Prenatal particulate matter exposure is linked with neurobehavioural development in early life
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ABSTRACT
Background: Early life exposure to ambient particulate matter (PM) may negatively affect neurobehavioral development in children, influencing their cognitive, emotional, and social functioning. Here, we report a study on prenatal PM2.5 exposure and neurobehavioral development focusing on different time points in the first years of life.
Methods: This study was part of the ENVIRONAGE birth cohort that follows mother-child pairs longitudinally. First, the Neonatal Behavioral Assessment Scale (NBAS) was employed on 88 newborns aged one to two months to assess their autonomic/physiological regulation, motor organisation, state organisation/regulation, and attention/social interaction. Second, our study included 393 children between the ages of four and six years, for which the Strengths and Difficulties Questionnaire (SDQ) was used to assess the children's emotional problems, hyperactivity, conduct problems, peer relationship, and prosocial behaviour. Prenatal PM2.5 exposure was determined using a high-resolution spatial-temporal method based on the maternal address. Multiple linear and multinomial logistic regression models were used to analyse the relationship between prenatal PM2.5 exposure and neurobehavioral development in newborns and children, respectively.
[bookmark: _Hlk144719830]Results: A 5 µg/m³ increase in first-trimester PM2.5 concentration was associated with lower NBAS range of state cluster scores (-6.11%; 95%CI: -12.00 to -0.23%; p=0.04) in one-to-two-month-old newborns. No other behavioural clusters nor the reflexes cluster were found to be associated with prenatal PM2.5 exposure. Furthermore, a 5 µg/m³ increment in first-trimester PM2.5 levels was linked with higher odds of a child experiencing peer problems (Odds Ratio (OR)=3.89; 95%CI: 1.39 to 10.87; p=0.01) at ages four to six. Additionally, a 5 µg/m³ increase in second-trimester PM2.5 concentration was linked to abnormal prosocial behaviour (OR=0.49; 95%CI: 0.25 to 0.98; p=0.04) at four to six years old. No associations were found between in utero PM2.5 exposure and hyperactivity or conduct problems. 
Conclusions: Our findings suggest that prenatal exposure to PM may impact neurobehavioural development in newborns and preschool children. We identified sensitive time windows during early-to-mid pregnancy, possibly impacting stage changes in newborns and peer problems and prosocial behaviour in children.
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1. INTRODUCTION
As children develop, they acquire a range of cognitive, motor, and social skills essential for their well-being. Neurobehavioural development is a complex and dynamic process that starts in utero and continues throughout childhood and adolescence, encompassing the interaction between the brain and behaviour as children grow and mature.1 The Synactive Model describes the infants’ functioning as ongoing interactions within their own subsystems (i.e., self-regulation, autonomic, motor, and state organisation, attention, and interaction), continuously interacting with their environments.2-4 The development of the brain and behaviour is shaped by a multitude of factors, including genetics, environmental influences, and experiences.1,5 Understanding the factors that impact children's neurobehavioural development is crucial for parents, educators, and healthcare professionals to provide appropriate support and interventions to promote healthy growth.
In a recent review, Pham and Chiew6 described the negative impact of air pollution exposure at ages ranging from gestation to older adulthood on neurodevelopment. They reported adverse effects in a wide range of cognitive domains linked with a widespread of behavioural outcomes, including attention, memory, language, and motor functions in early life. The central nervous system undergoes rapid and distinct development during the foetal period, making it vulnerable to exposure to pollutants that can interfere with the developmental process.5 While some effects of these exposures may not be apparent prenatally or at birth, the disruption to the development of the central nervous system can lead to long-term consequences that may take years to manifest. 7 The specific exposure pathway, as well as the ability of the pollutant to reach the foetus, are crucial factors that may affect foetal development.7 For instance, prenatal ambient particulate matter (PM) exposure has been linked with restricted foetal growth, exemplified by low birth weight8,9 and small for gestational age (SGA).9,10 Black carbon, a component of PM, was able to cross the placental barrier11 and enter the foetal circulation system, where it was found in foetal brain tissue.12 There is a growing body of evidence suggesting that exposure to PM during pregnancy can have adverse effects on neurobehavioural development in children.13 Prenatal PM2.5 exposure was associated with the methylation status of circadian pathway genes14, known to regulate the sleep-wake cycle, which has a critical role in biological, psychological, and social development.15 Furthermore, a decrease in brain-derived neurotrophic factor (BDNF) levels, a growth factor