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Introduction: Cerebral palsy (CP) is the most common motor disability in 
childhood, but its causes are only partly known. Early-life exposure to toxic 
metals and inadequate or excess amounts of essential elements can adversely 
affect brain and nervous system development. However, little is still known 
about these as perinatal risk factors for CP. This study aims to investigate the 
associations between second trimester maternal blood levels of toxic metals, 
essential elements, and mixtures thereof, with CP diagnoses in children.

Methods: In a large, population-based prospective birth cohort (The Norwegian 
Mother, Father, and Child Cohort Study), children with CP diagnoses were 
identified through The Norwegian Patient Registry and Cerebral Palsy Registry 
of Norway. One hundred forty-four children with CP and 1,082 controls were 
included. The relationship between maternal blood concentrations of five toxic 
metals and six essential elements and CP diagnoses were investigated using 
mixture approaches: elastic net with stability selection to identify important 
metals/elements in the mixture in relation to CP; then logistic regressions of 
the selected metals/elements to estimate odds ratio (OR) of CP and two-way 
interactions among metals/elements and with child sex and maternal education. 
Finally, the joint effects of the mixtures on CP diagnoses were estimated using 
quantile-based g-computation analyses.

Results: The essential elements manganese and copper, as well as the toxic metal 
Hg, were the most important in relation to CP. Elevated maternal levels of copper 
(OR = 1.40) and manganese (OR = 1.20) were associated with increased risk of 
CP, while Hg levels were, counterintuitively, inversely related to CP. Metal/element 
interactions that were associated with CP were observed, and that sex and 
maternal education influenced the relationships between metals/elements and 
CP. In the joint mixture approach no significant association between the mixture 
of metals/elements and CP (OR = 1.00, 95% CI = [0.67, 1.50]) was identified.

Conclusion: Using mixture approaches, elevated levels of copper and manganese 
measured in maternal blood during the second trimester could be  related to 
increased risk of CP in children. The inverse associations between maternal Hg 
and CP could reflect Hg as a marker of maternal fish intake and thus nutrients 
beneficial for foetal brain development.
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1. Introduction

Cerebral palsy (CP) is defined as a “group of permanent disorders 
of the development of movement and posture” caused by a 
non-progressive lesion in the developing brain occurring before 2 
years of age (1). Cerebral palsy is the most common motor disability 
in childhood, with a prevalence of about 0.2 percent (2), but affecting 
up to one in 10 extremely preterm born children (3). About 30% have 
severe gross- and fine motor impairments, being unable to walk 
without assistive devices or being dependent on a wheelchair and/or 
unable to use their hands independently. In addition, associated 
neurodevelopmental disorders and difficulties are common, 
including epilepsy, intellectual disability, eating difficulties, speech 
and communication difficulties as well as pain and musculoskeletal 
complications (4). The pathophysiology underlying CP is varied and 
complex, and the resulting brain injuries include brain malformations, 
white and grey matter injuries, though congenital malformations are 
identified in a minority of cases (5). CP is further classified into 
subtypes based on the dominating clinical symptom, i.e., spasticity, 
dyskinesia, or ataxia. Based upon the timing of the insult, CP is 
classified as postneonatal occurring from day 28 after birth to the age 
of 2 years, or congenital CP. Whereas the event leading to 
postneonatal CP is usually clearly identified, the aetiology underlying 
congenital CP is more obscure (6).

Genetic causes of CP are rare, but genetic factors may interact 
with risk factors, as the prevalence of CP is elevated among close 
relatives (7). Rather than being a direct cause of CP, genetic factors 
may interact with other risk factors, such as preterm birth, foetal 
growth restriction, placental dysfunction, and hypoxic ischemic 
insults during delivery, leading to neonatal encephalopathy and 
seizures (8). However, in the majority of congenital CP cases the 
aetiology still remains unexplained (5).

In utero exposure to chemicals may alone, or interacting with 
other factors, interfere with normal brain development leading to 
an early brain insult and CP. Earlier studies have found increased 
risk of CP diagnosis in children prenatally exposed to 
pharmaceuticals such as paracetamol or aspirin, as well as 
environmental toxicants such as pesticides and perfluoroalkyl 
substances (PFASs), which are known or suspected to adversely 
affect brain development (9–11).

Several toxic metals, such as mercury (Hg) and lead (Pb), can 
contribute to neurodevelopmental disorders, and neurological and 
motor impairments in children (12). Children and foetuses are 
especially vulnerable to such exposures, due to the rapid development 
of the brain and nervous system, lack of detoxifying enzymes and 
underdeveloped blood-brain barrier (13). Thus, toxic metals in 
maternal blood can pass the placenta and reach the foetal brain, and 
adversely affect foetal development of the brain and nervous system 
and later functioning (14–16).

In contrast to toxic (non-essential) metals, essential elements, 
such as copper (Cu), cobalt (Co), selenium (Se), zinc (Zn), 
magnesium (Mg), and manganese (Mn), are important in human 
physiological and biochemical processes (17). A healthy, nutrient-
rich diet during pregnancy is imperative to ensure a healthy 
development of the foetus (18). Pregnant women are at increased risk 
of micro- and macronutrient deficiency due to increased demands 
from the foetus (19). Essential elements generally have a narrow 
optimal dose range, and both excessive and insufficient intake may 
adversely affect health (17, 20, 21).

Although there are uncertainties as to whether gestational 
exposure to toxic metals and essential elements are associated with 
risk of neurological disorders like CP in the child, there is some 
evidence that elevated exposure to the toxic metals Pb, Hg, arsenic 
(As) and the essential element Mn can impair motor function in 
children and adolescents (22–27). For example, symptoms of 
chronic Hg intoxication in childhood includes muscular hypotonia, 
tremor, ataxia, and coordination problems (28), and prenatal 
exposure to Hg has been related to poorer motor function and gross 
motor skills (29). A study from Japan reported a high incidence of 
CP following pollution of wastewater with methylmercury (MeHg) 
leading to high concentrations in local fish and seafood ingested by 
the local population, including pregnant women (30). Similar to 
MeHg, Pb is an established developmental neurotoxicant (31). 
Bansal et  al. (32) found increased blood Pb concentrations in 
children with CP, compared to controls. However, few or no 
previous studies, to our knowledge, have investigated associations 
between gestational levels of toxic metals and essential elements, 
and CP diagnosis in the child.

Studies of CP diagnoses requires very large sample sizes, due 
to the heterogeneity and the low prevalence of CP. The present 
study aims to address this question by using data from a large 
population-based cohort, the Norwegian Mother, Father, and 
Child Cohort Study [MoBa; Magnus et al. (33)]. Most studies on 
health effects from chemical exposure have been limited to only 
a few exposures (34), however human populations are not 
exposed to only one metal at the time, but rather to a mixture of 
multiple metals. Metals, as well as essential elements, can act 
jointly (additively), or they can interact antagonistically or 
synergistically, yielding potentially different effects on 
development and health compared to when the metals/elements 
are considered alone (29, 35). Investigating the associations of 
combinations of metals/elements with health outcomes is 
therefore critical when it comes to research on environmental 
factors and children’s health (36, 37).

The aim of the present study is to investigate the associations 
between gestational levels of toxic metals and essential elements, 
individually and as mixtures, and risk of CP diagnoses in children 
using a prospective, population-based birth cohort.
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2. Methods

2.1. Study sample

2.1.1. The Norwegian Mother, Father, and Child 
Cohort Study (MoBa)

Participants in the current study were selected from NeuroTox, a 
sub-study to MoBa aimed at investigating the association of prenatal 
exposure to environmental toxicants and risk for neurodevelopmental 
and neurological disorders in children. MoBa is a population-based 
pregnancy cohort study conducted by the Norwegian Institute of 
Public Health. Participants were recruited from all over Norway 
during 1999–2008. The women consented to participation in 41% of 
the pregnancies. The cohort now includes 114,500 children, 95,200 
mothers and 75,200 fathers (33). Blood samples were obtained from 
both parents during pregnancy and from mothers and children 
(umbilical cord) at birth (38). The current study is based on version 
12 of the quality-assured data files. The establishment of MoBa and 
initial data collection was based on a license from the Norwegian Data 
Protection Agency and approval from The Regional Committees for 
Medical and Health Research Ethics. The MoBa cohort is now based 
on regulations related to the Norwegian Health Registry Act. The 
Norwegian Patient Registry (NPR) has approved the linkage between 
NPR and MoBa, identifying cases with a diagnosis of CP. Linkage 
between MoBa and the Cerebral Palsy Registry of Norway (CPRN) 
was also used to identify cases. The CPRN is a consent-based national 
medical quality register established in 2006 containing clinical data on 
individual children born from 1996 onwards (39). The Medical Birth 
Registry of Norway (MBRN) is a national health registry containing 
information about all births in Norway.

2.1.2. Cases and controls
In total, 247 MoBa children with CP diagnoses (one or more 

registrations of ICD-10 codes G80.0-G80.9; 40) in the CPRN (39) 

or the NPR (41) were identified. For children with recorded CP 
diagnoses in the NPR, but who were not previously captured by 
the CPRN (39), the diagnoses were validated according to the 
standard procedures of the CPRN. The inclusion criteria in the 
present study were (Figure 1): Singleton, alive at 2 years of age, 
born 2002 or later, available record from the MBRN, available 
maternal MoBa questionnaire 1 (gestations week 15), no 
registration of Downs syndrome and available maternal whole 
blood samples (gestations week ~18). The final sample consisted 
of 144 CP diagnostic cases and their mothers. Of the CP cases, 59 
were categorised as hemiplegic, 43 as diplegic, 16 quadriplegic, 2 
choreo-athetotic, 13 dystonic, 7 ataxic and 4 unknown or 
unclassifiable. The CP cases were analysed together, as there is 
often overlap in presentation and clinical significance between 
them (6).

The control population in the NeuroTox project was designed 
to be used for other outcomes as well, including autism spectrum 
disorders (ASD), attention deficit/hyperactivity disorder (ADHD), 
and epilepsy. This control group was randomly sampled from the 
eligible MoBa sample, frequency matched with birth year and child 
sex to all diagnostic cases in NeuroTox applying the same inclusion 
criteria as for the cases. Since CP, and especially ADHD and ASD, 
are more prevalent among boys (42), more male than female 
controls were sampled. The final control group consisted of 1,082 
children and their mothers. The high case-control ratio leads to 
increased statistical power when the prevalence of cases is small 
(43). In addition, this study was a part of a larger studies on 
neurodevelopment and neurological outcomes in children, where 
control group was designed to fit all cases groups such as ADHD, 
ASD and epilepsy, where the prevalence in children is higher than 
that of CP (44).

The current study was approved by The Regional Committees for 
Medical and Health Research Ethics (ref. no. 2012/985-1). Parents 
enrolled in MoBa gave written consent for the use of this data.

