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A B S T R A C T   

The Norwegian Mother, Father and Child Cohort Study (MoBa) includes a nation-wide collection of deciduous 
teeth located in the MoBaTooth biobank. The aim of the present study is to create a baseline for early-life metal 
exposure using dentine biomarkers. 

Deciduous teeth were collected in the MoBaTooth biobank, a sub-study of the MoBa-study. This study uses 94 
primary teeth from children with no known medical conditions at the age of 6 months, a normal birth weight 
(2500-4500g) and an equal number of teeth shed between 2008-2013 and 2014-2019. A total of 48 girls and 46 
boys are included to create a baseline to characterise retrospective exposure to toxicants during multiple early- 
life developmental periods. Estimates of weekly prenatal and postnatal exposure to 18 metals by measuring 
dentine concentrations have been made using laser ablation-inductively coupled plasma-mass spectrometry (LA- 
ICP-MS). 

Temporal trends in dentine levels differed from metal to metal. Girls had higher postnatal dentine levels of Mn 
and Zn, compared to boys (p = 0.020 for postnatal Mn-levels, and p = 0.011 for postnatal Zn-levels). 

Deciduous teeth provide retrospective information on the intensity and timing of early-life metal exposure at 
weekly temporal resolution. Creating a baseline, future studies can use outcomes of conditions and illness in 
children in case-control-studies aiming at prevention. Using deciduous teeth, a novel noninvasive biomarker, 
characterising early-life exposure to 18 metals in approximately weekly increments during sensitive develop-
mental periods extending from the second trimester to 4 months postnatally has been performed.   

1. Introduction 

In foetal- and early life there are critical windows of susceptibility, 
periods when exposures to specific toxicants have a greater effect on 
health trajectories compared to other periods of development (Selevan 
et al., 2000; Meredith et al., 2012). In utero and early childhood, pro-
tective regulatory mechanisms and organs are not fully formed, making 
the foetus and infant particularly vulnerable to toxicant exposure 
(Grandjean and Landrigan, 2014; Wright, 2017; Bauer et al., 2020). 
Obtaining foetal samples at different stages of pregnancy without risking 
the health of the foetus, as well as collecting biomarkers which can 
characterise metal exposure during multiple developmental periods 
rather than at a single time point, presents a challenge in environmental 

epidemiology studies. Traditional biomarkers such as maternal and cord 
blood may represent shorter exposure windows due to the rapid clear-
ance of many metals from blood. Furthermore, levels of metal concen-
trations in maternal samples do not reflect direct exposure to the foetus 
for all metals due to placental regulations (Weisskopf and Webster, 
2017). 

Shed primary teeth represents an exposure biomarker collected in 
childhood that can reconstruct exposure of toxic and essential trace el-
ements, both pre-and postnatal (Tvinnereim et al., 2012; Arora et al., 
2012, 2011). Trace elements from the child́s environment and nutrition 
are captured in the mineralizing dentin matrix. Dentine (and enamel) is 
formed in layers according to a specific pattern and is very stable. Due to 
its immediate mineralization after matrix deposition, this is the 
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preferred matrix for enamel, which exhibits a time lag between matrix 
deposition and mineralization (10). Teeth can therefore be used as 
storage for various exposures during the tooth formation period. Addi-
tionally, dental tissue shows morphological changes and mineralisation 
defects because of exposures to environmental toxins, disease, or 
malnutrition during tooth formation (Arora et al., 2012, 2011; Austin 
et al., 2013, 2016, 2023; Smith et al., 2021; Smith and Boesch, 2015). 

The development of the primary teeth begins during the second 
month of the foetal stage. At the third and fourth months, the mineral-
isation of the enamel and dentine begins. By the age of one year, all the 
deciduous crowns are completely mineralised, and by the age of three to 
three and a half years, the roots are also fully developed. An important 
feature of tooth development is the incremental way the enamel and 
dentine protein matrix are deposited. This results in the formation of 
incremental features – short-period and long-period lines – creating 
growth rings in both enamel and dentine (Smith, 2008; Arora and 
Austin, 2013). Both the enamel and the underlying dentin have a 
characteristic growth line, the neonatal line, which represents altered 
metabolism at birth (Nanci, 2008; Blumenthal, 1990; Berkovitz et al., 
2009). The neonatal line is formed because of stunting of ameloblast and 
odontoblasts, that deposit enamel and dentine matrix. Because of this 
histological landmark in the primary teeth, one can establish pre-and 
postnatally exposures when analysing the dental tissue (Arora and 
Austin, 2013). 

The MoBaTooth biobank was established at the Department of 
Clinical Dentistry at the University of Bergen in 2008. The biobank 
registers and stores the primary teeth and as of January 2023, more than 
36.000 primary teeth have been collected and registered. The MoBa-
Tooth Biobank is the world`s largest biobank consisting of primary teeth 
connected to mother-, father and child data (Tvinnereim et al., 2012). 

The Norwegian Mother, Father and Child Cohort Study (MoBa), 
conducted by the Norwegian Institute of Public Health (NIPH), is a 
prospective population-based cohort study in Norway (Magnus et al., 
2006, 2016). Pregnant women were recruited around week 17 of 
pregnancy from 1999 until 2008 from all over Norway, and 41% of the 
invited women consented to participate. The cohort now includes 
approximately 114.500 children, 95.200 mothers and 75.200 fathers. 
MoBa data also include information from The Medical Birth Registry of 
Norway, which comprises information about pregnancy, delivery, and 
health of the mothers and the neonate of all births in Norway (Irgens, 
2000). The overall goal of the MoBa-study is to determine specific 
etiological hypotheses by investigating the correlation between expo-
sure and disease, with the aim of prevention. Mainly quantitative 
methods were used in collecting the data, with questionnaires being 
sourced during pregnancy as well as post-partum annual surveys. 
Moreover, biological material such as blood- and urine samples, cord 
blood and childreńs primary teeth were also collected and analysed. 