critical for normal brain and nervous system development, was linked with in utero particulate matter exposure.16,17 Prenatal PM2.5 exposure was shown to adversely affect psychomotor development in infants aged 15 months18 and was linked with lower IQ scores in children aged ten years.19 Higher PM2.5 exposure in mid-to-late pregnancy was linked with lower performance in memory and attention domains20, as well as poorer language development in children up to two years old.21 Several studies found that exposure to PM is associated with an increased risk of neurobehavioural problems, including impaired cognitive development18,19, ADHD22, and ASD.23 In contrast, a recent study described that exposure to PM2.5 during pregnancy and in the first year of life was not significantly linked with ASD-like behaviours.24 Furthermore, a higher level of exposure to airborne polycyclic aromatic hydrocarbons (PAHs) during pregnancy was associated with children’s cognitive development at five years of age25 and an increase in anxiety and attention problems in children at five and seven years of age.26,27
There is an indication of an association between prenatal air pollution exposure and behavioural problems in children. To date, most studies focused on specific neurobehavioral disorders28, such as ASD23 and ADHD22, rather than general behavioural problems in (early) childhood. The early life environment may have persisting implications on later life disease susceptibility and health status, a concept known as the "Developmental Origins of Health and Disease (DOHAD)” theory.29 The theory states that adverse intrauterine conditions may result in biological adaptations of the foetus, causing permanent changes in molecular processes, which in turn may increase disease risk in adulthood. To close this knowledge gap, this is the first study to investigate the link between prenatal PM2.5 exposure and early-life neurobehavioural development in healthy newborns aged one to two months old and in healthy preschool children aged four to six years old in the ENVIRONAGE birth cohort. The Neonatal Behavioral Assessment Scale (NBAS) is used to assess the newborn’s adaptation and development, specifically their ability of self-regulation, and encompasses the period from birth to the end of the second month of life.30 Furthermore, the Strengths and Difficulties Questionnaire (SDQ) is used to assess emotional and behavioural well-being in preschool children.31
2. MATERIALS AND METHODS
2.1. STUDY POPULATION AND DATA COLLECTION
The ENVIRONAGE birth cohort enrols pairs of mothers and newborns upon their arrival for delivery at the East Limburg Hospital (ZOL; Genk, Belgium). The cohort follows these pairs longitudinally, with ongoing recruitment. Following delivery, questionnaires are used to collect detailed lifestyle and socio-demographic information about the mother and child. Additionally, relevant data is obtained from medical records. When the children from the ENVIRONAGE birth cohort are four to six years old, all mother and child pairs are invited for a follow-up visit. This study was approved by the Ethical Committees of Hasselt University (Diepenbeek, Belgium) and the East-Limburg Hospital (Genk, Belgium), and all study participants signed informed consent. The study protocol has been conducted according to the Helsinki Declaration. Further details on the recruitment of mother-child pairs are described elsewhere.32 
[bookmark: _Hlk159500206]The hospital’s medical records gave us information regarding the newborn’s sex, gestational age, date of delivery, maternal age, and pre-pregnancy BMI. The mother's last menstrual period and ultrasound imaging were used to estimate the date of conception. Maternal pre-pregnancy BMI (kg/m²) was registered at the first antenatal visit between gestational weeks seven to nine. Mothers completed a questionnaire, providing detailed information on their smoking status, maternal and paternal education, parity, the newborn’s ethnicity, and their residential address. Mothers who smoked during pregnancy were coded “yes”; otherwise, “no”. The education level of the household was determined by the highest level of either the mother or father and was used as a proxy for socioeconomic status. We labelled it low, middle, or high when parents indicated their highest education level as ‘no diploma or primary school’, ‘secondary school’, or ‘college of university’, respectively. We classified parity (i.e., the number of times a woman has given birth to a live neonate) as primi-, secundi- or multiparous when the mother gave birth to one, two, or more than two neonates, respectively. We coded the newborn’s ethnicity based on the birth country of its grandparents as “European” when at least two grandparents were European, otherwise “non-European”. Based on the date of delivery, we categorised the season of delivery as “cold” (October 1st – March 31st) or “warm” (April 1st – September 30th). During the follow-up visit, mothers completed multiple questionnaires, giving us information about the socio-demographic and lifestyle characteristics of the household. 