FIGURE 1

Flow chart showing the selection of cases and controls in a nested case-control study of cerebral palsy in the Norwegian Mother, Father, and Child 
Cohort Study (MoBa), 2002–2006.
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2.2. Measurement of toxic metals and 
essential elements in maternal blood

The present study used maternal blood samples from around 
gestation week 18. Details about the sampling procedure and handling 
and storage in the MoBa biobank are described in detail elsewhere 
(38). Eleven toxic/non-essential metals and essential elements were 
determined in maternal whole blood, using inductively coupled 
plasma-sector field mass spectrometry (ICP-SFMS). These included 
the toxic metals As, cadmium (Cd), caesium (Cs), Pb and Hg, and the 
essential elements Co, Cu, Mg, Mn, Se, and Zn. Hg and As were 
measures of total Hg and total As, containing both inorganic and 
organic forms. In the Norwegian population, these measures will to a 
large degree reflect organic forms from intake of fish and seafood (45). 
Most samples (n = 1,121) were analysed at ALS laboratory group’s lab 
in Sweden, and some (n = 105) were analysed at the University of 
Lund (Sweden). Internal quality control samples and procedure blanks 
were analysed along with each batch of samples to ensure high quality 
of the determinations throughout the project. Additionally, reference 
samples were included (Seronorm Trace Elements whole blood L-1, 
SERO AS, Billingstad, Norway) that were used as project-specific 
quality control (QC) samples. Case, control, and QC samples were 
randomized to batch and blinded to the analysist. Details on analytical 
procedures, limits of detection (LOD), limits of quantification (LOQ) 
and quality control are presented in Supplementary materials 1 and 3. 
For most metals/elements, concentrations above LOQ are reported, 
but for As, Cd, Pb, and Hg, concentrations above LOD are reported. 
Metal/element concentrations are given in μg/L, except for Mg, which 
is given in mg/L.

Due to issues related to project design and logistics, the 
blood samples were pulled from the biobank and analysed for 
metals and elements in three separate analytical rounds 
(Supplementary material 1). In addition, some samples were analysed 
at the University of Lund in another MoBa sub-study (~round 4). To 
account for analytical variation across analytical rounds, the metal/
element concentrations were normalised for each participant using 
the QC samples (Seronorm reference material) analysed in each of 
the analytical rounds. The approach used was similar to the scaled 
variation of the Ratio-G batch adjustment described in Luo et al. (46). 
Let M be  the measured metal/element concentration i for each 
participant j. M*ij is then the analytical round adjusted metal/
element concentration, and is calculated as (Eq. 1):

 M ij Mij∗ = × ( )meanQCl meanQClk/ , (1)

where meanQCl represents the geometric mean of metal/element 
i in reference samples across all analytical rounds, and meanQClk 
represents the geometric mean of metal/element i in reference samples 
from analytical round k (i.e., in the analytical round in which sample 
of participant j was measured).

2.3. Covariates

The covariates in the present study were obtained from three 
prenatal MoBa questionnaires completed in gestation weeks 15, 22, 
and 30 (33) and from the MBRN. The following covariates were 

considered: from MoBa: maternal education (up to and including 4 
years of university/college vs. 5 years of university/college or more), 
maternal smoking during pregnancy (daily/sometimes vs. no), 
maternal seafood consumption during pregnancy obtained from 
the food frequency questionnaire (gestation week 22), and maternal 
pre-pregnancy body mass index; from MBRN: child sex, child birth 
year (2002–2005 vs. 2006–2009), parity (0 vs. 1+), maternal age at 
delivery (in years), gestational age, and birth weight. A minimal 
adjustment set was identified using directed acyclic graphs made at 
dagitty.net [DAGs; Textor et al. (47); see Supplementary material 11 
and Table 1], and included maternal education, maternal seafood 
intake during pregnancy, maternal age at delivery, maternal 
smoking during pregnancy, and parity. Sex and birth year were 
additionally included as covariates, since these variables are 
important in relation to CP and metal/element exposure, 
respectively.

TABLE 1 Descriptive information for controls, cases, and the total study 
sample in a nested case-control study of cerebral palsy in the Norwegian 
Mother, Father, and Child Cohort Study (MoBa), 2002–2006.

Controls CP cases Total

N = 1,082 N = 144 N = 1,226

Maternal age [mean (SD)]a 30.0 (4.5) 30.4 (4.7) 30.1 (4.5)

Seafood intake, pregnancy 

[mean (SD)]a

36.5 (21.8) 33.7 (21.2) 36.2 (21.8)

  Missing 128 15 143

Maternal folate intake, 

pregnancy [mean (SD)]b

511.2 (272.3) 547.5 (277.8) 515.5 (273.1)

  Missing 242 31 273

Gestational age, days [mean 

(SD)]b

279.6 (11.7) 265.0 (31.3) 277.9 (16.0)

  Missing 4 1 5

Paritya

  0 459 (42.4%) 80 (55.6%) 539 (44.0%)

  1+ 623 (57.6%) 64 (44.4%) 687 (56.0%)

Maternal educationa

  <5 year university 357 (33.8%) 49 (34.8%) 406 (33.9%)

  ≥5 year university 698 (66.2%) 92 (65.2%) 790 (66.1%)

  Missing 27 3 30

Maternal smoking, pregnancya

  No 937 (86.6%) 132 (91.7%) 1,069 (87.2%)

  Yes 145 (13.4%) 12 (8.3%) 157 (12.8%)

Maternal pre-pregnancy 

BMIb

23.4 (5.9) 24.5 (7.1) 23.5 (6.1)

Birth yeara

  <2006 867 (80.1%) 65 (45.1%) 932 (76.0%)

  ≥2006 215 (19.9%) 79 (54.9%) 294 (24.0%)

Sexa

  Boys 744 (68.8%) 83 (57.6%) 827 (67.5%)

  Girls 338 (31.2%) 61 (42.4%) 399 (32.5%)

aAdjustment variables in the analyses.
bNot part of minimal adjustment set.
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2.4. Statistical analyses

Preliminary analyses (see Supplementary material 12) indicated 
that some metal/element outliers could influence the estimates of the 
individual metal/element-CP relationships. To deal with outliers, a 
winsorization approach was used (48) where metal/element 
concentrations below the first and above the 99th percentiles were 
replaced with the value of the first and 99th percentile, respectively. 
Then all metal/element concentrations were natural log transformed 
to reduce skewness.

Multiple imputation (M = 20) was used to replace missing values 
with Amelia II in R (49). As, Cd and Co had some missing values due 
to concentrations below LOD or LOQ. Therefore, lower (≈0) and 
upper (LOQ for Cd and Co; LOD for As) bounds were specified for 
these variables in the imputation. Missing Mg and Cs (not analysed at 
the University of Lund) were imputed based on their log-normal 
distributions. We also imputed missing covariates (see Tables 1, 2). 
Imputations were based on the following variables: CP diagnoses, 
log-transformed metal/element concentrations, maternal age, 
maternal smoking during pregnancy, parity, maternal education, child 
sex, maternal pre-pregnancy BMI, maternal seafood intake during 
pregnancy, birth year, gestational age in days, and total maternal folate 
intake during pregnancy. Kernel density plots were used to confirm 
that the imputed values seemed reasonable.

Correlations in one of the imputed datasets among the measured 
toxic metals and essential elements in maternal blood were 
investigated using Spearman correlation.

All regression models are based on multiple imputed data, unless 
otherwise mentioned, and adjusted for child sex, birth year, parity, 
maternal education, maternal smoking during pregnancy, maternal 
age at delivery, and maternal seafood consumption during pregnancy.

2.4.1. Identifying important metals/elements in 
the association with CP

Simultaneously including multiple correlated exposure variables 
can produce unstable estimates and inflated standard errors when 
running traditional regression models (50). To overcome this 
limitation, a method for regularization and variable selection was 
used: elastic net regression (51) (see Supplementary material 2), to 
identify metal/element exposures important for CP. The covariates 
were not penalized. Elastic net regression is a suitable method to 
identify the most important elements in relation to the outcome 
within a mixture, which then can be  used to characterise in the 
independent exposure-response relationships of the selected mixture 
member(s) (50).

To ensure the robustness of the elastic net results, stability 
selection was performed. In stability selection, variables that are only 
weakly related to the outcome are more likely to be filtered out, due to 
more noise being introduced into the data (52). In short, random 
sampling from the original data with replacement was done 200 times, 
yielding 200 new datasets. In each of these datasets, 20 multiple 
imputed (MI) datasets were made. Elastic net was run in every MI 
dataset, and it was calculated how often, on average, the exposures 
were selected. Thus, each randomly drawn dataset yielded selection 
probability estimate for each exposure. The mean of the selection 
probabilities across the 200 randomly drawn datasets was then 
calculated. A permutation procedure was used to calculate p-values 
from the elastic net regression with stability selection.

The selection probabilities and p-values were in combination 
used as an indication of the strength of the association between 
exposure and outcome. Exposures with p-value ≤0.05 (and a high 
selection probability; >0.6) were selected for further analyses and 
entered into multivariable, adjusted logistic regression models 
(co-adjusted for other selected exposures) in order to obtain odds 
ratios (ORs) for CP. The regression model was run in each imputed 
dataset, and resulting ORs (no CIs or p-values were considered) 
were combined using Rubin’s rules (53). For reason of comparison 
with the variable selection results, we ran multivariable adjusted 
linear regression models with all individual metal/elements. 
Estimates are given as OR per interquartile increase in metal/
element.

Whether the associations between selected individual exposures 
and risk for CP deviated from a monotonic dose-relationship was 
further investigated using multivariable adjusted natural splines with 
knots at 10th, 50th, and 90th percentiles. A model with the exposure 
as linear term was then tested against a model with the exposure 
modelled as splines using likelihood ratio (lr) tests.

2.4.2. Identifying important two-way interactions
In order to detect possible multiplicative two-way interactions 

between individual metals/elements, we performed the elastic net 
stability selection described above. Previous studies have found 
associations with CP for sex and parental education (42, 54, 55). 
Thus, we also investigated interaction (effect measure modification) 
by child sex and maternal education (as proxy for SES). All 
independent variables were standardized. Pairwise interaction terms 
between all the metals/elements and between metals/elements and 
sex and maternal education were generated. The selected interaction 
terms (with p-value ≤0.1 and high selection probability) were 
included in a logistic regression model and visualized using 
line graphs.

2.4.3. Assessment of total metal/element mixture 
effect using quantile g-computation

The effect of individual exposures may be small and difficult to 
identify, while the joint effect of multiple chemicals in the mixture 
can cause stronger effects than that of single exposures (35). 
Therefore, analyses to investigate the joint effects of three mixtures 
were performed using three models: (1) a mix containing all 11 
metals/elements (MixAll), (2) a mix containing five toxic metals (As, 
Hg, Cd, Cs and Pb; MixTox), and (3) a mixture containing six 
essential elements (Mn, Cu, Co, Se, Mg and Zn; MixEssential). For 
this purpose, quantile g-computation (qgcomp) analyses with the R 
package qgcomp (56) were used. In this approach the exposure 
variables are used to construct a weighted exposure index of the 
mixture, reducing dimensionality and possible multicollinearity 
problems. The index is included in a regression model along with 
covariates of interest, yielding an overall effect estimate for the 
mixture. A one-unit increase in the mixture corresponds to all 
metals/elements in the mixture increasing by one unit. Weights are 
constructed to represent the relative strength of each exposure in 
relation to the outcome. The model was run in each imputed dataset, 
with exposures categorized as quartiles. The estimates with 95% CIs 
were combined using Rubin’s rules (53). Additionally, the interactions 
identified in the elastic net analysis were tested, along with potential 
non-linear effects of the mixture using the qgcomp.boot function.
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TABLE 2 Batch adjusted metal concentrations (μg/L or mg/L) for controls, cases, and the total study sample in a nested case-control study of cerebral palsy in The Norwegian Mother, Father, and Child Cohort 
Study (MoBa), 2002–2006.