The establishment of MoBa and initial data collection was based on a 
licence from the Norwegian Data Protection Agency and approval from 
The Regional Committees for Medical and Health Research Ethics. The 
MoBa cohort is currently regulated by the Norwegian Health Registry 
Act. The approval number of the MoBaTooth Biobank from The Regional 
Committees for Medical and Health Research Ethics is 2007/5697- 
077.07. This study is also approved by The Regional Committee for 
Medical Research Ethics, with reference number 140805. 

Multiple toxic- and essential trace elements can be detected in pri-
mary teeth using laser ablation-inductively coupled plasma-mass spec-
trometry (LA-ICP-MS). This sensitive analytical technique offers 
detection limits suitable for the analysis of trace elements in teeth 
(Arora et al., 2012, 2006, 2017; Austin et al., 2013; Arora and Austin, 
2013; Hare et al., 2011; Kang et al., 2004), such as magnesium (Mg), 
calcium (Ca), chromium (Cr), manganese (Mn), copper (Cu), zinc (Zn), 
arsenic (As), strontium (Sr), tin (Sn), barium (Ba), lead (Pb), aluminum 
(Al), nickel (Ni), bismuth (Bi), cadmium (Cd), cobalt (Co), molybdenum 
(Mo) and lithium (Li). The type of elements detected, and their con-
centrations can vary by diet and environmental exposures (Arora and 

Austin, 2013; Hare et al., 2011; Kang et al., 2004; Andra et al., 2016). 
This baseline study aims to 1) measure the concentrations and 

pattern of essential and toxic elements in coronal dentine in primary 
teeth from Norwegian children using LA-ICP-MS, 2) identify key pat-
terns in pre-and postnatal distribution of elements that would provide 
insight into dietary or environmental exposures, and 3) establish any 
potential differences in metal distribution according to the child`s sex. 

To the best of our knowledge, this is the first study containing nearly 
100 primary teeth to create a baseline for toxic and essential trace ele-
ments in human teeth. Furthermore, this baseline can be used as a 
control-group for future case-control studies. Overall, this study would 
serve as a foundation for future studies that analyse a larger number of 
teeth collected in the MoBa-study. 

2. Material and methods 

2.1. Study population 

A total of 100 naturally shed deciduous teeth collected from children 
living in all parts of Norway from the MoBaTooth biobank were included 
in the study. Due to gross attrition, 6 teeth were excluded. Furthermore, 
a total of 94 teeth from 94 children with the following inclusion criteria 
(Table 1) were then analysed. 

All the children were participants in the MoBa-study, and the 
collected teeth were sent to the MoBaTooth biobank at the University of 
Bergen between 2008-2019. The parents or guardians of the children in 
MoBaTooth received an information-letter where they were asked to 
rinse the tooth in water and let it air-dry before placing it in an micro-
tube (Axygen MCT-150-C). Written informed consent was obtained from 
the parents or guardians of the children, both when joining the MoBa- 
study and later, when they were asked to be a part of the MoBaTooth 
biobank. Each participant donated at least one primary tooth. 

2.2. Sample preparation 

The method for tooth analyses has been validated (Arora et al., 2012, 
2014; Austin et al., 2017, 2013; Kang et al., 2004). The preparations and 
analysis of the primary teeth were performed at the Senator Frank R. 
Lautenberg Environmental Health Sciences Laboratory, at the Icahn 
School of Medicine, Mount Sinai, New York, USA. Teeth were examined 
under a stereo microscope and gross features recorded, including tooth 
type, degree of attrition, presence or absence of fillings, cracks in 
enamel, or any unusual anatomical features. 

Teeth were then washed in trace-element free Milli-Q water and 
sectioned in a vertical (labio-lingual/bucco-lingual) plane. One cut 
fragment was embedded in resin (EpoxiCure, Buehler) overnight, then 
ground and polished to a 1 µm finish. Temporal developmental zones 
were assigned after identifying the neonatal line under a microscope, 
following published methods (Arora et al., 2006, 2012; Arora and 
Austin, 2013). 

Table 1 
Inclusion criteria of 94 children and their deciduous teeth included in this study.  

Children Deciduous teeth 

No known medical conditions at 6 months Teeth from the MoBaTooth 
biobank 

Child sex assigned at birth: 48 females and 46 males No dental caries 
Normal birth weight between 2500-4500g (World 

Health Organization) 
No dental restorations 

Equal number of teeth shed between 2008-2013 
and 2014-2019 

No gross attrition, abrasion or 
erosion 

Participant in both the MoBa-study and the 
MoBaTooth Biobank 

No developmental defects  
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2.3. Laser ablation-inductively coupled plasma-mass spectrometry (LA- 
ICP-MS) 

Teeth were analysed for trace elements at 30 µm resolution using a 
New Wave 193-nm excimer laser ablation system coupled to an ICP-MS 
(Agilent, 8800 ICP-MS) (Arora et al., 2012, 2011, 2006). This resolution 
relates to approximately 32 time points/tooth representing weekly 
exposure from 20 weeks gestation through 16 weeks postnatal age. 
Tooth metals were normalised to tooth Ca levels (e.g., as 55Mn:43Ca or 
208Pb:43Ca) to account for mineral density variation within teeth and 
between tooth type and individuals. 

