors would also like to acknowledge the researchers Hannah Farnfield and Gillian Lord of the ICP MS Facility, Department of Chemistry, University of Surrey, UK for conducting the elemental analysis of hair samples. The authors would also like to thank Elaine Rush and Philip Schluter for their supervision and guidance on this study.




Conflicts of Interest


The authors declare no conflict of interest.




Ethical Statements


All subjects gave their informed consent for inclusion before they participated in the study. The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the New Zealand Health and Disability Ethics Committee (NTX/07/05/050) for this study.




References


	



Rydz, D.; Shevell, M.I.; Majnemer, A.; Oskoui, M. Developmental screening. J. Child Neurol. 2005, 20, 4–21. [Google Scholar] [CrossRef]

	



Brown, C.M.; Copeland, K.A.; Sucharew, H.; Kahn, R.S. Social-emotional problems in preschool-aged children: Opportunities for prevention and early intervention. Arch. Pediatr. Adolesc. Med. 2012, 166, 926–932. [Google Scholar] [CrossRef]

	



Pachter, L.M.; Auinger, P.; Palmer, R.; Weitzman, M. Do parenting and the home environment, maternal depression, neighborhood, and chronic poverty affect child behavioral problems differently in different racial-ethnic groups? Pediatrics 2006, 117, 1329–1338. [Google Scholar] [CrossRef] [PubMed]

	



Sikora, D.; Moran, E.; Orlich, F.; Hall, T.A.; Kovacs, E.A.; Delahaye, J.; Clemons, T.E.; Kuhlthau, K. The relationship between family functioning and behavior problems in children with autism spectrum disorders. Res. Autism Spectr. Disord. 2013, 7, 307–315. [Google Scholar] [CrossRef]

	



Leith Sly, J.; Carpenter, D.O. Special vulnerability of children to environmental exposures. Rev. Environ. Health. 2012, 27, 151–157. [Google Scholar] [PubMed]

	



Schiedek, D.; Sundelin, B.; Readman, J.W.; Macdonald, R.W. Interactions between climate change and contaminants. Mar. Pollut. Bull. 2007, 54, 1845–1856. [Google Scholar] [CrossRef] [PubMed]

	



Ministry of Health. Living with Disability in New Zealand: A Descriptive Analysis of Results from the 2001 Household Disability Survey and the 2001 Disability Survey of Residential Facilities; Ministry of Health: Wellington, New Zealand, 2004. [Google Scholar]

	



Ministry of Health. The Health of Pacific Children and Young People with Chronic Conditions and Disabilities in New Zealand; University of Otago: Dunedin, New Zealand, 2011. [Google Scholar]

	



Ape-Esera, L.; Nosa, V.; Goodyear-Smith, F. The Pacific primary health care workforce in New Zealand: What are the needs? J. Prim. Health Care 2009, 1, 126–133. [Google Scholar] [CrossRef] [PubMed]

	



Grandjean, P.; Satoh, H.; Murata, K.; Eto, K. Adverse effects of methylmercury: Environmental health research implications. Environ. Health Perspect. 2010, 118, 1137–1145. [Google Scholar] [CrossRef]

	



Ciesielski, T.; Weuve, J.; Bellinger, D.C.; Schwartz, J.; Lanphear, B.; Wright, R.O. Cadmium exposure and neurodevelopmental outcomes in U.S. children. Environ. Health Perspect. 2012, 120, 758–763. [Google Scholar] [CrossRef]

	



Terçariol, S.G.; Almeida, A.A.; Godinho, A.F. Cadmium and exposure to stress increase aggressive behavior. Environ. Toxicol. Pharmacol. 2011, 32, 40–45. [Google Scholar] [CrossRef]

	



Guo, J.; Wu, C.; Qi, X.; Jiang, S.; Liu, Q.; Zhang, J.; Cao, Y.; Chang, X.; Zhou, Z. Adverse associations between maternal and neonatal cadmium exposure and birth outcomes. Sci. Total Environ. 2017, 575, 581–587. [Google Scholar] [CrossRef]

	