Controls CP cases Total

N = 1,082 N = 144 N = 1,226

Mean (SD) Min 10% 50% 90% Max Mean (SD) Min 10% 50% 90% Max Mean (SD) Min 10% 50% 90% Max

Hg (ug/L), adjusted 1.4 (0.9) 0.1 0.6 1.2 2.5 8.4 1.2 (0.7) 0.1 0.3 1.0 2.2 3.5 1.4 (0.9) 0.1 0.5 1.1 2.4 8.4

As (ug/L), adjusted 2.4 (3.1) 0.1 0.6 1.6 4.8 51.9 2.1 (2.3) 0.2 0.8 1.4 3.7 14.9 2.4 (3.0) 0.1 0.6 1.6 4.8 51.9

  Missinga 12 0 12

Cd (ug/L), adjusted 0.3 (0.3) 0.0 0.1 0.2 0.5 3.0 0.2 (0.2) 0.0 0.1 0.2 0.3 2.1 0.2 (0.3) 0.0 0.1 0.2 0.5 3.0

  Missinga 22 0 22

Pb (ug/L), adjusted 10.0 (5.5) 2.0 5.6 9.0 15.1 85.8 9.8 (7.6) 1.0 4.9 8.7 14.4 86.0 10.0 (5.8) 1.0 5.5 8.9 15.0 86.0

Mn (ug/L), adjusted 11.2 (8.8) 3.4 6.6 9.8 15.2 162.7 13.4 (12.9) 1.9 6.7 10.2 19.4 105.1 11.5 (9.4) 1.9 6.6 9.8 15.5 162.7

Se (ug/L), adjusted 92.3 (20.4) 45.8 71.6 89.7 116 303.5 91.9 (18.7) 56.7 69.3 90.0 121.7 144.1 92.3 (20.2) 45.8 71.1 89.7 117.0 303.5

Co (ug/L), adjusted 0.3 (0.9) 0.0 0.1 0.2 0.4 29.3 0.2 (0.2) 0.0 0.1 0.2 0.3 1.4 0.3 (0.9) 0.0 0.1 0.2 0.4 29.3

  Missinga 32 1 33

Cs (ug/L), adjusted 2.4 (0.9) 0.9 1.5 2.3 3.4 8.4 2.3 (0.8) 0.8 1.4 2.2 3.3 5.3 2.4 (0.9) 0.8 1.5 2.2 3.3 8.4

  Missinga 103 2 105

Cu (ug/L), adjusted 1,583 (243) 778 1,300 1,551 1891 3,178 1,623 (282) 939 1,277 1,609 1980 3,069 1,588 (248) 778 1,297 1,554 1903 3,178

Zn (ug/L), adjusted 5,491 (1088) 1,641 4,090 5,460 6,837 10,294 5,203 (909) 1,432 4,056 5,240 6,264 7,433 5,457 (1072) 1,432 4,086 5,436 6,751 10,294

Mg (mg/L), adjusted 30.3 (3.5) 18.3 25.9 30.3 34.8 45.0

aMissing was due to values below level of detection.
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2.4.4. Sensitivity analyses
Sensitivity analyses were performed in regression models of 

selected metals only. Analyses were stratified by children of mothers 
with folate intake during pregnancy below (N = 613) or above (N = 
613) the median. Analyses were restricted to children born to term 
(born in gestational week 37 or later; N = 1,138), children not born 
small for gestational age [SGA; Maršál et al. (57); N = 1,199], and 
children of mothers who did not smoke during pregnancy (N = 1,069). 
The main analysis was also done without winsorizing (N = 1,226) and 
on complete cases (subjects without missing values; N = 1,002). In 
addition, due to multiple comparison, the results from the elastic net 
stability selection were assessed controlling the false discovery rate 
(fdr) at α = 0.05 (α = 0.1 for the interactions), according to a method 
proposed by Ahmed et  al. (58) (see Supplementary material 2 
for details).

All analyses were done in R version 4.0 (59), using the packages 
glmnet (60), qgcomp (56), forestplot (61), ggplot2 (62), sjPlot (63), 
ggExtra (64), ggeffects (63), stargazer (65), mitools (66), Amelia II (49), 
reshape (67), and splines (68). Example scripts for the analysis are 
available at https://osf.io/5867z/. Data from MoBa and MBRN used in 
this study are managed by Norwegian Institute of Public Health and 
can be made available to researchers, provided approval from the 
Regional Committees for Medical and Health Research Ethics (REC), 
compliance with the EU General Data Protection Regulation (GDPR) 
and approval from the data owners. The consent given by the 
participants does not open for storage of data on an individual level in 
repositories or journals. Researchers who want access to data sets for 
replication should apply through helsedata.no. Access to data sets 
requires approval from The Regional Committee for Medical and 
Health Research Ethics in Norway and an agreement with MoBa.

3. Results

The characteristics of the study population is presented in Table 1. 
Compared to mother of controls, mothers of children with CP had a 
lower seafood consumption during pregnancy and had slightly higher 
pre-pregnancy BMI. A larger proportion of children with CP were 
first-borns, were girls and had lower birth weight and gestational age 
than compared to the controls (Table 1), which is in line with previous 
literature (69, 70). Table 2 and Supplementary material 4 present the 
distribution of adjusted and non-adjusted (original) gestational 
concentrations of metals/elements, respectively.

Spearman correlations between the log-transformed 
concentrations of the metals and elements showed low to moderate 
correlations (Figure  2), with the highest correlations being those 
between As and Hg (r = 0.59) and Mg and Zn (r = 0.53).

Using elastic net models in conjunction with stability selection 
and the permutation approach, maternal levels of Cu (p = 0.018, 
Psel = 0.88), Hg (p = 0.019, Psel = 0.87) and Mn (p = 0.055, Psel = 
0.79); had the strongest associations with odds of CP in children. 
These associations did not remain when comparing with p-values 
adjusted for multiple comparisons (p > pFDR; Figure  3 and 
Supplementary material 5). When Mn, Hg and Cu were included 
in the same multivariable adjusted, logistic regression models, this 
resulting in the following effect estimates (ORs; per interquartile 
range increase in exposure): Higher maternal levels of Cu (OR = 
1.40) and Mn (OR = 1.2) were associated with an increased risk of 

CP in the child, whereas Hg was associated with a lowered risk (OR 
= 0.68) (Figure 4 and Supplementary material 6). A similar pattern 
was observed in multivariable adjusted logistic regression models 
of single exposures: Hg [OR = 0.69, 95% CI = (0.51, 0.92)], Mn [OR 
= 1.30, 95% CI = (1.00, 1.50)] and Cu [OR = 1.50, 95% CI = (1.10, 
2.00)] (Figure 4 and Supplementary material 6).

Modelling the relationship between the selected metals/element 
exposures and CP as natural splines with knots at 10th, 50th, and 90th 
percentiles, indicated no departure from linearity in the relationship 
between prenatal levels of Cu, Mn and Hg and odds of CP in the child 
(Supplementary material 6).

Restricting the analyses to children of non-smokers, children born 
at term, non-SGA children, or complete cases only, the effect estimates 
remained relatively unaffected (Supplementary material 14 and 
Supplementary material 7). When stratified by median maternal folate 
intake during pregnancy, the results in the lower intake group 
attenuated somewhat, whereas the higher intake group tended to 
be further away from one.

Several two-way interactions were identified: Cu*Pb (p = 0.017, 
Psel = 0.89;), Cd*Cu (p = 0.065, Psel = 0.82), Maternal education*Cu (p 
= 0.059, Psel = 0.79), Hg*Mg (p = 0.025, Psel = 0.79), Maternal 
education*Hg (p = 0.061, Psel = 0.74;), Cd*Pb (p = 0.088, Psel = 0.73), 
Child sex*Cu (p = 0.090; pFDR = 0.010), Cu*Mn (p = 0.096, Psel = 0.72), 
and Co*Hg (p = 0.084, Psel = 0.70) (Figure  5 and 
Supplementary material 8). None of the relationships remained when 
controlling for multiple comparisons (p > pFDR; Figure  5 and 
Supplementary material 6). The identified interaction terms (i.e., p ≤ 
0.10) are visualized using stratified, linear regression plots in Figure 6. 
The plots show, for example, that the positive relationship for Cu with 
CP was larger for lower Pb levels and higher levels of Cd, and for 
children of less educated mothers, and for boys. The relationship 
between Mn and CP was stronger for higher prenatal levels of Cu. The 
inverse relationship for Hg was largest in children of less educated 
mothers, and for lower levels of Mg.

Using qgcomp, there was no significant association between the 
metal/element mixture [MixAll—OR = 1.00, 95% CI = (0.67, 1.50), 
Supplementary material 6]. When restricting the analysis to the toxic 
metals mixture (MixTox) there was an inverse association with CP 
[OR = 0.77, 95% CI = (0.56, 1.00); Figure  4 and 
Supplementary material 6], with Hg being the largest contributor to 
this association (Supplementary material 13). The association did not 
remain after excluding Hg [OR = 0.83, 95% CI = (0.61, 1.12)], or when 
comparing with false discovery rate for multiple comparisons 
(Supplementary material 6). No significant effect was found for the 
essential elements mixture [MixEssential—OR = 1.30, 95% CI = (0.93, 
2.50), Supplementary material 6]. The MixAll model including all the 
interactions identified using elastic net regression did not find 
significant effects [OR = −0.05, 95% CI = (−0.3, 0.27)], nor did the 
model accounting for nonlinear effects [quadratic fit OR = 0.004, 95% 
CI = (−0.008, 0.008)].

4. Discussion

The present study is among the first to investigate the associations 
between multiple toxic metals and essential elements and their 
mixtures measured in maternal blood during pregnancy and risk of 
CP diagnosis in the child within a population-based birth cohort. As 
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a first mixture approach, a penalized regression analysis was used to 
identify potentially important elements in the mixture in relation to 
risk of CP. Mn, Cu, and Hg appeared the most important. Follow-up 
logistic regression models of these individual elements indicated an 
increased risk of CP in the child associated with increased maternal 
levels Cu and Mn. In addition, maternal level of Hg was inversely 
related to CP. Using a similar approach, several two-way interactions 
were identified among metals/elements that appeared important for 
risk of CP, as well as effect measure modification by child sex and 
SES. The second mixture approach, investigating the joint effect of the 
mixture(s), revealed no significant effect for the metal/element 
mixture, but the mixture containing toxic metals revealed an inverse 
association with CP, in which Hg appeared to have the most influential, 
though it must be noted that since it will be missing co-confounding 
or co-exposure effects, it might not be very reliable. The discrepancy 
between the effects of the overall (MixAll) and toxic (MixTox) 
mixtures could point to antagonism between essential and toxic 
metals. None of the associations for selected metals/elements, two-way 
interactions or the joint mixture effect remained after adjusting for 

multiple comparisons. Therefore, the results must be interpreted with 
caution. Still, highlighted exposures herein should be  considered 
important candidates for further studies of metal/element exposure 
and risk of CP in children, especially since very little knowledge exists 
to date on associations between toxicant and micronutrient levels 
during perinatal development and risk of CP.