We investigated the association between prenatal PM2.5 exposure and behavioural development in children at two time points (Supplementary Figure S1). The first study included 91 mother-newborn pairs recruited between February 2014 and December 2015. After excluding one participant due to prematurity (gestational age <37 weeks) and two participants due to missing data (air pollution data: n = 2), data were analysed for 88 mother-newborn pairs. The second study included 443 mother-child pairs recruited between February 2010 and March 2020. After excluding 50 participants due to missing data (SDQ: n = 50), data were analysed for 393 mother-child pairs.
2.2. BEHAVIOURAL ASSESSMENT
[bookmark: _Hlk158190189]The NBAS was administered to one-to-two-month-old newborns. The NBAS is designed to assess the newborn’s adaptation and development. It mainly focuses on the capacity for self-regulation and can be applied until the end of the second month of life. The NBAS includes 28 behavioural items, each scored on a nine-point scale, and 20 reflexes items, each scored on a four-point scale. All items cover four domains of neurobehavioural functioning: (i) autonomic/physiological regulation, (ii) motor organisation, (iii) state organisation and regulation, and (iv) attention/social interaction.30 We used a seven-cluster scoring system based on these 48 items33, including six behavioural clusters (habituation, orientation, motor, range of state, regulation of state, and autonomic stability), where higher scores indicate better performance, and one reflex cluster, where higher scores indicate more deviant reflexes.
During the follow-up visit, when the children were four to six years old, parents were asked to complete the parent-administered SDQ developed by Goodman.31 The questionnaire consists of 25 items to assess the child’s behaviour over the past six months, and are scored 0 (not true), 1 (somewhat true), or 2 (certainly true). These items can be divided into five subscales with each five items to obtain a score ranging from 0 to 10: emotional problems, hyperactivity, conduct problems, peer relationship, and prosocial behaviour. For the first four subscales, a higher score indicates more risk of abnormal behaviour, whereas for prosocial behaviour lower scores indicate more risk of experiencing abnormal behaviour. The total difficulties score (ranging from 0 to 40) is a summation of the first four subscales (i.e., excluding the prosocial scale).34 SDQ subscale scores were categorised according to the four-fold classification system.35 The emotional subscale was divided into no risk of emotional problems (score < 4), low (score = 4), moderate (score = 5 or 6), or high (score > 6) risk of abnormal emotional behaviour. The hyperactivity subscale was divided into no risk of hyperactivity problems (score < 6), low (score = 6 or 7), moderate (score = 8), or high (score > 8) risk of abnormal hyperactive behaviour. The conduct subscale was categorised as no risk of conduct problems (score < 3), low (score = 3), moderate (score = 4 or 5), or high (score > 5) risk of abnormal conduct problems. The peer relationship subscale was divided into no risk of peer problems (score < 3), low (score = 3), moderate (score = 4), or high (score > 4) risk of experiencing peer problems. The prosocial subscale was categorised in no risk of prosocial problems (score > 7), low (score = 7), moderate (score = 6), or high (score < 6) risk of abnormal prosocial behaviour. The total difficulties score was classified as no risk of abnormal behaviour (score < 14), low (score = 14, 15 or 16), moderate (score = 17, 18 or 19), or high (score > 19) risk of abnormal behaviour. 
2.3. AIR POLLUTION EXPOSURE ASSESSMENT
This study utilised a high-resolution spatial-temporal interpolation method (kriging) based on the maternal residential address during pregnancy and the postnatal period to determine the outdoor PM2.5 concentrations (in µg/m³)36, as described previously.37,38 Briefly, ambient PM2.5 concentrations were measured at fixed monitoring stations and were interpolated with land cover data obtained from the CORINE land cover dataset. Combined with a dispersion model using point sources (e.g., industrial sites) and line sources (e.g., highways), this chain provides PM2.5 exposure levels in a very dense receptor grid.39,40 The performance of the overall model was assessed by leave-one-out cross-validation, which included 34 fixed monitoring stations for PM2.5. Briefly, each data point in the dataset is systematically chosen as the validation set, while the remaining data points are used to train the model. This process is repeated for each data point, resulting in as many rounds of training and validation as there are data points. This validation evaluates how well the model generalizes to new, unseen data and provides a robust estimate of the model’s performance. The interpolation tool’s validation statistics explained more than 80% of the spatial-temporal variability in Flanders for PM2.5.39 To identify any potential critical exposure windows, this study assessed the residential air pollution levels during specific periods in pregnancy, including each trimester (i.e., from the date of conception to 13 gestational weeks, 14 to 26 gestational weeks, and 27 gestational weeks until delivery), as well as for the entire pregnancy. Furthermore, the postnatal average residential PM2.5 concentration from birth to NBAS assessment or follow-up visit was determined. Any changes in the mother’s address were taken into account to determine prenatal exposure. For children who had multiple residential addresses at the time of the study, we calculated a weighted average using the proportion of time spent at each location.