Paniagua-Castro, N.; Escalona-Cardoso, G.; Chamorro-Cevallos, G. Glycine reduces cadmium-induced teratogenic damage in mice. Reprod. Toxicol. (ElmsfordNy) 2007, 23, 92–97. [Google Scholar] [CrossRef] [PubMed]

	



Tang, M.; Xu, C.; Lin, N.; Liu, K.; Zhang, Y.; Yu, X.; Liu, W. Lead, mercury, and cadmium in umbilical cord serum and birth outcomes in Chinese fish consumers. Chemosphere 2016, 148, 270–275. [Google Scholar] [CrossRef] [PubMed]

	



McDermott, S.; Salzberg, D.C.; Anderson, A.P.; Shaw, T.; Lead, J. Systematic Review of Chromium and Nickel Exposure During Pregnancy and Impact on Child Outcomes. J. Toxicol. Environ. Health Part A. 2015, 78, 1348–1368. [Google Scholar] [CrossRef] [PubMed]

	



Issever, H.; Ozdilli, K.; Özyildirim, B.; Hapcioglu, B.; Ince, N.; Ince, H.; Isik, E.; Akcay, E.; Yegenoglu, Y.; Erelel, M.; et al. Respiratory Problems in Tannery Workers in Istanbul. Indoor Built Environ. 2007, 16, 177–183. [Google Scholar] [CrossRef]

	



Hansen, M.B.; Menne, T.; Johansen, J.D. Cr(III) and Cr(VI) in leather and elicitation of eczema. Contact Dermat. 2006, 54, 278–282. [Google Scholar] [CrossRef] [PubMed]

	



International Agency for Research on Cancer (IARC). The Evaluation of Carcinogenic Risks to Humans. Arsenic, Metals, Fibres and Dust. Chromium (VI) Compounds; IARC: Lyon, France, 2012; pp. 147–167. [Google Scholar]

	



Agency for Toxic Substances and Disease Registry (ATSDR). Toxicological Profile for Nickel; U.S. Department of Health and Human Services: Atlanta, GA, USA, 1993. [Google Scholar]

	



Bishop, N.J.; Morley, R.; Day, J.P.; Lucas, A. Aluminum neurotoxicity in preterm infants receiving intravenous-feeding solutions. N. Engl. J. Med. 1997, 336, 1557–1561. [Google Scholar] [CrossRef]

	



Corkins, M.R. Aluminum Effects in Infants and Children. Pediatrics 2019, 144, e20193148. [Google Scholar] [CrossRef]

	



Barn, P.; Nicol, A.-M.; Struck, S.; Dosanjh, S.; Li, R.; Kosatsky, T. Investigating elevated copper and lead levels in school drinking water. Environ. Health Rev. 2013, 56, 96–102. [Google Scholar] [CrossRef]

	



Rodushkin, I.; Axelsson, M.D. Application of double focusing sector field ICP-MS for multielemental characterization of human hair and nails. Part II. A study of the inhabitants of northern Sweden. Sci. Total Environ. 2000, 262, 21–36. [Google Scholar] [CrossRef]

	



Agusa, T.; Kunito, T.; Iwata, H.; Iwata, H.; Monirith, I.; Tana, T.S.; Subramanian, A.; Tanabe, S. Mercury contamination in human hair and fish from Cambodia: Levels, specific accumulation and risk assessment. Environ. Pollut. 2005, 134, 79–86. [Google Scholar] [CrossRef] [PubMed]

	



Liang, G.; Pan, L.; Liu, X. Assessment of Typical Heavy Metals in Human Hair of Different Age Groups and Foodstuffs in Beijing, China. Int. J. Environ. Res. Public Health 2017, 14, 914. [Google Scholar] [CrossRef]

	



Bougle, D.L.; Bureau, F.; Laroche, D. Trace element status in obese children: Relationship with metabolic risk factor. Eur. J. Clin. Nutr. Metab. 2009, 4, 98–100. [Google Scholar] [CrossRef]

	