The main source of Cu exposure in humans is food, and in some 
cases, drinking water (71). Cu is an essential trace mineral for many 
important enzymes and proteins in living organisms (72). It is 
important for foetal and child development, but excess levels can 
be toxic (17). There is evidence to support an adverse effect of Cu in 
human neurological disorders, such as Alzheimer, Huntington, and 
Menkes diseases (73). Possible mechanisms for Cu toxicity include its 
contribution in the formation of reactive oxygen species that modify 
the structure and/or function of essential biomolecules (72). Little is 
known about prenatal Cu and CP, and the present study is, to our 
knowledge, among the first to investigate and report this association. 
Only very few studies have investigated potential adverse effects of Cu 
on brain development, especially when it comes to psychomotor 

FIGURE 2

Spearman correlation between the metals/elements (adjusted concentrations) in a nested case-control study of cerebral palsy in the Norwegian 
Mother, Father, and Child Cohort Study (MoBa), 2002–2006. N = 1,226. Arsenic (As); cadmium (Cd); cesium (Cs); cobalt (Co); copper (Cu); lead (Pb); 
magnesium (Mg); manganese (Mn); mercury (Hg); selenium (Se); zinc (Zn).
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development (74, 75). Elevated airborne Cu exposure at school at ages 
8 years and 12 years was associated with poorer motor performance 
and altered basal ganglia structure and function of the brain (76). 
Partly consistent with our findings, Amorós et al. (77) found inverse 
associations between Cu measured in maternal blood during the first 
trimester, and scores on neuropsychological development at one and 
5 years. Also, in line with our findings where the risk of CP was higher 
among boys than compared to girls in relation to maternal Cu levels, 
Amorós et al. (77) found the associations to be strongest for boys at 
age 1 year. A stronger susceptibility for males to a range of toxicants is 
also found in several other studies (78). Further, the association 
between Cu and CP in the present study was strongest for lower 
concentrations of Pb, higher concentrations of Cd, and higher 
concentrations of Mn. Previous studies have shown that the toxicity 
of a toxicant can depend on the presence of other toxicants or elements 
(37, 79). Further, the effect of Cu was mainly found in children of less 
educated mothers, but not for children of highly educated mothers. 
Higher SES is associated with healthier lifestyle and living conditions 
(80), which might attenuate the adverse effects of increased Cu in the 
body. For example, studies have reported effect measure modification 
by SES in the relationship between Pb and adverse neurodevelopment, 
and it has been hypothesized that this might be due to differences in 
genetic susceptibilities, environmental enrichment, or stress (81).

Since preterm birth is an important predictor of CP (82), it was of 
special interest to see whether the effect estimates changed when 
children born before term were excluded from the analyses. For Cu, 
the estimate was slightly attenuated, indicating that the association for 
Cu might be stronger in preterm born children.

The maternal blood concentration of Cu in the present study 
(mean = 1,588 μg/L) was comparable to those in other studies, such 
as studies of pregnant women from Northern Norway (mean = 
1,670 μg/L), Poland (mean = 1,694 μg/L), and Republic of Korea 

(mean = 1,650 μg/L) (83–85). Thus, the present study indicates that 
Cu blood levels during pregnancy might be associated with CP, even 
at concentration ranges commonly seen in populations.

For the trace element Mn measured in pregnancy, a positive 
association (increased risk) was identified with CP in the child. The 
main source of Mn exposure in humans is diet, and some industrial 
occupations (i.e., mining, welding and steel production) also represent 
a risk for increased Mn exposure by inhalation (86). As for Cu, 
excessive exposure can be  neurotoxic and Mn is an established 
developmental neurotoxicant (31), although there is no clearly 
established mechanistic underpinning for its neurotoxicity. Mn could 
act through substituting calcium (Ca), and thus interfere with 
dopaminergic synaptic transmission, disruption of ATP synthesis in 
the mitochondria, and oxidization of dopamine, leading to increased 
intracellular oxidative stress (87, 88).

In adults, inhalation of Mn can lead to a condition called 
manganism, which is characterized by tremors, difficulties walking, 
and facial spasms. There is limited knowledge about early-life Mn 
exposure and neurological outcomes, but there is some evidence of 
adverse impact on cognition and behaviour (35, 89). Prenatal Mn 
concentrations in blood is associated with reduced birth weight and 
head and chest circumference (90). A South Korean study measured 
blood levels of Mn in pregnant women at term, and found associations 
with mental and psychomotor development at child age 6 months 
(91). A study on Italian adolescents found associations between 
increased soil Mn concentrations and impaired motor coordination 
and hand dexterity, and positive associations between blood and hair 
Mn concentrations and tremor intensity (22). Another study of 
children in Bangladesh found no associations between Mn in drinking 
water and Mn in blood and urine, and between Mn and motor 
function (23). However other neurodevelopmental outcomes (i.e., 
impaired cognitive function and academic achievement, internalizing 

FIGURE 3

Mean selection probability (boxplot) in a nested case-control study of cerebral palsy in the Norwegian Mother, Father, and Child Cohort Study (MoBa), 
2002–2006. N = 1,226. Based on elastic net regression in 2000 datasets (20 multiple imputed datasets in each of 100 randomly drawn datasets with 
replacement), and calculated p-values [based on 240,000 elastic net runs (once in each of 10 multiple imputed datasets in each of 20 randomly 
sampled datasets with replacements in each of 1,200 permuted datasets)], and Benjamini and Hochberg false discovery rate thresholds. All analyses 
adjusted for maternal age, parity, maternal smoking during pregnancy, maternal education, sex, and birth year. Arsenic (As); Benjamini and Hochberg 
false discovery rate thresholds (BH); cadmium (Cd); cesium (Cs); cobalt (Co); copper (Cu); lead (Pb); magnesium (Mg); manganese (Mn); mercury (Hg); 
selenium (Se); zinc (Zn).
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and externalizing classroom behaviour) have been reported with 
elevated Mn exposure (92–94). The present study adds to the findings 
that increased Mn exposure is associated with adverse neurological 
effects in children. Contrary to some studies [i.e., (90)], the association 
in the present study was linear (positive), and not U- or inverted 
U-shaped. The maternal Mn concentrations in the present study 
(arithmetic mean = 11.5 μg/L, median = 9.8 μg/L, range: 1.9–163 
μg/L) was similar or lower than reported in other studies general 
female United States population [median = 9.7 μg/L; Oulhote et al. 
(95)]; pregnant women during first trimester in the United States 
[median = 9.0 μg/L; Ashley-Martin et al. (96)]; and in mid-to-late-
term pregnant Japanese women [median = 16.1 μg/L; Nakayama et al. 
(97)], and was within what is considered the normal range of 4 to 15 
μg/L (87) [but higher in pregnant women (98)]. Thus, the present 
study indicates that elevated maternal levels of Mn in the second 
trimester can be associated with risk for CP, even at variation within 
normal concentration ranges.

The effect size of Cu and Mn found in the present study (OR for 
an increase in interquartile range = 1.40 and 1.20) is comparable to 

effect sizes of other reported risk factors for CP, such as low and high 
maternal age, low SES, and maternal hypertension during 
pregnancy (8).

Increased prenatal Hg exposure was associated with lowered 
odds of CP in the child. Much of the previous research indicates 
harmful effects of Hg on various human health outcomes, including 
adverse neurodevelopmental outcomes impaired motor function in 
children (25, 99). For example, cohort studies in the Faroe and 
Seychelles Islands found that increased prenatal MeHg exposure 
was related to lower scores on tests of motor function, coordination, 
fine motor skills, and motor speed in children (100–102). One of 
the most well-known examples is the MeHg poisoning in Minamata 
Bay in the 1950s (103). Hundreds of people died, after ingestion of 
MeHg-contaminated fish and shellfish from the Minamata Bay. 
Many people, especially children that were exposed to MeHg in 
utero, also displayed various adverse neurological effects, some 
similar to symptoms of CP. The Hg concentrations in Minamata 
were, however, much higher (i.e., hair concentrations of total Hg 
measured in 1960 was 15 times higher in Minamata than in the 
Kumamoto, a city located on the same island) than in the present 
study (104).

The inverse association between prenatal Hg exposure and 
odds of CP in the present study was unexcepted. This relationship 
also appeared to be driven by children of less educated mothers. 
Several studies report higher seafood intake in the higher SES 
strata, resulting in an elevated Hg prenatal exposure compared to 
the lower SES strata (105–107) since seafood is an important 
source of Hg (20). In a study of pregnant women from MoBa, Hg 
concentrations in blood were positively associated with total fish 
and seafood intake (45). Among the well-educated in the present 
study, the mothers of controls and CP cases ate similar amounts 
of seafood and Hg levels were approximately similar 
(Supplementary material 10). Among the less-educated, however, 
mothers of children with CP reported eating less seafood than 
mothers of controls, and they also appeared to have lower Hg 
blood concentrations than the mothers of controls 
(Supplementary material 10). In this study the analyses were 
adjusted for estimated maternal seafood intake. Even though it is 
possible that our results were biased by residual or unmeasured 
confounding, it could be speculated that if the Hg concentrations 
in blood is an even better marker of seafood intake than maternal, 
self-reported FFQ-based estimates of fish and seafood intake. If 
so, the seemingly lowered CP risk associated with increasing 
maternal Hg concentrations could in fact reflect increased intake 
of seafood and its beneficial nutrients for brain development 
(e.g., polyunsaturated fatty acids and iodine) (108).

The toxic metal mixture (MixTox) was inversely associated with 
risk of CP. This was mainly due to the inverse association between Hg 
and CP, reflected in the large negative weight for Hg 
(Supplementary material 13). There were no association between the 
essential element mixture (MixEssential) and CP or the total mixture 
and CP. Supplementary material 13 shows that the metal/element 
weights tend to go in opposite directions. In addition, some of the 
two-way interactions show that the effect of one metal or element is 
attenuated for certain concentration ranges of another metal or 
element (i.e., Cu and Pb). Nevertheless, the total mixture (MixAll) 
might have a stronger impact in other populations exposed to higher 
levels of toxic metals and/or with inadequate intake of essential 

FIGURE 4

Estimates from logistic regression models of single exposures (with 
95% CI), selected exposure (co-adjusted) and joint mixture exposure 
in a nested case-control study of cerebral palsy in the Norwegian 
Mother, Father, and Child Cohort Study (MoBa), 2002–2006. N = 
1,226. Odds ratios for single metals/elements are per interquartile 
range increase in exposure. Yellow squares are estimates from the 
quantile g-computation analyses and represent ORs per one quartile 
increase in mix. *MixAll = all 11 metals/elements; MixEssential = Co, 
Cu, Mn, Se, Mg, Zn; MixToxic = As, Hg, Cd, Pb, Cs. All models were 
fit in 20 multiply imputed datasets, adjusting for maternal age, parity, 
maternal smoking during pregnancy, maternal education, sex, and 
birth year. The estimates were combined using Rubin’s rules. Arsenic 
(As); cadmium (Cd); cesium (Cs); cobalt (Co); copper (Cu); lead (Pb); 
magnesium (Mg); manganese (Mn); mercury (Hg); selenium (Se); zinc 
(Zn).
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elements or other micronutrients (e.g., folate), as they could have 
antagonistic effects.