Toxic and essential trace elements were measured by scanning the 
laser beam along the dentine-enamel junction for all 94 teeth included in 
this study. A spot diameter of 30 μm was used in these analyses. Oper-
ating conditions for the optimised LA–ICP–MS have been previously 
described (Sanders et al., 2022). 

2.4. Statistical analysis 

Graphical presentation of the mean relationship between mineral 
concentrations and weeks were calculated using generalised additive 
mixed models (gamm). For testing of difference in the level of minerals 
between boys and girls and the average slope in change of the minerals, 
before and after birth (week 0), general linear models were applied. The 
statistical models were performed using the mgcv library in the statis-
tical package R. The p-values less than 0.05 were considered statistically 
significant. 

3. Results 

A total of 94 children with tooth metals data were included in the 
final analysis. The results of this study provide a detailed high-resolution 
(30 μm) elemental profile of toxic and essential trace elements in human 
primary teeth. For all primary teeth, 18 metals were measured in dentine 
and the levels and ranges of the measured metals are shown in Fig. 1. 

In Fig. 2, the focus of the results is on Pb, Mn, Zn, Mg and Ba given the 
known neurotoxicity of Pb and Mn, prior findings of tooth Ba as a dietary 
marker and Zn and Mg as important essential elements for development 
in children (Austin et al., 2013; Horton et al., 2018; Boyes, 2010; Kopp 
et al., 2012; Michalke and Fernsebner, 2014; Arbuckle et al., 2016). In 
some of these trace elements there are also statistically significant dif-
ferences in gender distribution. 

The total number of measurements of dentine metals values per 
participant varied, with a mean (range) of 32.4 (24–37) measurements. 
The levels of dentine Pb increases in the prenatal period (p < 0.001), 
decreases around week 5 prenatally and then flattens in the postnatal 
period (p = 0.516) (Fig. 2). There were no statistically significant dif-
ferences between the Pb-levels for boys and girls in either the pre-or 
postnatal period (p = 0.500 and p = 0.412). Levels of dentine Mn 
were highest in the early prenatal period (second trimester) and 
decreased steadily until birth, with a slower decrease and flattening of 
the curve in the postnatal period, p < 0.001 for both periods. In the 
prenatal period there were no statistically significant differences be-
tween the genders (p = 0.051), but in the postnatal period there were 
higher levels of Mn found in girls (p = 0.020). 

The Zn-levels in dentine were highest in the early prenatal period 
(second trimester) and decreased until birth (p < 0.001). At week 8 
postnatally a new increase in Zn was found. In the prenatal period, there 
were no statistically significant differences in Zn-dentine levels between 
the genders, but in the postnatal period girls have a higher level of Zn 
compared to boys (p = 0.011). Levels of dentine Mg were lowest in the 
early prenatal period (second trimester) and increased steadily until 
birth, and then continued to increase in the postnatal period (p < 0.001). 
There was no statistically significant difference between genders for 
dentine Mg-levels in either the pre-or postnatally period (p = 0.951 and 
p = 0.166). For Ba-dentine levels, there was an increase in the prenatal 

period until week 4 (p < 0.001), and then the curve flattens postnatally 
for both genders (p = 0.205). There were no statistically significant 
differences between boys and girls for the Ba-dentine levels in either the 
pre-or postnatally period (p = 0.358 and p = 0.539). 

4. Discussion 

In this baseline study, characterising retrospective exposure to 
multiple metals during critical developmental periods using deciduous 
teeth as a biomarker of prenatal and postnatal exposure has been per-
formed. Temporal trends of dentine metal values differed from metal to 
metal. Dentine Mn levels decreased from the second trimester until 
birth, whereas dentine Pb remained more constant throughout the 
prenatal period and early life. Pb levels increased in the latter part of the 
third trimester. This increase is consistent with transfer of Pb from 
maternal stores, likely following calcium as the foetal growth acceler-
ated in the third trimester. Maternal skeletal stores provide much of the 
mineral demands of the foetus (Berkovitz et al., 2017; Gulson et al., 
2003; Daniel and Chiego, 2018; Francis-West PRB et al., 2021). Pb levels 
dropped immediately after birth indicating lower exposure from 
breastmilk and infant environmental sources. This provides an example 
of how spatio-temporal mapping of lead in teeth can reveal periods of 
high exposure that cannot be captured by blood measurements. 

The observed decrease in dentine Mn from the second trimester to 
the first 4 months of life has been reported in other studies, and is likely 
related in part to the physiologic need for Mn as an essential nutrient to 
support healthy growth in early development (Horton et al., 2018; 
Bauer et al., 2017; Claus Henn et al., 2018). The prenatal period is a time 
of rapid growth and development of the foetus, during which the de-
mand for Mn may be greatest (Claus Henn et al., 2018). This is 
compatible with the increase in maternal blood Mn during pregnancy, 
reported in previous studies (Kopp et al., 2012; Arbuckle et al., 2016; 
Zota et al., 2009), which supports the notion of a biological role of Mn 
during gestation. In foetal life, the placenta may protect the foetus from 
direct effects of Mn overexposure (Claus Henn et al., 2017), whereas 
after birth, the placenta no longer regulates Mn levels that are trans-
ported to the foetus. While development continues, the relative demand 
for Mn may be lower than in the prenatal period. The observed flattening 
in Mn exposure postnatally may be related to both differential exposures 
in the postnatal versus prenatal environments, as well as direct exposure 
to Mn in the environment and biological changes such as varied ab-
sorption of Mn in the gut in the postnatal period compared to the pre-
natal period (Krachler et al., 1999). 