2.4. STATISTICAL ANALYSIS
The data was analysed using R (version 4.3.0) and RStudio41 software (version 2023.03.0). Continuous variables, including PM2.5 concentrations, NBAS cluster scores, gestational age, maternal age at delivery, age of the newborn during NBAS assessment, and the age of the child at follow-up, were expressed as means ± standard deviation (SD) for descriptive analysis. Categorical variables, including SDQ subscales, child’s sex, ethnicity, education level of the household, smoking during pregnancy, parity, and season of delivery, were presented as numbers with corresponding frequencies (%). The study population characteristics between the newborn and childhood populations were compared using a Student’s t-test for continuous variables and the Fisher’s Exact Test for categorical variables. All reported p-values were considered significant when lower than the nominal level of α = 0.05.
The association between prenatal PM2.5 exposure and newborn’s neurobehavioural development was evaluated with multiple linear regression models. We adjusted these models for a priori selected covariates, including gestational age, newborn’s sex, ethnicity, newborn’s age at NBAS assessment, maternal age, pre-pregnancy BMI, education level of the household, smoking status during pregnancy, parity, season of delivery, and the average residential PM2.5 exposure from birth to NBAS assessment. We estimated the  % change in NBAS cluster score for a 5 µg/m³ increase in PM2.5 concentration based on the raw estimates of the regression model using the formula (1 - (Average NBAS cluster score-β)/Average NBAS cluster score) x 100% as described elsewhere.42 We assessed the link between prenatal PM2.5 exposure and children’s neurobehavioural development with multinomial logistic regression models. We adjusted these models for a priori selected covariates, including gestational age, child’s sex, ethnicity, age of the child at follow-up, maternal age, pre-pregnancy BMI, education level of the household, smoking status during pregnancy, parity, season of delivery, and the average residential PM2.5 concentration from birth to follow-up visit. We estimated the odds ratio (OR) of a child experiencing abnormal neurobehaviour per 5 µg/m³ increment in prenatal PM2.5 levels. We analysed the specific time windows during pregnancy, including the first, second, and third trimester, as well as the whole pregnancy, using average exposure models. We adjusted trimester-specific models for one and each other. We performed Confirmatory Factor Analysis (CFA) to verify the structure of the SDQ subscales using the lavaan package in R.43 As we found a less optimal fit, especially for assessing emotional problems (Supplementary Figure S2), the emotional subscale was excluded from analyses. As the emotional subscale is used to calculate the total difficulties score, we also excluded it from analyses.
2.5. ROLE OF THE FUNDING SOURCE
The funders of the study had no role in the study design, data collection, data analysis, data interpretation, or writing of the report.
3. RESULTS
3.1. POPULATION CHARACTERISTICS	
[bookmark: _Hlk502663479]The general characteristics of the newborn (n = 88) and childhood population (n = 393) are provided in Table 1. The average maternal age at delivery differed between both groups, where mothers were on average 29.7 ± 4.5 years old in the newborn population, while those of the childhood population were on average 30.1 ± 4.3 years old. In addition, most births in the newborn group took place between April 1st – September 30th (51.1%), while those of the childhood population occurred between October 1st – March 31st (51.9%). During NBAS assessment, newborns were on average 49.8 ± 14.1 days old. The average age of the children at the follow-up visit was 4.5 ± 0.4 years old. All other maternal characteristics, as well as the newborn/children’s characteristics did not significantly differ between both groups. The residential PM2.5 levels for each gestational time window are provided in Table 1 and differed between both groups. In the newborn population, the average residential PM2.5 level during trimester 2 was significantly lower compared with the average PM2.5 level in trimester 1 and during the whole pregnancy. No other significant differences were found between exposure time windows during pregnancy. The mean of the seven NBAS clusters scores are presented in Table 2. Due to missing data (n = 51) as a result of newborn state-related difficulties during the assessment of the habituation cluster, this cluster was excluded from analyses. The characteristics of the four subscales of the SDQ are summarised in Table 3. 
[bookmark: _Ref134450688]Table 1: General characteristics of the study population for the assessment of neurobehavioural development in newborns (n = 88) and children (n = 393). *Significantly (p < 0.05) different between study populations. $Significantly (p < 0.05) different between exposure time window.
	Characteristic
	Newborn population 
(n = 88)
	Childhood population 
(n = 393)