This study has several strengths. First, it is among the first and 
largest studies of the association between prenatal exposure to toxic 
metals and essential elements, and CP diagnoses in children. Since 
only a relatively small percentage of children are diagnosed with CP 
(109), large studies are needed to identify a sufficient number of cases. 
The MoBa cohort was well suited for this purpose. Second, the 
scientific literature has called for investigation of chemical mixtures, 
as was done in the present study, which represent a more relevant 
exposure-scenario than assessing one or very few toxicants (37). By 
additionally assessing multiple two-way interactions between metals/
elements, a more nuanced picture of the associations studied could 
be given. Third, our study was nested within a well-characterized 
prospective birth cohort with extensive questionnaire data that 
enabled us to obtain a wide range of relevant information on covariates.

Our study has some limitations. One limitation concerns self-
selection bias into MoBa, resulting in larger proportion of older 
mothers with high education and healthier lifestyle than the general 
population (110). A second limitation is the lack of information on 
iron status. Iron is a main determinant for absorption of Mn and Cd 
in the body (79). Unfortunately, good measures of maternal iron levels 
were lacking in the present study so there is uncertainty regarding how 
well the levels of these metals reflect environmental exposure. Third, 
despite being one of the largest studies of its kind to date, the statistical 
power enabling identification of small to medium effect sized 
associations with intrauterine metal/element levels is probably 
restricted by the relatively low number of CP cases. Thus, future 
studies should strive to increase the case sample size.

5. Conclusion

When investigating the associations between gestational levels of 
11 toxic metals and essential elements, within normal population 
ranges, Cu, Hg, and Mn were found to be  associated with CP in 
children. Higher maternal levels of the essential elements Cu and Mn 
were associated with increased risk of CP in the child. While the total 
mixture effect was not found to be significant, counterintuitively, an 
inverse association between maternal Hg levels and risk of CP was also 
observed, and this association was mainly found in the lower SES 
strata. However, the inverse association reported herein should not 
be interpreted as a protective effect of Hg, but rather that Hg could 
be acting as a marker of seafood intake and nutrients that are beneficial 
for brain development. Disentangling adverse neurodevelopment of 
Hg or other contaminants originating from seafood intake and SES 
remains a great challenge within environmental epidemiology. The 
etiology of CP is a complex and multifactorial disease. Considerable 
research effort remains to elucidate the role of toxicants and 
micronutrients and their interactions during perinatal development 
in the etiology of CP in children, including increased attention to Cu 
and Mn. Consortium studies would be preferred, in order to produce 
larger case groups.

Data availability statement

The data analyzed in this study is subject to the following licenses/
restrictions: data from the Norwegian Mother, Father and Child 
Cohort Study (MoBa) and the Medical Birth Registry of Norway 

FIGURE 5

Mean selection probability (boxplot) for two-way interaction terms in a nested case-control study of cerebral palsy in the Norwegian Mother, Father, 
and Child Cohort Study (MoBa), 2002–2006. N = 1,226. Based on elastic net regression in 4000 datasets (20 multiple imputed datasets in each of 200 
randomly drawn datasets with replacement; alpha = 0.9), and calculated p-values [based on 1,000,000 elastic net runs (once in each of 5 multiple 
imputed datasets in each of 20 randomly sampled datasets with replacements in each of 10,000 permuted datasets)], and Benjamini and Hochberg 
false discovery rate thresholds. All analyses adjusted for maternal age, parity, maternal smoking during pregnancy, maternal education, sex, and birth 
year. Arsenic (As); Benjamini and Hochberg false discovery rate thresholds (BH); cadmium (Cd); cesium (Cs); cobalt (Co); copper (Cu); lead (Pb); 
magnesium (Mg); manganese (Mn); mercury (Hg); selenium (Se); zinc (Zn).
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FIGURE 6

Graphs of selected two-way interaction terms in a nested case-control study of cerebral palsy in the Norwegian Mother, Father, and Child Cohort 
Study (MoBa), 2002–2006. N = 1,226. Based on a single imputed dataset. All analyses adjusted for maternal age, parity, maternal smoking during 
pregnancy, maternal education, sex, and birth year. N = 1,226. Arsenic (As); cadmium (Cd); cerebral palsy (CP); cesium (Cs); cobalt (Co); copper (Cu); 
lead (Pb); magnesium (Mg); manganese (Mn); mercury (Hg); selenium (Se); zinc (Zn).
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Public Health and can be made available to researchers, provided 
approval from the Regional Committees for Medical and Health 
Research Ethics (REC), compliance with the EU General Data 
Protection Regulation (GDPR) and approval from the data owners. 
The consent given by the participants does not allow for storage of 
data on an individual level in repositories or journals. Researchers 
who want access to data sets for replication should apply through 
helsedata.no. Access to data sets requires approval from the Regional 
Committees for Medical and Health Research Ethics in Norway and 
an agreement with MoBa. Requests to access these datasets should 
be directed to helsedata.no, service@helsedata.no.

Ethics statement

The studies involving human participants were reviewed and 
approved by The Regional Committees for Medical and Health 
Research Ethics. Written informed consent to participate in this study 
was provided by the participants’ legal guardian/next of kin.

Author contributions

KW: writing—original draft, formal analysis, and methodology. 
AW: writing—second draft, review, formal analysis, and editing. PS, 
GA, TV, HK, CT, HM, and TS: writing—review and editing. GB and 
SE: writing—review and editing and methodology. HA: writing—
review and editing and PI NeuroTox. GV: conceptualization, 
supervision, writing—review and editing, and methodology. All 
authors contributed to the article and approved the submitted version.

Funding

This study was funded by the Research Council of Norway’s 
“NeuroTox” project (grant no. 267984/E50). The research is also 

conducted as part of the project Center for Global Health Inequalities 
Research (CHAIN) at the Norwegian University for Science and 
Technology (NTNU) financed by the Research Council of Norway 
(project no. 288638). The Norwegian Mother, Father, and Child 
Cohort Study (MoBa) is supported by the Norwegian Ministry of 
Health and Care Services and the Ministry of Education and Research, 
NIH/NINDS (grant nos. 1 UO1 NS 047537-01 and 2 UO1 NS 
047537-06A1).

Acknowledgments

The authors are grateful to all the participating families in Norway 
who take part in this ongoing cohort study.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fneur.2023.1124943/
full#supplementary-material

References
 1. Rosenbaum P, Paneth N, Leviton A, Goldstein M, Bax M, Damiano D, et al. A 

report: the definition and classification of cerebral palsy April 2006. Dev Med Child 
Neurol Suppl. (2007) 109:8–14. doi: 10.1111/j.1469-8749.2007.tb12610.x

 2. Hollung SJ, Vik T, Lydersen S, Bakken IJ, Andersen GL. Decreasing prevalence and 
severity of cerebral palsy in Norway among children born 1999 to 2010 concomitant 
with improvements in perinatal health. Eur J Paediatr Neurol. (2018) 22:814–21. doi: 
10.1016/j.ejpn.2018.05.001

 3. Vincer MJ, Allen AC, Joseph KS, Stinson DA, Scott H, Wood E. Increasing 
prevalence of cerebral palsy among very preterm infants: a population-based study. 
Pediatrics. (2006) 118:e1621–6. doi: 10.1542/peds.2006-1522

 4. Novak I, Hines M, Goldsmith S, Barclay R. Clinical prognostic messages from a 
systematic review on cerebral palsy. Pediatrics. (2012) 130:e1285–312. doi: 10.1542/
peds.2012-0924

 5. Marret S, Vanhulle C, Laquerriere A. Pathophysiology of cerebral palsy. Handb Clin 
Neurol. (2013) 111:169–76. doi: 10.1016/B978-0-444-52891-9.00016-6

 6. Surveillance of Cerebral Palsy in Europe. Surveillance of cerebral palsy in Europe: 
a collaboration of cerebral palsy surveys and registers. Surveillance of cerebral palsy in 
Europe (SCPE). Dev Med Child Neurol. (2000) 42:816–24. doi: 10.1017/
s0012162200001511

 7. Tollånes MC, Wilcox AJ, Lie RT, Moster D. Familial risk of cerebral palsy: 
population based cohort study. BMJ. (2014) 349:g4294. doi: 10.1136/bmj.g4294

 8. McIntyre S, Taitz D, Keogh J, Goldsmith S, Badawi N, Blair E. A systematic review 
of risk factors for cerebral palsy in children born at term in developed countries. Dev 
Med Child Neurol. (2013) 55:499–508. doi: 10.1111/dmcn.12017

 9. Petersen TG, Liew Z, Andersen AN, Andersen GL, Andersen PK, Martinussen T, 
et al. Use of paracetamol, ibuprofen or aspirin in pregnancy and risk of cerebral palsy in 
the child. Int J Epidemiol. (2018) 47:121–30. doi: 10.1093/ije/dyx235

 10. Liew Z, Ritz B, Bonefeld-Jørgensen EC, Henriksen TB, Nohr EA, Bech BH, et al. 
Prenatal exposure to perfluoroalkyl substances and the risk of congenital cerebral palsy 
in children. Am J Epidemiol. (2014) 180:574–81. doi: 10.1093/aje/kwu179

 11. Liew Z, von Ehrenstein OS, Ling C, Yuan Y, Meng Q, Cui X, et al. Ambient 
exposure to agricultural pesticides during pregnancy and risk of cerebral palsy: a 
population-based study in California. Toxics. (2020) 8:52. doi: 10.3390/toxics8030052

 12. Bennett D, Bellinger DC, Birnbaum LS, Bradman A, Chen A, Cory-Slechta DA, 
et al. Project TENDR: targeting environmental neuro-developmental risks the TENDR 
consensus statement. Environ Health Perspect. (2016) 124:A118–22. doi: 10.1289/
EHP358

 13. Grandjean P, Landrigan PJ. Developmental neurotoxicity of industrial chemicals. 
Lancet. (2006) 368:2167–78. doi: 10.1016/s0140-6736(06)69665-7