The dentine levels of both Mn and Zn differ by the sex of the child, 
with girls having higher levels than boys in the postnatal period. Pre-
vious studies have found that there is both epidemiological and toxi-
cological evidence indicating that females, compared to males, may 
have increased Mn absorption (Williams et al., 2012; Balachandran 
et al., 2020; Oulhote et al., 2014; Zheng et al., 2000). Iron (Fe) status has 
been suggested as a possible hypothesis for the difference between fe-
males and males because females on average are more iron deficient 
than males (Williams et al., 2012; Mirza et al., 2018; Fitsanakis et al., 
2010). Mn and Fe share common absorption and transport pathways, 
and increased Mn absorption may be due to lower Fe levels among fe-
males (Tholin et al., 1995; Yoon et al., 2011; Aschner and Aschner, 
2005; Wolff et al., 2018). 

Deciduous teeth are particularly useful as a biomarker when past 
exposure occurring in early life is of interest and shed teeth are readily 
available. In scenarios that require immediate exposure information 
and/or where children are too young to shed teeth, this biomarker is less 
advantageous. However, teeth allow for the direct examination of foetal 
and infant metal levels, rather than using biomarkers of current or recent 
childhood exposure such as blood, hair and nail, or maternal blood to 
estimate prenatal exposure. Previous epidemiologic studies have found 
correlations between metals in environmental matrices and dentine 
levels (Gunier et al., 2013; Johnston et al., 2019; Gunier et al., 2014). 
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Fig. 1. Dentine metal levels as ln metal:43Ca ratio from early 
second trimester (20 weeks before birth) until 4 months after 
birth (16 weeks), stratified by child sex. WSB: Weeks since 
birth. Dots represent individual dentine metal measurements 
for 94 children, with a range of 24-37 measurements per 
participant. Metals ordered by atomic number. Boys are blue 
and girls are red. Vertical line at week 0 indicates birth. Line 
represents Loess smoother. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web 
version of this article.)   
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For all detected trace elements in the primary teeth, the highest level 
was found for Mg. This is the fourth most abundant cation in the body. It 
has several functions in the human body, including its role as a cofactor 
for more than 300 enzymatic reactions and in regulating several 
fundamental functions such as muscle contraction, glycemic control, 
myocardial contraction and blood pressure (Al Alawi et al., 2018; Ber-
tinato et al., 2015). Mg also plays an important role in energy production 
and bone development. Furthermore, lack of Mg has been associated 
with a wide range of diseases (Bertinato et al., 2015; Grober et al., 
2015). In the primary teeth, dentine Mg was lowest in the early prenatal 
period, and then increased steadily until 4 months of age. 

There was an increase in Ba-dentine in the prenatal period until week 
-4 (p < 0.001). Subsequently, the curve flattens postnatally for both 
genders (p = 0.205). An increase in Ba levels after birth is expected, as 
transfer of Ba from mother to foetus is restricted by the placenta in the 
prenatal period (Krachler et al., 1999). Previously studies have shown 
that an increase in Ba levels after birth likely reflect consumption of 
breastmilk and/or formula (Austin et al., 2013). In Austin et al. (2013), 
the results demonstrate that the distribution of the isotopes 138Ba:43Ca in 
teeth accurately reflects the dietary transition from breastmilk to other 
sources during the weaning process. Furthermore, the study concluded 
that 138Ba:43Ca ratios were higher in individuals who reported formula 
use compared to breastfeeding. 

5. Conclusions 

The present results demonstrate the feasibility of naturally shed 
primary teeth as a biomarker to understand past chemical exposure in 
critical developmental periods, both pre-and postnatally. By under-
standing the precise timing of toxic exposures on vulnerable and sus-
ceptible infants and children, it may be possible to decrease exposure 
during critical developmental windows and prevent development of 

disease (Selevan et al., 2000; Meredith et al., 2012). This baseline study 
can be used as a control-group in future case-control-studies to try to 
understand different health outcomes in children and adolescents and 
use this information for prevention. 
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is referred to the web version of this article.) 

S.S. Jensen et al.                                                                                                                                                                                                                                



Environmental Advances 13 (2023) 100418

6

Data availability 

Data will be made available on request. 

Funding 

The LA-ICP-MS analyses were supported by grants from Dentist Einar 
Bergersen’s legacy, The Research Council of Norway and the Institute of 
Clinical Dentistry, Faculty of Medicine at the University of Bergen. MA 
was supported by US National Institute of Health grants R35ES030435, 
U2CES030859, P30ES023515, R01ES026033, U2C ES026561. 

Acknowledgments 

We would first and foremost like to thank all the participating fam-
ilies in Norway who take part in the on-going MoBa-study. The dona-
tions of primary teeth to the MoBaTooth biobank from MoBa 
participants are gratefully acknowledged. 

The authors also thank Professor emeritus Einar Berg (University of 
Bergen) for proof reading and language adjustments. 

References 

Al Alawi, AM, Majoni, SW, Falhammar, H, 2018. Magnesium and human health: 
perspectives and research directions. Int. J. Endocrinol. (2018), 9041694 https:// 
doi.org/10.1155/2018/9041694. 

Andra, SS, Austin, C, Arora, M, 2016. The tooth exposome in children’s health research. 
Curr. Opin. Pediatr. 28 (2), 221–227. https://doi.org/10.1097/ 
MOP.0000000000000327. 

Arbuckle, TE, Liang, CL, Morisset, AS, Fisher, M, Weiler, H, Cirtiu, CM, et al., 2016. 
Maternal and fetal exposure to cadmium, lead, manganese and mercury: The MIREC 
study. Chemosphere 163, 270–282. https://doi.org/10.1016/j. 
chemosphere.2016.08.023. 