	Maternal
	Mean ± SD or n (%)
	Mean ± SD or n (%)

	Age at delivery (years)*
	29.7 ± 4.5
	30.1 ± 4.3

	Pre-pregnancy BMI
	24.4 ± 4.8
	24.3 ± 4.4

	Education household
	
	

	Low
	6 (6.8)
	20 (5.1)

	Middle
	36 (40.9)
	102 (26.0)

	High
	46 (52.3)
	271 (68.9)

	Parity
	
	

	Primiparous
	48 (54.5)
	216 (55.0)

	Secundiparous
	23 (26.1)
	138 (35.1)

	Multiparous
	17 (19.4)
	39 (9.9)

	Smoking during pregnancy (Yes)
	11 (12.5)
	45 (11.5)

	Season of delivery*
	
	

	Cold 
	43 (48.9)
	204 (51.9)

	Warm 
	45 (51.1)
	189 (48.1)

	Newborn/Child
	Mean ± SD or n (%)
	Mean ± SD or n (%)

	Gestational age (weeks)
	39.4 ± 1.4
	39.4 ± 1.8

	Sex (female)
	37 (42.0)
	203 (51.7)

	Ethnicity
	
	

	European
	77 (87.5)
	371 (94.4)

	Non-European
	11 (12.5)
	22 (5.6)

	Age NBAS assessment (days)
	49.8 ± 14.1
	-

	Age at the follow-up visit
	-
	4.5 ± 0.4

	Residential prenatal PM2.5 exposure (in µg/m³)
	Mean ± SD
	25th – 75th perc
	Mean ± SD
	25th – 75th perc

	Trimester 1*
	12.2 ± 3.2$
	9.8 – 15.1
	14.0 ± 5.2
	9.8 – 17.8

	Trimester 2*
	11.9 ± 3.1$
	9.1 – 14.3
	13.9 ± 4.9
	9.7 – 17.2

	Trimester 3*
	12.1 ± 4.0
	8.8 – 15.4
	13.9 ± 5.4
	9.4 – 17.7

	Whole pregnancy*
	12.1 ± 1.7$
	11.1 – 13.1
	13.9 ± 2.4
	12.1 – 15.7



[bookmark: _Ref131671224]Table 2: Neonatal Behavioural Assessment Scale (NBAS) cluster scores. For the six behavioural clusters (habituation, orientation, motor, range of state, regulation of state, and autonomic stability), higher scores indicate better performance. For the reflex cluster, higher scores indicate more deviant reflexes.
	NBAS cluster
	n
	Mean ± SD

	Habituation
	37
	6.8 ± 1.6

	Orientation
	87
	6.8 ± 1.1

	Motor
	88
	6.3 ± 0.5

	Range of State
	87
	3.4 ± 0.5

	Regulation of State
	88
	4.3 ± 1.3

	Autonomic Stability
	88
	2.4 ± 0.2

	Reflexes
	85
	0.5 ± 1.4




[bookmark: _Ref134450607]Table 3: Characteristics of the parent-administered Strengths and Difficulties Questionnaire (SDQ) subscales (n = 393). Groups describing the risk of abnormal behaviour (i.e., none, low, moderate, high) are presented as numbers with corresponding frequencies (in %).
	
	Hyperactivity problems
	Conduct problems
	Peer problems
	Prosocial problems

	None
	299 (76.1)
	293 (74.6)
	327 (83.2)
	287 (73.0)

	Low
	60 (15.3)
	52 (13.2)
	38 (9.7)
	60 (15.3)

	Moderate
	24 (6.1)
	36 (9.2)
	17 (4.3)
	25 (6.4)

	High
	10 (2.5)
	12 (3.0)
	11 (2.8)
	21 (5.3)



3.2. ASSOCIATION BETWEEN PRENATAL PM2.5 EXPOSURE AND NEONATAL BEHAVIOUR
After adjustment for preselected covariates, a 5 µg/m³ increment in prenatal PM2.5 exposure during the first trimester of pregnancy was linked with a lower score of the range of state cluster (-6.11%; 95% CI: -12.00 to -0.23%; p = 0.04; Figure 1, Supplementary Table S1) in newborns aged one to two months old. The range of state cluster assessed the newborns irritability, rapidity, peak, and lability of state changes from sleeping, awakening, and full arousal with crying. No other behavioural clusters nor the reflexes cluster were found to be associated with prenatal PM2.5 exposure.
[image: ]
[bookmark: _Ref137931351]Figure 1: The association between prenatal PM2.5 exposure and NBAS cluster scores (n = 88). Estimates are given as change in NBAS cluster score for a 5 µg/m³ increase in PM2.5 concentration. Models were adjusted for gestational age, newborn’s sex, ethnicity, newborn’s age at NBAS assessment, maternal age, pre-pregnancy BMI, education level of the household, smoking status during pregnancy, parity, season of delivery, and the average residential PM2.5 exposure from birth to NBAS assessment. Trimester-specific models were adjusted for one and each other. *p < 0.05