 14. Jaishankar M, Tseten T, Anbalagan N, Mathew BB, Beeregowda KN. Toxicity, 
mechanism and health effects of some heavy metals. Interdiscip Toxicol. (2014) 7:60–72. 
doi: 10.2478/intox-2014-0009

https://doi.org/10.3389/fneur.2023.1124943
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
mailto:service@helsedata.no
https://www.frontiersin.org/articles/10.3389/fneur.2023.1124943/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2023.1124943/full#supplementary-material
https://doi.org/10.1111/j.1469-8749.2007.tb12610.x
https://doi.org/10.1016/j.ejpn.2018.05.001
https://doi.org/10.1542/peds.2006-1522
https://doi.org/10.1542/peds.2012-0924
https://doi.org/10.1542/peds.2012-0924
https://doi.org/10.1016/B978-0-444-52891-9.00016-6
https://doi.org/10.1017/s0012162200001511
https://doi.org/10.1017/s0012162200001511
https://doi.org/10.1136/bmj.g4294
https://doi.org/10.1111/dmcn.12017
https://doi.org/10.1093/ije/dyx235
https://doi.org/10.1093/aje/kwu179
https://doi.org/10.3390/toxics8030052
https://doi.org/10.1289/EHP358
https://doi.org/10.1289/EHP358
https://doi.org/10.1016/s0140-6736(06)69665-7
https://doi.org/10.2478/intox-2014-0009


Weyde et al. 10.3389/fneur.2023.1124943

Frontiers in Neurology 14 frontiersin.org

 15. Needham LL, Grandjean P, Heinzow B, Jørgensen PJ, Nielsen F, Patterson DG, 
et al. Partition of environmental chemicals between maternal and fetal blood and tissues. 
Environ Sci Technol. (2011) 45:1121–6. doi: 10.1021/es1019614

 16. Sun H, Chen W, Wang D, Jin Y, Chen X, Xu Y. The effects of prenatal exposure to 
low-level cadmium, lead and selenium on birth outcomes. Chemosphere. (2014) 
108:33–9. doi: 10.1016/j.chemosphere.2014.02.080

 17. Zoroddu MA, Aaseth J, Crisponi G, Medici S, Peana M, Nurchi VM. The essential 
metals for humans: a brief overview. J Inorg Biochem. (2019) 195:120–9. doi: 10.1016/j.
jinorgbio.2019.03.013

 18. O'Connor DL, Blake J, Bell R, Bowen A, Callum J, Fenton S, et al. Canadian 
consensus on female nutrition: adolescence, reproduction, menopause, and beyond. J 
Obstet Gynaecol Can. (2016) 38:508–54.e18. doi: 10.1016/j.jogc.2016.01.001

 19. Black RE, Allen LH, Bhutta ZA, Caulfield LE, de Onis M, Ezzati M, et al. Maternal 
and child undernutrition: global and regional exposures and health consequences. 
Lancet. (2008) 371:243–60. doi: 10.1016/s0140-6736(07)61690-0

 20. Birgisdottir BE, Knutsen HK, Haugen M, Gjelstad IM, Jenssen MTS, Ellingsen DG, 
et al. Essential and toxic element concentrations in blood and urine and their 
associations with diet: results from a Norwegian population study including high-
consumers of seafood and game. Sci Total Environ. (2013) 463-464:836–44. doi: 
10.1016/j.scitotenv.2013.06.078

 21. Nordic Nutrition Recommendations. Nordic Nutrition Recommendations 2012: 
integrating nutrition and physical activity. Copenhagen: Narayana Press (2014).

 22. Lucchini RG, Guazzetti S, Zoni S, Donna F, Peter S, Zacco A, et al. Tremor, 
olfactory and motor changes in Italian adolescents exposed to historical ferro-
manganese emission. Neurotoxicology. (2012) 33:687–96. doi: 10.1016/j.
neuro.2012.01.005

 23. Parvez F, Wasserman GA, Factor-Litvak P, Liu X, Slavkovich V, Siddique AB, et al. 
Arsenic exposure and motor function among children in Bangladesh. Environ Health 
Perspect. (2011) 119:1665–70. doi: 10.1289/ehp.1103548

 24. Zoni S, Lucchini RG. Manganese exposure: cognitive, motor and behavioral effects 
on children: a review of recent findings. Curr Opin Pediatr. (2013) 25:255–60. doi: 
10.1097/MOP.0b013e32835e906b

 25. Patel E, Reynolds M. Methylmercury impairs motor function in early development 
and induces oxidative stress in cerebellar granule cells. Toxicol Lett. (2013) 222:265–72. 
doi: 10.1016/j.toxlet.2013.08.002

 26. Wasserman GA, Musabegovic A, Liu X, Kline J, Factor-Litvak P, Graziano JH. Lead 
exposure and motor functioning in 4(1/2)-year-old children: the Yugoslavia prospective 
study. J Pediatr. (2000) 137:555–61. doi: 10.1067/mpd.2000.109111

 27. Taylor CM, Emond AM, Lingam R, Golding J. Prenatal lead, cadmium and 
mercury exposure and associations with motor skills at age 7 years in a UK observational 
birth cohort. Environ Int. (2018) 117:40–7. doi: 10.1016/j.envint.2018.04.032

 28. Bose-O’Reilly S, McCarty KM, Steckling N, Lettmeier B. Mercury exposure and 
children’s health. Curr Probl Pediatr Adolesc Health Care. (2010) 40:186–215. doi: 
10.1016/j.cppeds.2010.07.002

 29. Freire C, Amaya E, Gil F, Fernández MF, Murcia M, Llop S, et al. Prenatal co-
exposure to neurotoxic metals and neurodevelopment in preschool children: the 
environment and childhood (INMA) project. Sci Total Environ. (2018) 621:340–51. doi: 
10.1016/j.scitotenv.2017.11.273

 30. Sakamoto M, Tatsuta N, Izumo K, Phan PT, Vu LD, Yamamoto M, et al. Health 
impacts and biomarkers of prenatal exposure to methylmercury: lessons from 
Minamata, Japan. Toxics. (2018) 6:45. doi: 10.3390/toxics6030045

 31. Grandjean P, Landrigan PJ. Neurobehavioural effects of developmental toxicity. 
Lancet Neurol. (2014) 13:330–8. doi: 10.1016/s1474-4422(13)70278-3

 32. Bansal N, Aggarwal A, MMA F, Sharma T, Baneerjee BD. Association of lead levels 
and cerebral palsy. Glob Pediatr Health. (2017) 4:2333794X17696681. doi: 
10.1177/2333794X17696681

 33. Magnus P, Birke C, Vejrup K, Haugan A, Alsaker E, Daltveit AK, et al. Cohort 
profile update: the Norwegian mother and child cohort study (MoBa). Int J Epidemiol. 
(2016) 45:382–8. doi: 10.1093/ije/dyw029

 34. Vrijheid M, Casas M, Gascon M, Valvi D, Nieuwenhuijsen M. Environmental 
pollutants and child health—a review of recent concerns. Int J Hyg Environ Health. 
(2016) 219:331–42. doi: 10.1016/j.ijheh.2016.05.001

 35. Sanders AP, Claus Henn B, Wright RO. Perinatal and childhood exposure to 
cadmium, manganese, and metal mixtures and effects on cognition and behavior: a 
review of recent literature. Curr Environ Health Rep. (2015) 2:284–94. doi: 10.1007/
s40572-015-0058-8

 36. Carlin DJ, Rider CV, Woychik R, Birnbaum LS. Unraveling the health effects of 
environmental mixtures: an NIEHS priority. Environ Health Perspect. (2013) 121:A6–8. 
doi: 10.1289/ehp.1206182

 37. Claus Henn B, Coull BA, Wright RO. Chemical mixtures and children’s health. 
Curr Opin Pediatr. (2014) 26:223–9. doi: 10.1097/MOP.0000000000000067

 38. Paltiel L, Haugan A, Skjerden T, Harbak K, Baekken S, Stensrud NK, et al. The 
biobank of the Norwegian mother and child cohort study—present status. Norsk 
Epidemiologi. (2014) 24:29–35. doi: 10.5324/nje.v24i1-2.1755

 39. Hollung SJ, Vik T, Wiik R, Bakken IJ, Andersen GL. Completeness and 
correctness of cerebral palsy diagnoses in two health registers: implications for 
estimating prevalence. Dev Med Child Neurol. (2017) 59:402–6. doi: 10.1111/
dmcn.13341

 40. World Health Organization. The ICD-10 classification of mental and behavioural 
disorders : diagnostic criteria for research World Health Organization (1993). Available 
at: https://apps.who.int/iris/handle/10665/37108

 41. Bakken IJ, Ariansen AM, Knudsen GP, Johansen KI, Vollset SE. The Norwegian 
Patient Registry and the Norwegian Registry for Primary Health Care: Research 
potential of two nationwide health-care registries. Scand J Public Health. (2020) 
48:49–55. doi: 10.1177/1403494819859737

 42. Surén P, Bakken IJ, Aase H, Chin R, Gunnes N, Lie KK, et al. Autism spectrum 
disorder, ADHD, epilepsy, and cerebral palsy in Norwegian children. Pediatrics. (2012) 
130:e152–8. doi: 10.1542/peds.2011-3217

 43. Hennessy S, Bilker WB, Berlin JA, Strom BL. Factors influencing the optimal 
control-to-case ratio in matched case-control studies. Am J Epidemiol. (1999) 149:195–7. 
doi: 10.1093/oxfordjournals.aje.a009786

 44. Skogheim TS, Weyde KVF, Engel SM, Aase H, Suren P, Oie MG, et al. Metal and 
essential element concentrations during pregnancy and associations with autism 
spectrum disorder and attention-deficit/hyperactivity disorder in children. Environ Int. 
(2021) 152:106468. doi: 10.1016/j.envint.2021.106468

 45. Brantsæter AL, Haugen M, Thomassen Y, Ellingsen DG, Ydersbond TA, Hagve 
T-A, et al. Exploration of biomarkers for total fish intake in pregnant Norwegian women. 
Public Health Nutr. (2010) 13:54–62. doi: 10.1017/S1368980009005904

 46. Luo J, Schumacher M, Scherer A, Sanoudou D, Megherbi D, Davison T, et al. A 
comparison of batch effect removal methods for enhancement of prediction performance 
using MAQC-II microarray gene expression data. Pharmacogenomics J. (2010) 
10:278–91. doi: 10.1038/tpj.2010.57

 47. Textor J, Hardt J, Knüppel S. DAGitty: a graphical tool for analyzing causal 
diagrams. Epidemiology. (2011) 22:745. doi: 10.1097/EDE.0b013e318225c2be

 48. Liao H, Li Y, Brooks GP. Outlier impact and accommodation on power. J Mod Appl 
Stat Methods. (2017) 16:261–78. doi: 10.22237/jmasm/1493597640

 49. Honaker J, King G, Blackwell M. Amelia II: a program for missing data. J Stat 
Softw. (2011) 45:1–47. doi: 10.18637/jss.v045.i07

 50. Gibson EA, Goldsmith J, Kioumourtzoglou M-A. Complex mixtures, complex 
analyses: an emphasis on interpretable results. Curr Environ Health Rep. (2019) 6:53–61. 
doi: 10.1007/s40572-019-00229-5

 51. Zou H, Hastie T. Regularization and variable selection via the elastic net. J R Stat 
Soc B. (2005) 67:301–20. doi: 10.1111/j.1467-9868.2005.00503.x