Arora, M, Austin, C, Sarrafpour, B, Hernandez-Avila, M, Hu, H, Wright, RO, et al., 2014. 
Determining prenatal, early childhood and cumulative long-term lead exposure 
using micro-spatial deciduous dentine levels. PLoS One 9 (5), e97805. https://doi. 
org/10.1371/journal.pone.0097805. 

Arora, M, Austin, C., 2013. Teeth as a biomarker of past chemical exposure. Curr. Opin. 
Pediatr. 25 (2), 261–267. https://doi.org/10.1097/MOP.0b013e32835e9084. 

Arora, M, Bradman, A, Austin, C, Vedar, M, Holland, N, Eskenazi, B, et al., 2012. 
Determining fetal manganese exposure from mantle dentine of deciduous teeth. 
Environ. Sci. Technol. 46 (9), 5118–5125. https://doi.org/10.1021/es203569f. 

Arora, M, Hare, D, Austin, C, Smith, DR, Doble, P, 2011. Spatial distribution of 
manganese in enamel and coronal dentine of human primary teeth. Sci. Total 
Environ. 409 (7), 1315–1319. https://doi.org/10.1016/j.scitotenv.2010.12.018. 

Arora, M, Kennedy, BJ, Elhlou, S, Pearson, NJ, Walker, DM, Bayl, P, et al., 2006. Spatial 
distribution of lead in human primary teeth as a biomarker of pre- and neonatal lead 
exposure. Sci. Total Environ. 371 (1-3), 55–62. https://doi.org/10.1016/j. 
scitotenv.2006.07.035. 

Arora, M, Reichenberg, A, Willfors, C, Austin, C, Gennings, C, Berggren, S, et al., 2017. 
Fetal and postnatal metal dysregulation in autism. Nat. Commun. 8, 15493. https:// 
doi.org/10.1038/ncomms15493. 

Aschner, JL, Aschner, M., 2005. Nutritional aspects of manganese homeostasis. Mol. 
Aspects Med. 26 (4-5), 353–362. https://doi.org/10.1016/j.mam.2005.07.003. 

Austin, C, Kumar, P, Carter, EA, Lee, J, Smith, TM, Hinde, K, et al., 2023. Stress exposure 
histories revealed by biochemical changes along accentuated lines in teeth. 
Chemosphere 329, 138673. https://doi.org/10.1016/j.chemosphere.2023.138673. 

Austin, C, Richardson, C, Smith, D, Arora, M., 2017. Tooth manganese as a biomarker of 
exposure and body burden in rats. Environ. Res. 155, 373–379. https://doi.org/ 
10.1016/j.envres.2017.03.004. 

Austin, C, Smith, TM, Bradman, A, Hinde, K, Joannes-Boyau, R, Bishop, D, et al., 2013. 
Barium distributions in teeth reveal early-life dietary transitions in primates. Nature 
498 (7453), 216–219. https://doi.org/10.1038/nature12169. 

Austin, C, Smith, TM, Farahani, RM, Hinde, K, Carter, EA, Lee, J, et al., 2016. Uncovering 
system-specific stress signatures in primate teeth with multimodal imaging. Sci. Rep. 
6, 18802. https://doi.org/10.1038/srep18802. 

Balachandran, RC, Mukhopadhyay, S, McBride, D, Veevers, J, Harrison, FE, Aschner, M, 
et al., 2020. Brain manganese and the balance between essential roles and 
neurotoxicity. J. Biol. Chem. 295 (19), 6312. https://doi.org/10.1074/jbc. 
REV119.009453. 

Bauer, JA, Claus Henn, B, Austin, C, Zoni, S, Fedrighi, C, Cagna, G, et al., 2017. 
Manganese in teeth and neurobehavior: sex-specific windows of susceptibility. 
Environ. Int. 108, 299–308. https://doi.org/10.1016/j.envint.2017.08.013. 

Bauer, JA, Fruh, V, Howe, CG, White, RF, Henn, BC., 2020. Associations of metals and 
neurodevelopment: a review of recent evidence on susceptibility factors. Curr. 
Epidemiol. Rep. 7 (4), 237–262. https://doi.org/10.1007/s40471-020-00249-y. 

Berkovitz, B, Holland, G, Moxham, B., 2009. Oral Anatomy, Histology and Embryology, 4 
ed. Mosby, London.  

Berkovitz, B.K., Holland, Moxham, B.J., 2017. Oral Anatomy, Histology and Embryology. 
Elsevier. 

Bertinato, J, Wu Xiao, C, Ratnayake, WM, Fernandez, L, Lavergne, C, Wood, C, et al., 
2015. Lower serum magnesium concentration is associated with diabetes, insulin 
resistance, and obesity in South Asian and white Canadian women but not men. Food 
Nutr. Res. 59, 25974. https://doi.org/10.3402/fnr.v59.25974. 

Blumenthal, N., 1990. Trace Metals and Fluoride in Bones and Teeth. CRC Press, Boca 
Raton FL.  

Boyes, WK., 2010. Essentiality, toxicity, and uncertainty in the risk assessment of 
manganese. J. Toxicol. Environ. Health A 73 (2), 159–165. https://doi.org/10.1080/ 
15287390903340419. 

Claus Henn, B, Austin, C, Coull, BA, Schnaas, L, Gennings, C, Horton, MK, et al., 2018. 
Uncovering neurodevelopmental windows of susceptibility to manganese exposure 
using dentine microspatial analyses. Environ. Res. 161, 588–598. https://doi.org/ 
10.1016/j.envres.2017.12.003. 