Flores-Mateo, G.; Navas-Acien, A.; Pastor-Barriuso, R.; Guallar, E. Selenium and coronary heart disease: A meta-analysis. Am. J. Clin. Nutr. 2006, 84, 762–773. [Google Scholar] [CrossRef] [PubMed]

	



Mehra, R.; Juneja, M. Fingernails as biological indices of metal exposure. J. Biosci. 2005, 30, 253–257. [Google Scholar] [CrossRef] [PubMed]

	



Mordukhovich, I.; Wright, R.O.; Hu, H.; Amarasiriwardena, C.; Baccarelli, A.; Litonjua, A.; Sparrow, D.; Vokonas, P.; Schwartz, J. Associations of toenail arsenic, cadmium, mercury, manganese, and lead with blood pressure in the normative aging study. Environ. Health Perspect. 2012, 120, 98–104. [Google Scholar] [CrossRef]

	



Rajpathak, S.; Rimm, E.; Morris, J.S.; Hu, F. Toenail selenium and cardiovascular disease in men with diabetes. J. Am. Coll. Nutr. 2005, 24, 250–256. [Google Scholar] [CrossRef]

	



Tascilar, M.E.; Ozgen, I.T.; Abaci, A.; Serdar, M.; Aykut, O. Trace Elements in Obese Turkish Children. Biol. Trace Elem Res. 2010, 143, 188–195. [Google Scholar] [CrossRef]

	



Karatela, S.; Ward, N.; Paterson, J. Mercury Exposure in Mother-Children Pairs in A Seafood Eating Population: Body Burden and Related Factors. Int. J. Environ. Res. Public Health 2019, 16, 2238. [Google Scholar] [CrossRef]

	



Paterson, J.; Percival, T.; Schluter, P.; Sundborn, G.; Abbott, M.; Carter, S.; Cowley-Malcolm, E.; Borrows, J.; Gao, W.; The PIF Study Group. Cohort Profile: The Pacific Islands Families (PIF) Study. Int. J. Epidemiol. 2008, 37, 273–279. [Google Scholar] [CrossRef]

	



Karatela, S.; Coomarasamy, C.; Paterson, J.; Ward, N.I. Household Smoking Status and Heavy Metal Concentrations in Toenails of Children. Int. J. Environ. Res. Public Health 2019, 16, 3871. [Google Scholar] [CrossRef] [PubMed]

	



Achenbach, T.M.; Rescorla, L.A. Manual for the ASEBA School-Age Forms & Profiles; University of Vermont 2001: Burlington, VT, USA, 2001. [Google Scholar]

	



Rescorla, L.A.; Achenbach, T.M.; Ivanova, M.Y.; Harder, V.S.; Otten, L.; Bilenberg, N.; Bjarnadottir, G.; Capron, C.; de Pauw, S.S.W.; Dias, P.; et al. International Comparisons of Behavioral and Emotional Problems in Preschool Children: Parents’ Reports From 24 Societies. J. Clin. Child Adolesc. Psychol. 2011, 40, 456–467. [Google Scholar] [CrossRef] [PubMed]

	



Cole, T.J.; Faith, M.S.; Pietrobelli, A.; Heo, M. What is the best measure of adiposity change in growing children: BMI, BMI %, BMI z-score or BMI centile? Eur. J. Clin. Nutr. 2005, 59, 419–425. [Google Scholar] [CrossRef] [PubMed]

	



Ward, N.I. Trace Element Nail Report: ICP-MS Facility, Chemistry; University of Surrey: Surrey, UK, 2008. [Google Scholar]

	



Auckland Council. Exploring Pacific Economies: Wealth Practices and Debt Management Working Report, WR2015/002; Auckland Council: Auckland, New Zealand, 2015. [Google Scholar]

	



Statistics New Zealand. Changes in Home-Ownership Patterns 1986–2013: Focus on Māori and Pacific People; Tatauranga Aotearoa Wellington, New Zealand Statistics: Wellington, New Zealand, 2016. [Google Scholar]

	