3.3. ASSOCIATION BETWEEN PRENATAL PM2.5 EXPOSURE AND CHILDREN’S BEHAVIOUR
Prenatal PM2.5 exposure in early to mid-pregnancy was associated with neurobehavioural development in children aged four to six years old (Table 4). A 5 µg/m³ increase in PM2.5 concentration in the first trimester of pregnancy was linked with an increased likelihood of a child having a high risk of abnormal peer problems (OR = 3.89; 95% CI: 1.39 to 10.87; p = 0.01). Furthermore, a 5 µg/m³ increment in PM2.5 concentration during the second trimester of pregnancy was associated with a moderate risk of a child having abnormal prosocial behaviour (OR = 0.49; 95% CI: 0.25 to 0.98; p = 0.04). No significant associations were found between prenatal PM2.5 exposure and hyperactive, or conduct problems. 

[bookmark: _Ref134621830][bookmark: OLE_LINK1]Table 4: The association between prenatal PM2.5 exposure and SDQ subscales (n = 393). Estimates were provided as OR per 5 µg/m³ increment in PM2.5 concentration, compared with no risk of abnormal behaviour. Models were adjusted for gestational age, child’s sex, ethnicity, age of the child at follow-up, maternal age, pre-pregnancy BMI, education level of the household, smoking status during pregnancy, parity, season of delivery, and the average residential PM2.5 exposure from birth to follow-up visit. Trimester-specific models were adjusted for one and each other.
	
	Trimester 1
	Trimester 2
	Trimester 3
	Whole pregnancy

	
	Estimate
(95% CI)
	p-value
	Estimate
(95% CI)
	p-value
	Estimate
(95% CI)
	p-value
	Estimate
(95% CI)
	p-value

	
	
	
	
	
	
	
	
	

	Hyperactivity
	
	
	
	
	
	
	
	

	Low
	0.79
(0.53 to 1.18)
	0.26
	1.03
(0.67 to 1.58)
	0.89
	0.90
(0.63 to 1.30)
	0.59
	0.77 
(0.35 to 1.70)
	0.52

	Moderate
	1.14
(0.62 to 2.10)
	0.68
	1.83
(0.99 to 3.37)
	0.05
	1.08
(0.62 to 1.87)
	0.79
	2.44 
(0.72 to 8.20)
	0.15

	High
	2.08 
(0.76 to 5.70)
	0.15
	1.81 
(0.62 to 5.25)
	0.28
	1.16
(0.45 to 2.95)
	0.76
	3.61
(0.47 to 28.01)
	0.22

	Conduct
	
	
	
	
	
	
	
	

	Low
	0.68
(0.45 to 1.03)
	0.07
	0.90
(0.58 to 1.39)
	0.63
	0.84 
(0.58 to 1.22)
	0.37
	0.60
(0.27 to 1.34)
	0.21

	Moderate
	0.90
(0.54 to 1.50)
	0.68
	1.06 
(0.61 to 1.82)
	0.84
	1.04
(0.66 to 1.64)
	0.86
	1.11
(0.40 to 3.05)
	0.85

	High
	1.47
(0.64 to 3.41)
	0.37
	0.72
(0.27 to 1.97)
	0.53
	1.05
(0.46 to 2.39)
	0.90
	1.01
(0.18 to 5.50)
	0.99

	Peer problem
	
	
	
	
	
	
	
	

	Low
	1.24
(0.75 to 2.08)
	0.40
	1.11
(0.65 to 1.88)
	0.70
	1.53
(0.98 to 2.38)
	0.06
	2.29
(0.83 to 6.30)
	0.11

	Moderate
	1.16
(0.61 to 2.24)
	0.65
	0.99
(0.45 to 2.21)
	0.99
	0.91
(0.45 to 1.85)
	0.80
	0.90
(0.22 to 3.62)
	0.88

	High
	3.89
(1.39 to 10.87)
	0.01
	1.13
(0.42 to 3.06)
	0.81
	1.46
(0.47 to 4.52)
	0.51
	3.03
(0.45 to 20.15)
	0.25

	Prosocial
	
	
	
	
	
	
	
	