 52. Meinshausen N, Bühlmann P. Stability selection. J R Stat Soc B. (2010) 72:417–73. 
doi: 10.1111/j.1467-9868.2010.00740.x

 53. Rubin DB. Multiple imputation for nonresponse in surveys New York: John Wiley 
& Sons (1987).  doi: 10.1002/9780470316696

 54. Forthun I, Strandberg-Larsen K, Wilcox AJ, Moster D, Petersen TG, Vik T, et al. 
Parental socioeconomic status and risk of cerebral palsy in the child: evidence from two 
Nordic population-based cohorts. Int J Epidemiol. (2018) 47:1298–306. doi: 10.1093/ije/
dyy139

 55. Romeo DM, Sini F, Brogna C, Albamonte E, Ricci D, Mercuri E. Sex differences in 
cerebral palsy on neuromotor outcome: a critical review. Dev Med Child Neurol. (2016) 
58:809–13. doi: 10.1111/dmcn.13137

 56. Keil AP, Buckley JP, O’Brien KM, Ferguson KK, Zhao S, White AJ. A quantile-
based G-computation approach to addressing the effects of exposure mixtures. Environ 
Health Perspect. (2020) 128:047004. doi: 10.1289/EHP5838

 57. Maršál K, Persson PH, Larsen T, Lilja H, Selbing A, Sultan B. Intrauterine growth 
curves based on ultrasonically estimated foetal weights. Acta Paediatr. (1996) 85:843–8. 
doi: 10.1111/j.1651-2227.1996.tb14164.x

 58. Ahmed I, Hartikainen A-L, Järvelin M-R, Richardson S. False discovery rate 
estimation for stability selection: application to genome-wide association studies. Stat 
Appl Genet Mol Biol. (2011) 10. doi: 10.2202/1544-6115.1663

 59. R Core Team. R: a language and environment for statistical computing. 3.5.2 ed. 
Vienna, Austria: R Foundation for Statistical Computing (2017).

 60. Friedman J, Hastie T, Tibshirani R. Regularization paths for generalized linear 
models via coordinate descent. J Stat Softw. (2010) 33:1–22. doi: 10.18637/jss.v033.i01

 61. Gordon M, Lumley T. forestplot: Advanced Forest Plot Using “grid” Graphics. 
(2022). Available at: https://cran.r-project.org/web/packages/forestplot/index.html  
(Accessed July 23, 2023).

 62. Wickham H. Ggplot2: elegant graphics for data analysis. New York: Springer-Verlag 
(2016).

 63. Lüdecke D. ggeffects: tidy data frames of marginal effects from regression models. 
J Open Source Softw. (2018) 3:772. doi: 10.21105/joss.00772

 64. Attali D, Baker C. ggExtra: Add Marginal Histograms to “ggplot2”, and More 
“ggplot2” Enhancements. (2022). Available at: https://cran.r-project.org/web/packages/
ggExtra/index.html (Accessed July 23, 2023).

https://doi.org/10.3389/fneur.2023.1124943
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1021/es1019614
https://doi.org/10.1016/j.chemosphere.2014.02.080
https://doi.org/10.1016/j.jinorgbio.2019.03.013
https://doi.org/10.1016/j.jinorgbio.2019.03.013
https://doi.org/10.1016/j.jogc.2016.01.001
https://doi.org/10.1016/s0140-6736(07)61690-0
https://doi.org/10.1016/j.scitotenv.2013.06.078
https://doi.org/10.1016/j.neuro.2012.01.005
https://doi.org/10.1016/j.neuro.2012.01.005
https://doi.org/10.1289/ehp.1103548
https://doi.org/10.1097/MOP.0b013e32835e906b
https://doi.org/10.1016/j.toxlet.2013.08.002
https://doi.org/10.1067/mpd.2000.109111
https://doi.org/10.1016/j.envint.2018.04.032
https://doi.org/10.1016/j.cppeds.2010.07.002
https://doi.org/10.1016/j.scitotenv.2017.11.273
https://doi.org/10.3390/toxics6030045
https://doi.org/10.1016/s1474-4422(13)70278-3
https://doi.org/10.1177/2333794X17696681
https://doi.org/10.1093/ije/dyw029
https://doi.org/10.1016/j.ijheh.2016.05.001
https://doi.org/10.1007/s40572-015-0058-8
https://doi.org/10.1007/s40572-015-0058-8
https://doi.org/10.1289/ehp.1206182
https://doi.org/10.1097/MOP.0000000000000067
https://doi.org/10.5324/nje.v24i1-2.1755
https://doi.org/10.1111/dmcn.13341
https://doi.org/10.1111/dmcn.13341
https://apps.who.int/iris/handle/10665/37108
https://doi.org/10.1177/1403494819859737
https://doi.org/10.1542/peds.2011-3217
https://doi.org/10.1093/oxfordjournals.aje.a009786
https://doi.org/10.1016/j.envint.2021.106468
https://doi.org/10.1017/S1368980009005904
https://doi.org/10.1038/tpj.2010.57
https://doi.org/10.1097/EDE.0b013e318225c2be
https://doi.org/10.22237/jmasm/1493597640
https://doi.org/10.18637/jss.v045.i07
https://doi.org/10.1007/s40572-019-00229-5
https://doi.org/10.1111/j.1467-9868.2005.00503.x
https://doi.org/10.1111/j.1467-9868.2010.00740.x
https://doi.org/10.1002/9780470316696
https://doi.org/10.1093/ije/dyy139
https://doi.org/10.1093/ije/dyy139
https://doi.org/10.1111/dmcn.13137
https://doi.org/10.1289/EHP5838
https://doi.org/10.1111/j.1651-2227.1996.tb14164.x
https://doi.org/10.2202/1544-6115.1663
https://doi.org/10.18637/jss.v033.i01
https://cran.r-project.org/web/packages/forestplot/index.html
https://doi.org/10.21105/joss.00772
https://cran.r-project.org/web/packages/ggExtra/index.html
https://cran.r-project.org/web/packages/ggExtra/index.html


Weyde et al. 10.3389/fneur.2023.1124943

Frontiers in Neurology 15 frontiersin.org

 65. Hlavac M. stargazer: Well-Formatted Regression and Summary Statistics Tables. 
(2022). Available at: https://cran.r-project.org/web/packages/stargazer/index.html  
(Accessed July 23, 2023).

 66. Lumley T. mitools: Tools for Multiple Imputation of Missing Data. (2019). 
Available at: https://cran.r-project.org/web/packages/mitools/index.html (Accessed July 
23, 2023).

 67. Wickham H. Reshaping data with the reshape package. J Stat Softw. (2007) 21. doi: 
10.18637/jss.v021.i12

 68. R Core Team. R: a language and environment for statistical computing. Vienna, 
Austria: R Foundation for Statistical Computing (2020).

 69. Lee J, Croen LA, Backstrand KH, Yoshida CK, Henning LH, Lindan C, et al. 
Maternal and infant characteristics associated with perinatal arterial stroke in the infant. 
JAMA. (2005) 293:723–9. doi: 10.1001/jama.293.6.723

 70. Himmelmann K, Ahlin K, Jacobsson B, Cans C, Thorsen P. Risk factors for cerebral 
palsy in children born at term. Acta Obstet Gynecol Scand. (2011) 90:1070–81. doi: 
10.1111/j.1600-0412.2011.01217.x

 71. Strand TA, Lillegaard ITL, Frøyland L, Haugen M, Henjum S, Løvik M, et al. 
Assessment of copper intake in relation to tolerable upper intake levels. Eur J Nutr Food 
Saf. (2018) 8:193–4. doi: 10.9734/EJNFS/2018/42531

 72. Gaetke LM, Chow-Johnson HS, Chow CK. Copper: toxicological relevance and 
mechanisms. Arch Toxicol. (2014) 88:1929–38. doi: 10.1007/s00204-014-1355-y

 73. Desai V, Kaler SG. Role of copper in human neurological disorders. Am J Clin 
Nutr. (2008) 88:855S–8S. doi: 10.1093/ajcn/88.3.855S

 74. Petro A, Sexton HG, Miranda C, Rastogi A, Freedman JH, Levin ED. Persisting 
neurobehavioral effects of developmental copper exposure in wildtype and 
metallothionein 1 and 2 knockout mice. BMC Pharmacol Toxicol. (2016) 17:55. doi: 
10.1186/s40360-016-0096-3

 75. Gari M, Grzesiak M, Krekora M, Kaczmarek P, Jankowska A, Krol A, et al. Prenatal 
exposure to neurotoxic metals and micronutrients and neurodevelopmental outcomes 
in early school age children from Poland. Environ Res. (2022) 204:112049. doi: 10.1016/j.
envres.2021.112049

 76. Pujol J, Fenoll R, Macià D, Martínez-Vilavella G, Alvarez-Pedrerol M, Rivas I, et al. 
Airborne copper exposure in school environments associated with poorer motor 
performance and altered basal ganglia. Brain Behav. (2016) 6:e00467. doi: 10.1002/brb3.467

 77. Amoros R, Murcia M, Gonzalez L, Soler-Blasco R, Rebagliato M, Iniguez C, et al. 
Maternal copper status and neuropsychological development in infants and preschool 
children. Int J Hyg Environ Health. (2019) 222:503–12. doi: 10.1016/j.ijheh.2019.01.007

 78. Torres-Rojas C, Jones BC. Sex differences in neurotoxicogenetics. Front Genet. 
(2018) 9:196. doi: 10.3389/fgene.2018.00196

 79. Meltzer HM, Brantsæter AL, Borch-Iohnsen B, Ellingsen DG, Alexander J, 
Thomassen Y, et al. Low iron stores are related to higher blood concentrations of 
manganese, cobalt and cadmium in non-smoking, Norwegian women in the hunt 2 
study. Environ Res. (2010) 110:497–504. doi: 10.1016/j.envres.2010.03.006

 80. Pechey R, Jebb SA, Kelly MP, Almiron-Roig E, Conde S, Nakamura R, et al. 
Socioeconomic differences in purchases of more vs. less healthy foods and beverages: 
analysis of over 25,000 British households in 2010. Soc Sci Med. (2013) 92:22–6. doi: 
10.1016/j.socscimed.2013.05.012

 81. Bellinger DC. Lead neurotoxicity and socioeconomic status: conceptual and 
analytical issues. Neurotoxicology. (2008) 29:828–32. doi: 10.1016/j.neuro.2008.04.005

 82. Nelson KB, Blair E. Prenatal factors in singletons with cerebral palsy born at or 
near term. N Engl J Med. (2015) 373:946–53. doi: 10.1056/NEJMra1505261

 83. Choi R, Sun J, Yoo H, Kim S, Cho YY, Kim HJ, et al. A prospective study of serum 
trace elements in healthy Korean pregnant women. Nutrients. (2016) 8:749. doi: 10.3390/
nu8110749

 84. Lewandowska M, Sajdak S, Marciniak W, Lubinski J. First trimester serum copper 
or zinc levels, and risk of pregnancy-induced hypertension. Nutrients. (2019) 11:2749. 
doi: 10.3390/nu11102479