Paterson, J.; Iusitini, L.; Tautolo, E.-S.; Taylor, S.; Clougherty, J. Pacific Islands Families (PIF) Study: Housing and psychological distress among Pacific mothers. Aust. N. Z. J. Public Health. 2018, 42, 140–144. [Google Scholar] [CrossRef]

	



Statistics New Zealand. 2013 Census QuickStats about Culture and Identity; Statistics New Zealand: Wellington, New Zealand, 2014. [Google Scholar]

	



Statistics New Zealand and Ministry of Pacific Island Affairs. Health and Pacific Peoples in New Zealand; Statistics New Zealand and Ministry of Pacific Island Affairs: Wellington, New Zealand, 2011. [Google Scholar]

	



Lund, C.; Breen, A.; Flisher, A.J.; Kakuma, R.; Corrigall, J.; Joska, J.A.; Swartz, L.; Patel, V. Poverty and common mental disorders in low and middle income countries: A systematic review. Soc. Sci. Med. (1982) 2010, 71, 517–528. [Google Scholar] [CrossRef]

	



Statistics New Zealand. The New Zealand General Social Survey; Statistics New Zealand: Welington, New Zealand, 2010. [Google Scholar]

	



Agency for Toxic Substances and Disease Registry (ATSDR). Toxicological Profile for Copper; Department of Health and Human Services, Public Health Service: Atlanta, GA, USA, 2004. [Google Scholar]

	



Sabir, S.Y.; Khan, S.W.; Hayat, I. Effect of Environmental Pollution on Quality of Meat in District Bagh, Azad Kashmir. Pak. J. Nutr. 2003, 2, 98–101. [Google Scholar]

	



Rahman, A.; Azad, M.A.K.; Hossain, I.; Qusar, M.M.A.S.; Bari, W.; Begum, F.; Huq, S.M.I.; Hasnat, A. Zinc, manganese, calcium, copper, and cadmium level in scalp hair samples of schizophrenic patients. Biol. Trace Elem. Res. 2009, 127, 102–108. [Google Scholar] [CrossRef]

	



Russo, A.J. Decreased zinc and increased copper in individuals with anxiety. Nutr. Metab. Insights 2011, 4, 1–5. [Google Scholar] [CrossRef]

	



Meamar, R.; Nikyar, H.; Dehghani, L.; Basiri, K.; Ghazvini, M.R. Assessing of plasma levels of iron, zinc and copper in Iranian Parkinson’s disease. Adv. Biomed. Res. 2016, 5, 31. [Google Scholar]

	



Pavesi, T.; Moreira, J.C. Mechanisms and individuality in chromium toxicity in humans. J. Appl. Toxicol. JAT 2020. [Google Scholar] [CrossRef]

	



Agency for Toxic Substances and Disease Registry (ATSDR). Toxicological Profile for Chromium; Department of Health and Human Services, Public Health Service: Atlanta, GA, USA, 2012. [Google Scholar]

	



Hashim, Z. Occupational Risk and Relationship between Chromium and Nickel in Metal Working Fluid with Chromium and Nickel Levels in Blood and Urine among Machinists in Negeri Sembilan, Malaysia. Int. J. Sci. Basic Appl. Res. 2015, 21, 38–59. [Google Scholar]

	



Caparros-Gonzalez, R.A.; Giménez-Asensio, M.J.; González-Alzaga, B.; Aguilar-Garduño, C.; Lorca-Marín, J.A.; Alguacil, J.; Gómez-Becerra, I.; Gómez-Ariza, J.L.; García-Barrera, T.; Hernandez, A.F.; et al. Childhood chromium exposure and neuropsychological development in children living in two polluted areas in southern Spain. Environ. Pollut. 2019, 252, 1550–1560. [Google Scholar] [CrossRef] [PubMed]

	



Hubbs-Tait, L.; Nation, J.R.; Krebs, N.F.; Bellinger, D.C. Neurotoxicants, Micronutrients, and Social Environments: Individual and Combined Effects on Children’s Development. Psychol. Sci. Public Interest 2005, 6, 57–121. [Google Scholar] [CrossRef] [PubMed]

	