Claus Henn, B, Bellinger, DC, Hopkins, MR, Coull, BA, Ettinger, AS, Jim, R, et al., 2017. 
Maternal and cord blood manganese concentrations and early childhood 
neurodevelopment among residents near a mining-impacted superfund site. Environ. 
Health Perspect. 125 (6), 067020 https://doi.org/10.1289/EHP925. 

Daniel, J., Chiego, J., 2018. Oral Histology and Embryology. Elsevier, pp. 220–231. 
Fitsanakis, VA, Zhang, N, Garcia, S, Aschner, M., 2010. Manganese (Mn) and iron (Fe): 

interdependency of transport and regulation. Neurotox. Res. 18 (2), 124–131. 
Philippa, H., Francis-West, PRB, Gary, C.S., Bleyl, S.B., 2021. Human Embryology. 
Grandjean, P, Landrigan, PJ., 2014. Neurobehavioural effects of developmental toxicity. 

Lancet Neurol. 13 (3), 330–338. https://doi.org/10.1016/S1474-4422(13)70278-3. 
Grober, U, Schmidt, J, Kisters, K., 2015. Magnesium in prevention and therapy. Nutrients 

7 (9), 8199–8226. https://doi.org/10.3390/nu7095388. 
Gulson, BL, Mizon, KJ, Korsch, MJ, Palmer, JM, Donnelly, JB., 2003. Mobilization of lead 

from human bone tissue during pregnancy and lactation–a summary of long-term 
research. Sci. Total Environ. 303 (1-2), 79–104. https://doi.org/10.1016/s0048- 
9697(02)00355-8. 

Gunier, RB, Bradman, A, Jerrett, M, Smith, DR, Harley, KG, Austin, C, et al., 2013. 
Determinants of manganese in prenatal dentin of shed teeth from CHAMACOS 
children living in an agricultural community. Environ. Sci. Technol. 47 (19), 
11249–11257. https://doi.org/10.1021/es4018688. 

Gunier, RB, Mora, AM, Smith, D, Arora, M, Austin, C, Eskenazi, B, et al., 2014. 
Biomarkers of manganese exposure in pregnant women and children living in an 
agricultural community in California. Environ. Sci. Technol. 48 (24), 14695–14702. 
https://doi.org/10.1021/es503866a. 

Hare, D, Austin, C, Doble, P, Arora, M., 2011. Elemental bio-imaging of trace elements in 
teeth using laser ablation-inductively coupled plasma-mass spectrometry. J. Dent. 39 
(5), 397–403. https://doi.org/10.1016/j.jdent.2011.03.004. 

Horton, MK, Hsu, L, Claus Henn, B, Margolis, A, Austin, C, Svensson, K, et al., 2018. 
Dentine biomarkers of prenatal and early childhood exposure to manganese, zinc 
and lead and childhood behavior. Environ. Int. 121 (Pt 1), 148–158. https://doi.org/ 
10.1016/j.envint.2018.08.045. 

Irgens, LM., 2000. The Medical Birth Registry of Norway. Epidemiological research and 
surveillance throughout 30 years. Acta Obstet. Gynecol. Scand. 79 (6), 435–439. htt 
ps://pubmed.ncbi.nlm.nih.gov/10857866/. 

Johnston, JE, Franklin, M, Roh, H, Austin, C, Arora, M, 2019. Lead and arsenic in shed 
deciduous teeth of children living near a lead-acid battery smelter. Environ. Sci. 
Technol. 53 (10), 6000–6006. https://doi.org/10.1021/acs.est.9b00429. 

Kang, D, Amarasiriwardena, D, Goodman, AH., 2004. Application of laser ablation- 
inductively coupled plasma-mass spectrometry (LA-ICP-MS) to investigate trace 
metal spatial distributions in human tooth enamel and dentine growth layers and 
pulp. Anal. Bioanal. Chem. 378 (6), 1608–1615. https://doi.org/10.1007/s00216- 
004-2504-6. 

Kopp, RS, Kumbartski, M, Harth, V, Bruning, T, Kafferlein, HU., 2012. Partition of metals 
in the maternal/fetal unit and lead-associated decreases of fetal iron and manganese: 
an observational biomonitoring approach. Arch. Toxicol. 86 (10), 1571–1581. 
https://doi.org/10.1007/s00204-012-0869-4. 

Krachler, M, Rossipal, E, Micetic-Turk, D., 1999. Concentrations of trace elements in sera 
of newborns, young infants, and adults. Biol. Trace Elem. Res. 68 (2), 121–135. 
https://doi.org/10.1007/BF02784401. 

Magnus, P, Birke, C, Vejrup, K, Haugan, A, Alsaker, E, Daltveit, AK, et al., 2016. Cohort 
profile update: the Norwegian Mother and Child Cohort Study (MoBa). Int. J. 
Epidemiol. 45 (2), 382–388. https://doi.org/10.1093/ije/dyw029. 

Magnus, P, Irgens, LM, Haug, K, Nystad, W, Skjaerven, R, Stoltenberg, C, et al., 2006. 
Cohort profile: the Norwegian Mother and Child Cohort Study (MoBa). Int. J. 
Epidemiol. 35 (5), 1146–1150. https://doi.org/10.1093/ije/dyw029. 

Meredith, RM, Dawitz, J, Kramvis, I., 2012. Sensitive time-windows for susceptibility in 
neurodevelopmental disorders. Trends Neurosci. 35 (6), 335–344. https://doi.org/ 
10.1016/j.tins.2012.03.005. 

Michalke, B, Fernsebner, K., 2014. New insights into manganese toxicity and speciation. 
J. Trace Elem. Med. Biol. 28 (2), 106–116. https://doi.org/10.1016/j. 
jtemb.2013.08.005. 