	Low
	0.93
(0.63 to 1.37)
	0.71
	0.91
(0.60 to 1.37)
	0.64
	0.80
(0.55 to 1.17)
	0.25
	0.62
(0.28 to 1.38)
	0.24

	Moderate
	1.32
(0.75 to 2.32)
	0.33
	0.49
(0.25 to 0.98)
	0.04
	1.12
(0.63 to 1.98)
	0.70
	0.53
(0.17 to 1.70)
	0.29

	High
	0.95
(0.52 to 1.75)
	0.87
	0.55
(0.24 to 1.26)
	0.15
	0.73
(0.38 to 1.40)
	0.34
	0.33
(0.09 to 1.27)
	0.11




4. DISCUSSION
Our study found detrimental health effects of particulate air pollution on neurobehaviour as early as the first weeks of life, based on the range of state NBAS cluster. Moreover, we revealed a connection between in utero exposure to PM2.5 and subsequent neurobehavioural outcomes during early childhood. Specifically, children who experienced 5 µg/m³ additional prenatal exposure to PM2.5, exhibited an increased susceptibility to a range of challenges, including heightened risks of encountering peer-related issues and deviations in prosocial behaviour, all discernible in their behaviour between the ages of four and six years. These findings are independent of postnatal PM2.5 exposure which underscores the potential long-term consequences of prenatal exposure to PM2.5 on the neurodevelopmental trajectory of children. These findings were based on air pollution levels far below the current EU guidelines (i.e., average exposure during pregnancy of 12.1 µg/m³ and 13.9 µg/m³ for the newborn and childhood population, respectively, compared with the annual average threshold of 20.0 µg/m³), emphasising the need for further efforts and public health interventions to mitigate such risks.
Newborns learn how to adapt to the extrauterine world by first developing their capacity to regulate their psychological system, after which they learn to manage their state behaviour, motor behaviour, and affective interactive behaviour.44-46 These behavioural adaptations are evaluated in the different NBAS clusters. Lower NBAS scores, specifically for the range of state cluster, as identified in our study, are linked to irritability, rapidity, peak, and lability of state changes from sleeping, awakening, and full arousal with crying.3,33 Our results may suggest more difficulties transitioning between different levels of arousal and consciousness in relation to prenatal exposure to air pollution. Similar results were observed in a study assessing the effects of maternal smoking during pregnancy on very early neonatal behaviour, where 48-72h old children prenatally exposed to tobacco smoke (both active and second-hand smoke) showed poorer habituation, state organisation (i.e., range of state cluster) and regulation capacities, as well as poorer motor skills.47 In contrast, prenatal polychlorinated biphenyl (PCB) exposure was linked with an improved range of state score, in a dose-dependent manner.48 A similar unexpected association was found between prenatal exposure to organophosphate pesticides and a higher score on the range of state cluster.49 Birth weight was shown to affect the range of state scores, where lower birth weight resulted in higher scores.50 In a sensitivity analysis, our results were, however, not affected when additionally adjusting for birth weight (Supplementary Table S2). 
Different intrinsic or extrinsic factors are linked to performance on NBAS clusters and some clusters are sensitive to environmental exposures.51 For instance, orientation and regulation of state tend to evolve later in development and are more affected by postnatal experiences.2 A study investigating the difference of the NBAS clusters between pre- and full-term children found that the NBAS clusters scores of full-term children were more affected by environmental factors (e.g., maternal age and education, smoking status during pregnancy, type of feeding), while those of preterm children were more vulnerable to intrinsic biomedical factors (e.g., gestational age, birth weight, sex).50 One important environmental exposure influencing the NBAS scores is the smoking habit of the mother during pregnancy.50,52 The full-term newborns whose mothers smoked during pregnancy showed significantly lower NBAS scores on the orientation and regulation of state clusters, compared with the newborns whose mothers did not smoke.50 Even newborns prenatally exposed to e-cigarettes performed worse for self-regulation and motor development and had more abnormal reflexes than non-exposed newborns.53 Our analyses have been adjusted for most of these factors, including maternal smoking during pregnancy, gestational age, and sex of the child. 
In addition to the neurobehavioural development in newborns, we also found evidence that prenatal PM2.5 exposure was linked with neurobehavioural development in early childhood. Prenatal PM2.5 exposure has been linked with the Mental Development Index (MDI; i.e., assessing language, generalisation, classification, memory, and social skills) in two-year-olds.54 Children aged three-to-four years who were prenatally exposed to higher levels of PM2.5 had higher odds of having total behavioural difficulties and abnormal prosocial behaviour, particularly after higher exposure in the first trimester of pregnancy.55 As we observed similar neurobehavioural problems after higher exposure in the second trimester of pregnancy, it is possible that prenatal PM2.5 exposure in the first and second trimesters is an important