Grandjean, P.; Abdennebi-Najar, L.; Barouki, R.; Cranor, C.F.; Etzel, R.A.; Gee, D.; Heindel, J.J.; Hougaard, K.S.; Hunt, P.; Nawrot, T.S.; et al. Timescales of developmental toxicity impacting on research and needs for intervention. Basic Clin. Pharmacol. Toxicol. 2019, 125, 70–80. [Google Scholar] [CrossRef]

	



Rondeau, V.; Jacqmin-Gadda, H.; Commenges, D.; Helmer, C.; Dartigues, J.F. Aluminum and silica in drinking water and the risk of Alzheimer’s disease or cognitive decline: Findings from 15-year follow-up of the PAQUID cohort. Am J Epidemiol. 2009, 169, 489–496. [Google Scholar] [CrossRef]

	



Blaurock-Busch, E.; Amin, O.R.; Dessoki, H.H.; Rabah, T. Toxic Metals and Essential Elements in Hair and Severity of Symptoms among Children with Autism. Maedica 2012, 7, 38–48. [Google Scholar]

	



Yasuda, H.; Tsutsui, T. Assessment of infantile mineral imbalances in autism spectrum disorders (ASDs). Int. J. Environ. Res. Public Health 2013, 10, 6027–6043. [Google Scholar] [CrossRef]

	



Ali, F.; Kazi, T.G.; Afridi, H.I.; Baig, J.A. Exposure of cadmium via smoking and drinking water on zinc levels of biological samples of malnutrition pregnant women: A prospective cohort study. Environ. Toxicol. Pharmacol. 2018, 63, 48–54. [Google Scholar] [CrossRef]

	



Bao, Q.S.; Lu, C.Y.; Song, H.; Wang, M.; Ling, W.; Chen, W.-Q.; Deng, X.-Q.; Hao, Y.-T.; Rao, S. Behavioural development of school-aged children who live around a multi-metal sulphide mine in Guangdong province, China: A cross-sectional study. BMC Public Health 2009, 9, 217. [Google Scholar] [CrossRef]

	



Kippler, M.; Tofail, F.; Hamadani, J.D.; Wang, M.; Ling, W.; Chen, W.-Q.; Deng, X.-Q.; Hao, Y.-T.; Rao, S. Early-life cadmium exposure and child development in 5-year-old girls and boys: A cohort study in rural Bangladesh. Environ. Health Perspect. 2012, 120, 1462–1468. [Google Scholar] [CrossRef]

	



Wright, R.O.; Amarasiriwardena, C.; Woolf, A.D.; Jim, R.; Bellinger, D.C. Neuropsychological correlates of hair arsenic, manganese, and cadmium levels in school-age children residing near a hazardous waste site. Neurotoxicology 2006, 27, 210–216. [Google Scholar] [CrossRef] [PubMed]

	



Tian, L.-L.; Zhao, Y.-C.; Wang, X.-C.; Gu, J.-L.; Sun, Z.-J.; Zhang, Y.-L.; Wang, J.-X. Effects of gestational cadmium exposure on pregnancy outcome and development in the offspring at age 4.5 years. Biol. Trace Elem. Res. 2009, 132, 51–59. [Google Scholar] [CrossRef] [PubMed]

	



Guo, H.; Chen, L.; Cui, H.; Peng, X.; Fang, J.; Zuo, Z.; Deng, J.; Wang, X.; Wu, B. Research Advances on Pathways of Nickel-Induced Apoptosis. Int. J. Mol. Sci. 2016, 17, 10. [Google Scholar] [CrossRef] [PubMed]

	



Odland, J.O.; Nieboer, E.; Romanova, N.; Thomassen, Y. Elements in placenta and pregnancy outcome in arctic and subarctic areas. Int. J. Circumpolar Health 2004, 63, 169–187. [Google Scholar] [CrossRef]

	



Vaktskjold, A.; Talykova, L.V.; Chashchin, V.P.; Odland, J.O.; Nieboer, E. Small-for-gestational-age newborns of female refinery workers exposed to nickel. Int. J. Occup. Med. Environ. Health 2007, 20, 327–338. [Google Scholar] [CrossRef]