Mirza, FG, Abdul-Kadir, R, Breymann, C, Fraser, IS, Taher, A., 2018. Impact and 
management of iron deficiency and iron deficiency anemia in women’s health. 
Expert Rev. Hematol. 11 (9), 727–736. https://doi.org/10.1080/ 
17474086.2018.1502081. 

Nanci, A., 2008. Ten Cate`s Oral Histology: Development, Structure, and Function, 7 ed. 
Mosby, St. Louis.  

Oulhote, Y, Mergler, D, Bouchard, MF., 2014. Sex- and age-differences in blood 
manganese levels in the U.S. general population: national health and nutrition 
examination survey 2011-2012. Environ. Health 13, 87. https://doi.org/10.1186/ 
1476-069X-13-87. 

S.S. Jensen et al.                                                                                                                                                                                                                                

https://doi.org/10.1155/2018/9041694
https://doi.org/10.1155/2018/9041694
https://doi.org/10.1097/MOP.0000000000000327
https://doi.org/10.1097/MOP.0000000000000327
https://doi.org/10.1016/j.chemosphere.2016.08.023
https://doi.org/10.1016/j.chemosphere.2016.08.023
https://doi.org/10.1371/journal.pone.0097805
https://doi.org/10.1371/journal.pone.0097805
https://doi.org/10.1097/MOP.0b013e32835e9084
https://doi.org/10.1021/es203569f
https://doi.org/10.1016/j.scitotenv.2010.12.018
https://doi.org/10.1016/j.scitotenv.2006.07.035
https://doi.org/10.1016/j.scitotenv.2006.07.035
https://doi.org/10.1038/ncomms15493
https://doi.org/10.1038/ncomms15493
https://doi.org/10.1016/j.mam.2005.07.003
https://doi.org/10.1016/j.chemosphere.2023.138673
https://doi.org/10.1016/j.envres.2017.03.004
https://doi.org/10.1016/j.envres.2017.03.004
https://doi.org/10.1038/nature12169
https://doi.org/10.1038/srep18802
https://doi.org/10.1074/jbc.REV119.009453
https://doi.org/10.1074/jbc.REV119.009453
https://doi.org/10.1016/j.envint.2017.08.013
https://doi.org/10.1007/s40471-020-00249-y
http://refhub.elsevier.com/S2666-7657(23)00076-5/sbref0018
http://refhub.elsevier.com/S2666-7657(23)00076-5/sbref0018
http://refhub.elsevier.com/S2666-7657(23)00076-5/sbref0019
http://refhub.elsevier.com/S2666-7657(23)00076-5/sbref0019
https://doi.org/10.3402/fnr.v59.25974
http://refhub.elsevier.com/S2666-7657(23)00076-5/sbref0021
http://refhub.elsevier.com/S2666-7657(23)00076-5/sbref0021
https://doi.org/10.1080/15287390903340419
https://doi.org/10.1080/15287390903340419
https://doi.org/10.1016/j.envres.2017.12.003
https://doi.org/10.1016/j.envres.2017.12.003
https://doi.org/10.1289/EHP925
http://refhub.elsevier.com/S2666-7657(23)00076-5/sbref0025
http://refhub.elsevier.com/S2666-7657(23)00076-5/sbref0026
http://refhub.elsevier.com/S2666-7657(23)00076-5/sbref0026
http://refhub.elsevier.com/S2666-7657(23)00076-5/sbref0027
https://doi.org/10.1016/S1474-4422(13)70278-3
https://doi.org/10.3390/nu7095388
https://doi.org/10.1016/s0048-9697(02)00355-8
https://doi.org/10.1016/s0048-9697(02)00355-8
https://doi.org/10.1021/es4018688
https://doi.org/10.1021/es503866a
https://doi.org/10.1016/j.jdent.2011.03.004
https://doi.org/10.1016/j.envint.2018.08.045
https://doi.org/10.1016/j.envint.2018.08.045
https://pubmed.ncbi.nlm.nih.gov/10857866/
https://pubmed.ncbi.nlm.nih.gov/10857866/
https://doi.org/10.1021/acs.est.9b00429
https://doi.org/10.1007/s00216-004-2504-6
https://doi.org/10.1007/s00216-004-2504-6
https://doi.org/10.1007/s00204-012-0869-4
https://doi.org/10.1007/BF02784401
https://doi.org/10.1093/ije/dyw029
https://doi.org/10.1093/ije/dyw029
https://doi.org/10.1016/j.tins.2012.03.005
https://doi.org/10.1016/j.tins.2012.03.005
https://doi.org/10.1016/j.jtemb.2013.08.005
https://doi.org/10.1016/j.jtemb.2013.08.005
https://doi.org/10.1080/17474086.2018.1502081
https://doi.org/10.1080/17474086.2018.1502081
http://refhub.elsevier.com/S2666-7657(23)00076-5/sbref0045
http://refhub.elsevier.com/S2666-7657(23)00076-5/sbref0045
https://doi.org/10.1186/1476-069X-13-87
https://doi.org/10.1186/1476-069X-13-87


Environmental Advances 13 (2023) 100418

7

Sanders, AP, Gennings, C, Tamayo-Ortiz, M, Mistry, S, Pantic, I, Martinez, M, et al., 2022. 
Prenatal and early childhood critical windows for the association of nephrotoxic 
metal and metalloid mixtures with kidney function. Environ. Int. 166, 107361 
https://doi.org/10.1016/j.envint.2022.107361. 