 85. Hansen S, Nieboer E, Sandanger TM, Wilsgaard T, Thomassen Y, Veyhe AS, et al. 
Changes in maternal blood concentrations of selected essential and toxic elements during 
and after pregnancy. J Environ Monit. (2011) 13:2143–52. doi: 10.1039/c1em10051c

 86. Chen P, Culbreth M, Aschner M. Exposure, epidemiology, and mechanism of the 
environmental toxicant manganese. Environ Sci Pollut Res. (2016) 23:13802–10. doi: 
10.1007/s11356-016-6687-0

 87. Neal AP, Guilarte TR. Mechanisms of lead and manganese neurotoxicity. Toxicol 
Res. (2013) 2:99–114. doi: 10.1039/c2tx20064c

 88. Pohl P, Sergiel I. Direct determination of the total concentrations of magnesium, 
calcium, manganese, and iron in addition to their chemical and physical fractions in 
dark honeys. Anal Lett. (2011) 44:2265–79. doi: 10.1080/00032719.2010.551687

 89. Leonhard MJ, Chang ET, Loccisano AE, Garry MR. A systematic literature review 
of epidemiologic studies of developmental manganese exposure and neurodevelopmental 
outcomes. Toxicology. (2019) 420:46–65. doi: 10.1016/j.tox.2019.03.004

 90. Tsai M-S, Liao K-W, Chang C-H, Chien L-C, Mao IF, Tsai Y-A, et al. The critical 
fetal stage for maternal manganese exposure. Environ Res. (2015) 137:215–21. doi: 
10.1016/j.envres.2014.12.010

 91. Chung SE, Cheong H-K, Ha E-H, Kim B-N, Ha M, Kim Y, et al. Maternal blood 
manganese and early neurodevelopment: the mothers and children’s environmental health 
(MOCEH) study. Environ Health Persp. (2015) 123:717–22. doi: 10.1289/ehp.1307865

 92. Khan K, Wasserman GA, Liu X, Ahmed E, Parvez F, Slavkovich V, et al. Manganese 
exposure from drinking water and children’s academic achievement. Neurotoxicology. 
(2012) 33:91–7. doi: 10.1016/j.neuro.2011.12.002

 93. Khan K, Factor-Litvak P, Wasserman GA, Liu X, Ahmed E, Parvez F, et al. 
Manganese exposure from drinking water and children’s classroom behavior in 
Bangladesh. Environ Health Perspect. (2011) 119:1501–6. doi: 10.1289/ehp.1003397

 94. Bjørklund G, Chartrand MS, Aaseth J. Manganese exposure and neurotoxic effects 
in children. Environ Res. (2017) 155:380–4. doi: 10.1016/j.envres.2017.03.003

 95. Oulhote Y, Mergler D, Bouchard MF. Sex- and age-differences in blood manganese 
levels in the U.S. general population: National Health and Nutrition Examination Survey 
2011–2012. Environ Health. (2014) 13:87. doi: 10.1186/1476-069X-13-87

 96. Ashley-Martin J, Dodds L, Arbuckle TE, Ettinger AS, Shapiro GD, Fisher M, et al. 
Maternal and cord blood manganese (Mn) levels and birth weight: the MIREC birth 
cohort study. Int J Hyg Environ Health. (2018) 221:876–82. doi: 10.1016/j.
ijheh.2018.05.015

 97. Nakayama SF, Iwai-Shimada M, Oguri T, Isobe T, Takeuchi A, Kobayashi Y, et al. 
Blood mercury, lead, cadmium, manganese and selenium levels in pregnant women and 
their determinants: the Japan environment and children’s study (JECS). J Expo Sci 
Environ Epidemiol. (2019) 29:633–47. doi: 10.1038/s41370-019-0139-0

 98. EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA). Scientific 
opinion on dietary reference values for manganese. EFSA J. (2013) 11:3419. doi: 
10.2903/j.efsa.2013.3419

 99. Grandjean P, Weihe P, Debes F, Choi AL, Budtz-Jorgensen E. Neurotoxicity from 
prenatal and postnatal exposure to methylmercury. Neurotoxicol Teratol. (2014) 
43:39–44. doi: 10.1016/j.ntt.2014.03.004

 100. Debes F, Budtz-Jorgensen E, Weihe P, White RF, Grandjean P. Impact of prenatal 
methylmercury exposure on neurobehavioral function at age 14 years. Neurotoxicol 
Teratol. (2006) 28:363–75. doi: 10.1016/j.ntt.2006.02.004

 101. Julvez J, Debes F, Weihe P, Choi A, Grandjean P. Sensitivity of continuous 
performance test (CPT) at age 14 years to developmental methylmercury exposure. 
Neurotoxicol Teratol. (2010) 32:627–32. doi: 10.1016/j.ntt.2010.08.001

 102. Stokes-Riner A, Thurston SW, Myers GJ, Duffy EM, Wallace J, Bonham M, et al. 
A longitudinal analysis of prenatal exposure to methylmercury and fatty acids in the 
seychelles. Neurotoxicol Teratol. (2011) 33:325–8. doi: 10.1016/j.ntt.2010.11.003

 103. Eto K. Minamata disease. Neuropathology. (2000) 20:14–9. doi: 10.1046/j.1440-
1789.2000.00295.x

 104. Ekino S, Susa M, Ninomiya T, Imamura K, Kitamura T. Minamata disease 
revisited: an update on the acute and chronic manifestations of methyl mercury 
poisoning. J Neurol Sci. (2007) 262:131–44. doi: 10.1016/j.jns.2007.06.036

 105. Papadopoulou E, Haug LS, Sakhi AK, Andrusaityte S, Basagaña X, Brantsaeter 
AL, et al. Diet as a source of exposure to environmental contaminants for pregnant 
women and children from six European countries. Environ Health Perspect. (2019) 
127:107005. doi: 10.1289/EHP5324

 106. Montazeri P, Thomsen C, Casas M, de Bont J, Haug LS, Maitre L, et al. 
Socioeconomic position and exposure to multiple environmental chemical contaminants 
in six European mother-child cohorts. Int J Hyg Environ Health. (2019) 222:864–72. doi: 
10.1016/j.ijheh.2019.04.002

 107. Caspersen IH, Thomsen C, Haug LS, Knutsen HK, Brantsaeter AL, Papadopoulou 
E, et al. Patterns and dietary determinants of essential and toxic elements in blood 
measured in mid-pregnancy: the Norwegian environmental biobank. Sci Total Environ. 
(2019) 671:299–308. doi: 10.1016/j.scitotenv.2019.03.291

 108. Ha E, Basu N, Bose-O’Reilly S, Dórea JG, McSorley E, Sakamoto M, et al. Current 
progress on understanding the impact of mercury on human health. Environ Res. (2017) 
152:419–33. doi: 10.1016/j.envres.2016.06.042

 109. Surén P, Bakken IJ, Lie KK, Schjølberg S, Aase H, Reichborn-Kjennerud T, et al. 
Fylkesvise Forskjeller I Registrert Forekomst Av Autisme, Ad/Hd, Epilepsi Og Cerebral 
Parese I Norge. Tidsskr Nor Legeforen. (2013) 133:1929–34. doi: 10.4045/tidsskr.13.0050

 110. Nilsen RM, Vollset SE, Gjessing HK, Skjaerven R, Melve KK, Schreuder P, et al. 
Self-selection and bias in a large prospective pregnancy cohort in Norway. Paediatr 
Perinat Epidemiol. (2009) 23:597–608. doi: 10.1111/j.1365-3016.2009.01062.x

https://doi.org/10.3389/fneur.2023.1124943
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://cran.r-project.org/web/packages/stargazer/index.html
https://cran.r-project.org/web/packages/mitools/index.html
https://doi.org/10.18637/jss.v021.i12
https://doi.org/10.1001/jama.293.6.723
https://doi.org/10.1111/j.1600-0412.2011.01217.x
https://doi.org/10.9734/EJNFS/2018/42531
https://doi.org/10.1007/s00204-014-1355-y
https://doi.org/10.1093/ajcn/88.3.855S
https://doi.org/10.1186/s40360-016-0096-3
https://doi.org/10.1016/j.envres.2021.112049
https://doi.org/10.1016/j.envres.2021.112049
https://doi.org/10.1002/brb3.467
https://doi.org/10.1016/j.ijheh.2019.01.007
https://doi.org/10.3389/fgene.2018.00196
https://doi.org/10.1016/j.envres.2010.03.006
https://doi.org/10.1016/j.socscimed.2013.05.012
https://doi.org/10.1016/j.neuro.2008.04.005
https://doi.org/10.1056/NEJMra1505261
https://doi.org/10.3390/nu8110749
https://doi.org/10.3390/nu8110749
https://doi.org/10.3390/nu11102479
https://doi.org/10.1039/c1em10051c
https://doi.org/10.1007/s11356-016-6687-0
https://doi.org/10.1039/c2tx20064c
https://doi.org/10.1080/00032719.2010.551687
https://doi.org/10.1016/j.tox.2019.03.004
https://doi.org/10.1016/j.envres.2014.12.010
https://doi.org/10.1289/ehp.1307865
https://doi.org/10.1016/j.neuro.2011.12.002
https://doi.org/10.1289/ehp.1003397
https://doi.org/10.1016/j.envres.2017.03.003
https://doi.org/10.1186/1476-069X-13-87
https://doi.org/10.1016/j.ijheh.2018.05.015
https://doi.org/10.1016/j.ijheh.2018.05.015
https://doi.org/10.1038/s41370-019-0139-0
https://doi.org/10.2903/j.efsa.2013.3419
https://doi.org/10.1016/j.ntt.2014.03.004
https://doi.org/10.1016/j.ntt.2006.02.004
https://doi.org/10.1016/j.ntt.2010.08.001
https://doi.org/10.1016/j.ntt.2010.11.003
https://doi.org/10.1046/j.1440-1789.2000.00295.x
https://doi.org/10.1046/j.1440-1789.2000.00295.x
https://doi.org/10.1016/j.jns.2007.06.036
https://doi.org/10.1289/EHP5324
https://doi.org/10.1016/j.ijheh.2019.04.002
https://doi.org/10.1016/j.scitotenv.2019.03.291
https://doi.org/10.1016/j.envres.2016.06.042
https://doi.org/10.4045/tidsskr.13.0050
https://doi.org/10.1111/j.1365-3016.2009.01062.x

	Association between gestational levels of toxic metals and essential elements and cerebral palsy in children
	1. Introduction
	2. Methods
	2.1. Study sample
	2.1.1. The Norwegian Mother, Father, and Child Cohort Study (MoBa)
	2.1.2. Cases and controls
	2.2. Measurement of toxic metals and essential elements in maternal blood
	2.3. Covariates
	2.4. Statistical analyses
	2.4.1. Identifying important metals/elements in the association with CP
	2.4.2. Identifying important two-way interactions
	2.4.3. Assessment of total metal/element mixture effect using quantile g-computation
	2.4.4. Sensitivity analyses

	3. Results
	4. Discussion
	5. Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	References