	



Roza, S.J.; Verhulst, F.C.; Jaddoe, V.W.V.; Steegers, E.A.P.; Mackenbach, J.P.; Hofman, A.; Tiemeier, H. Maternal smoking during pregnancy and child behaviour problems: The Generation R Study. Int. J. Epidemiol. 2009, 38, 680–689. [Google Scholar] [CrossRef]

	



Batstra, L.; Hadders-Algra, M.; Neeleman, J. Effect of antenatal exposure to maternal smoking on behavioural problems and academic achievement in childhood: Prospective evidence from a Dutch birth cohort. Early Hum. Dev. 2003, 75, 21–33. [Google Scholar] [CrossRef]

	



Ruckinger, S.; Rzehak, P.; Chen, C.-M.; Sausenthaler, S.; Koletzko, S.; Bauer, C.-P.; Hoffmann, U.; Kramer, U.; Berdel, D.; von Berg, A. Prenatal and postnatal tobacco exposure and behavioral problems in 10-year-old children: Results from the GINI-plus prospective birth cohort study. Environ. Health Perspect. 2010, 118, 150–154. [Google Scholar] [CrossRef]

	



Malanchini, M.; Smith-Woolley, E.; Ayorech, Z.; Rimfeld, K.; Krapohl, E.; Vuoksimaa, E.; Korhonen, T.; Bartels, M.; van Beijsterveldt, T.C.E.M.; Rose, R.J. Aggressive behaviour in childhood and adolescence: The role of smoking during pregnancy, evidence from four twin cohorts in the EU-ACTION consortium. Psychol. Med. 2019, 49, 646–654. [Google Scholar] [CrossRef]

	



Taylor, A.E.; Carslake, D.; de Mola, C.L.; Rydell, M.; Nilsen, T.I.L.; Bjørngaard, J.H.; Horta, B.L.; Pearson, R.; Rai, D.; Galanti, M.R.; et al. Maternal Smoking in Pregnancy and Offspring Depression: A cross cohort and negative control study. Sci. Rep. 2017, 7, 12579. [Google Scholar] [CrossRef]

	



Chung-Do, J.J.; Look, M.A.; Mabellos, T.; Trask-Batti, M.; Burke, K.; Mau, M.K.L.M. Engaging Pacific Islanders in Research: Community Recommendations. Prog. Community Health Partn. 2016, 10, 63–71. [Google Scholar] [CrossRef] [PubMed]

	



Bacchetti, P. Current sample size conventions: Flaws, harms, and alternatives. BMC Med. 2010, 8, 17. [Google Scholar] [CrossRef] [PubMed]








[image: Table] 





Table 1. Summary descriptive results for behavioral outcomes (normal: n = 217; clinical: n = 61) based on CBCL scores.
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	Variables
	
	Normal

n (%)
	Clinical

n (%)
	Total
	p-Value





	Gender
	Male
	122 (56.22)
	38 (62.3)
	160
	0.396



	
	Female
	95 (43.78)
	23 (37.7)
	118
	



	Ethnicity
	Samoan
	110 (50.69)
	38 (62.3)
	148
	0.138



	
	Tongan
	24 (11.06)
	5 (8.2)
	29
	



	
	Cook Island
	40 (18.43)
	13 (21.31)
	53
	



	
	Other
	43 (19.82)
	5 (8.2)
	48
	



	Birthweight
	<2500 g
	6 (2.8)
	0 (0)
	6
	0.171 *



	
	2500–2999
	23 (10.75)
	12 (20)
	36
	



	
	3000–3999
	135 (63.08)
	33 (55)
	168
	



	
	4000–5000
	50 (23.36)
	15 (25)
	65
	



	Income
	≤$20,000
	73 (34.76)
	20 (34.48)
	93
	0.172



	
	$20,001–$40,000
	108 (51.43)
	35 (60.34)
	143
	



	
	>$40,000
	29 (13.81)
	3 (5.17)
	32
	



	Marital status
	Single
	59 (27.31)
	17 (30.36)
	76
	0.853



	
	De facto
	32 (14.81)
	7 (12.5)
	39
	



	
	Married
	125 (57.87)
	32 (57.14)
	157
	



	Smoking in pregnancy
	Yes
	51 (23.5)
	18 (29.51)
	69
	0.337



	
	No
	166 (76.5)
	43 (70.49)
	209
	



	Presence of any childhood health condition
	No
	174 (81.69)
	52 (85.25)
	226
	0.519