Selevan, SG, Kimmel, CA, Mendola, P., 2000. Identifying critical windows of exposure for 
children’s health. Environ. Health Perspect. 108 (Suppl 3), 451–455. https://doi. 
org/10.1289/ehp.00108s3451. 

Smith, TM, Boesch, C., 2015. Developmental defects in the teeth of three wild 
chimpanzees from the Tai forest. Am. J. Phys. Anthropol. 157 (4), 556–570. https:// 
doi.org/10.1002/ajpa.22741. 

Smith, TM, Cook, L, Dirks, W, Green, DR, Austin, C., 2021. Teeth reveal juvenile diet, 
health and neurotoxicant exposure retrospectively: what biological rhythms and 
chemical records tell us. Bioessays 43 (9), e2000298. https://doi.org/10.1002/ 
bies.202000298. 

Smith, TM., 2008. Incremental dental development: methods and applications in 
hominoid evolutionary studies. J. Hum. Evol. 54 (2), 205–224. https://doi.org/ 
10.1016/j.jhevol.2007.09.020. 

Tholin, K, Sandstrom, B, Palm, R, Hallmans, G., 1995. Changes in blood manganese 
levels during pregnancy in iron supplemented and non supplemented women. 
J. Trace Elem. Med. Biol. 9 (1), 13–17. https://doi.org/10.1007/s12640-009-9130- 
1. 

Tvinnereim, HM, Lygre, GB, Haug, K, Schreuder, P, Klock, K., 2012. A biobank of 
primary teeth within the Norwegian Mother and Child Cohort Study (MoBa): a 
resource for the future. Paediatr. Perinat. Epidemiol. 26 (3), 264–271. https://doi. 
org/10.1111/j.1365-3016.2012.01259.x. 

Weisskopf, MG, Webster, TF., 2017. Trade-offs of personal versus more proxy exposure 
measures in environmental epidemiology. Epidemiology 28 (5), 635–643. https:// 
doi.org/10.1097/EDE.0000000000000686. 

Williams, M, Todd, GD, Roney, N, Crawford, J, Coles, C, McClure, PR, et al., 2012. 
Toxicological Profile for Manganese. Agency for Toxic Substances and Disease 
Registry (ATSDR) Toxicological Profiles, Atlanta (GA). https://pubmed.ncbi.nlm. 
nih.gov/24049862/.  

Wolff, NA, Garrick, MD, Zhao, L, Garrick, LM, Ghio, AJ, Thevenod, F., 2018. A role for 
divalent metal transporter (DMT1) in mitochondrial uptake of iron and manganese. 
Sci. Rep. 8 (1), 211. https://doi.org/10.1038/s41598-017-18584-4. 

Wright, RO., 2017. Environment, susceptibility windows, development, and child health. 
Curr. Opin. Pediatr. 29 (2), 211–217. https://doi.org/10.1097/ 
MOP.0000000000000465. 

Yoon, M, Schroeter, JD, Nong, A, Taylor, MD, Dorman, DC, Andersen, ME, et al., 2011. 
Physiologically based pharmacokinetic modeling of fetal and neonatal manganese 
exposure in humans: describing manganese homeostasis during development. 
Toxicol. Sci. 122 (2), 297–316. https://doi.org/10.1093/toxsci/kfr141. 

Zheng, W, Kim, H, Zhao, Q., 2000. Comparative toxicokinetics of manganese chloride 
and methylcyclopentadienyl manganese tricarbonyl (MMT) in Sprague-Dawley rats. 
Toxicol. Sci. 54 (2), 295–301. https://doi.org/10.1093/toxsci/54.2.295. 

Zota, AR, Ettinger, AS, Bouchard, M, Amarasiriwardena, CJ, Schwartz, J, Hu, H, et al., 
2009. Maternal blood manganese levels and infant birth weight. Epidemiology 20 
(3), 367–373. https://doi.org/10.1097/EDE.0b013e31819b93c0. 

S.S. Jensen et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.envint.2022.107361
https://doi.org/10.1289/ehp.00108s3451
https://doi.org/10.1289/ehp.00108s3451
https://doi.org/10.1002/ajpa.22741
https://doi.org/10.1002/ajpa.22741
https://doi.org/10.1002/bies.202000298
https://doi.org/10.1002/bies.202000298
https://doi.org/10.1016/j.jhevol.2007.09.020
https://doi.org/10.1016/j.jhevol.2007.09.020
https://doi.org/10.1007/s12640-009-9130-1
https://doi.org/10.1007/s12640-009-9130-1
https://doi.org/10.1111/j.1365-3016.2012.01259.x
https://doi.org/10.1111/j.1365-3016.2012.01259.x
https://doi.org/10.1097/EDE.0000000000000686
https://doi.org/10.1097/EDE.0000000000000686
https://pubmed.ncbi.nlm.nih.gov/24049862/
https://pubmed.ncbi.nlm.nih.gov/24049862/
https://doi.org/10.1038/s41598-017-18584-4
https://doi.org/10.1097/MOP.0000000000000465
https://doi.org/10.1097/MOP.0000000000000465
https://doi.org/10.1093/toxsci/kfr141
https://doi.org/10.1093/toxsci/54.2.295
https://doi.org/10.1097/EDE.0b013e31819b93c0

	Toxic and essential trace elements in human primary teeth: A baseline study within The MoBaTooth Biobank and The Norwegian  ...
	1 Introduction
	2 Material and methods
	2.1 Study population
	2.2 Sample preparation
	2.3 Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS)
	2.4 Statistical analysis

	3 Results
	4 Discussion
	5 Conclusions
	Ethics approval and consent to participants
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Funding
	Acknowledgments
	References