	
	Yes
	39 (18.31)
	9 (14.75)
	48
	



	Obesity **
	Normal
	75 (34.88)
	15 (24.59)
	90
	0.138



	
	Overweight
	57 (26.51)
	14 (22.95)
	71
	



	
	Obese
	83 (38.6)
	32 (52.46)
	115
	







* Fisher’s exact test or chi-square test used; ** International Obesity Task Force (IOTF) obesity category.
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Table 2. Median (interquartile range) of toenail heavy metal concentrations (µg/g) by child behavior checklist (CBCL) behavior outcomes.
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	Metals
	Normal

Median

(Interquartile Range)
	Clinical

Median

(Interquartile Range)
	p-Value
	Laboratory Reference Value ª (Mean)





	Ni
	0.33 (0.19, 0.78)
	0.32 (0.18, 0.54)
	0.535 *
	0.2



	Cu
	17.03 (13.55, 22.66)
	17.08 (13.1, 21.24)
	0.516 *
	<1.0



	Pb
	0.53 (0.12, 1.1)
	0.47 (0.25, 0.92)
	0.835 *
	<0.05



	Al
	5.34 (3.87, 11.2)
	5.63 (4, 11.2)
	0.945 *
	8.5



	Cr
	0.67 (0.46, 1)
	0.76 (0.55, 1.15)
	0.078 *
	1.5



	Cd
	0.22 (0.13)
	0.19 (0.11)
	0.233
	-







* Mann–Whitney test or two sample t-tests used; ª Ward (2008) [39].
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Table 3. Univariate logistic regression result of total behavioral problem and associated covariate.
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	Covariate
	Level
	Odds Ratio (95% CI)
	p-Value





	Gender
	Female
	1.41 (0.84–2.37)
	0.198



	
	Male
	Reference
	



	Ethnicity
	Tongan
	0.51 (0.20–1.27)
	0.053



	
	Cook Island
	0.52 (0.26–1.05)
	



	
	Other
	0.42 (0.19–0.91)
	



	
	Samoan
	Reference
	



	Birthweight
	3000–3999
	0.82 (0.40–1.69)
	0.766



	
	4000–5000
	0.99 (0.43–2.25)
	



	
	<2999
	Reference
	



	Income
	$20,001–$40,000
	2.02 (1.12–3.62)
	0.028 *



	
	>$40,000
	0.90 (0.34–2.37)
	



	
	≤$20,000
	Reference
	



	Marital status
	De facto
	1.10 (0.46–2.61)
	0.605



	
	Married
	1.35 (0.73–2.48)
	



	
	Single
	Reference
	



	Smoking in pregnancy
	Yes
	0.65 (0.35–1.20)
	0.171



	
	No
	Reference
	



	Presence of any childhood health condition
	Yes
	1.39 (0.73–2.67)
	0.316



	
	No
	Reference
	



	Obesity **
	Overweight

Obese

Normal
	0.94 (0.41–2.15)

1.95 (0.99–3.88)

Reference
	0.075



	Ni
	Per unit increase
	1.03 (0.97–1.10)
	0.336



	Cu
	Per unit increase
	1.01 (0.99–1.03)
	0.518



	Pb
	Per unit increase
	1.09 (0.90–1.31)
	0.384



	Al
	Per unit increase
	1.00 (0.96–1.04)
	0.944



	Cr
	Per unit increase
	1.09 (0.91–1.30)
	0.363



	Cd
	Per unit increase
	0.30 (0.04–2.46)
	0.260







* Significant at the 5% level; ** IOTF obesity category.
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