exposure window for children's neurobehavioural development. Consistent with our results, a study including children aged seven-11 years from eight European birth cohorts also did not find a statistically significant link between prenatal air pollution exposure and conduct problems.56 Most of the studies to date focused more on neurodevelopment rather than behavioural development and found that prenatal air pollution exposure, as well as exposure during child- and adulthood, may be inversely linked with neurodevelopment.57 In utero PM2.5 exposure was associated with decreased motor scores in 15-month-old children assessed with the Bayley Scales of Infant and Toddler Development18, as well as with decreased psychomotor development in children aged two54 and five years.58 Higher prenatal PM2.5 exposure, specifically in mid-to-late pregnancy, was linked with lower cognitive outcome scores in a study population of children of two years of age.59 Studies investigating the relation between prenatal air pollution exposure and neurobehaviour mostly focused on specific neurobehavioural disorders28, such as ASD23,60,61 and ADHD22,62,63. Fewer studies investigated the influence of prenatal PM2.5 exposure on general behavioural problems in (early) childhood.
The long-term implications of our results remain uncertain. Nevertheless, multiple longitudinal studies have explored the potential of NBAS and SDQ scores in predicting neurobehavioural issues later in the child’s life. In a six-year longitudinal study, Canals et al.64 found that irritability (i.e., NBAS item in the range of state cluster) was the predictor of mental development at 12 months, assessed by the Bayley Scales of Infant and Toddler Development. State organisation was also linked with cognitive outcomes at two years.65 Another study showed that lower range of state cluster scores in four-week-olds were related to the risk of mild disability at five years of age.66 Mild disability was classified when children fulfilled one or more of the following criteria: (i) motor developmental delay or soft neurological signs, (ii) general intelligence quotient score between 70 – 84, and (iii) diagnosed behavioural problems.66 Other individual NBAS items and cluster scores were also linked with neurobehavioural development in early childhood. For instance, at four and 12 months, self-regulation was a predictor of psychomotor development, while at six years, it was associated with verbal and total intelligence quotient.64 Individual items (e.g., response to auditory input) and cluster scores (i.e., regulation of state) of the NBAS were also linked with increased ASD-like behaviours in adolescents.67 The study of Ohgi et al.68 assessed neonatal behaviour with the NBAS and behaviour in children aged seven to eight years with the SDQ. They found that the state control (i.e., range of state and regulation of state), orientation, and motor cluster scores were linked with behavioural problems in children aged seven to eight. A study assessing the validity of the SDQ for detecting emotional problems across development found that the emotional SDQ subscale can be used as a screening method for emotional disorders during childhood, adolescence, and early adulthood.69 One study of the Copenhagen Child Cohort 2000 (CCC2000) showed that the SDQ predictive algorithms can be used as a screening tool in children aged five to seven years to identify children with an increased risk of mental disorders at 11-12 years.70 In a six-year follow-up study, 80% of children classified as ‘normal’ at baseline, remained in their SDQ-category. For the hyperactivity subscale, only 1% of the children classified as ‘normal’ at baseline, changed to ‘abnormal’ behaviour over the period of six years.71 Taken together, these results suggest that both the NBAS and SDQ are useful tools for investigating early developmental aspects related to neurobehavioural challenges.
The complex interplay between genes and environment during neurodevelopment during different time windows plays an essential role in forming neural circuits that regulate social, emotional, and sensory behaviours. The establishment of these neural circuits evolves over time, starting with the most basic circuits (i.e., control of internal physiological stress) to more complex ones that regulate cognitive processes.1 Therefore, the time window of exposure is a determinant of how neurobehavioural development can be influenced. We showed that prenatal PM2.5 exposure, specifically in early (in newborns and childhood) and mid (in childhood) pregnancy, affected neurobehavioural development. During the first trimester of pregnancy, the foetal brain rapidly develops as major structures, including the fore-, mid-, and hindbrain, are formed. Neurogenesis and cell migration start to occur, and neural circuits are developed, laying the foundation for future brain functions. In the second trimester, the brain continues to grow, and neural circuits become more elaborate, thereby enabling the development of basic cognitive, motor, and language skills.72,73 As exposure to air pollution has been linked with neuroinflammation in children74,75 and black carbon, a component of PM, was able to reach the foetal side of the placenta11, exposure to air pollution in early- to mid-pregnancy can cause oxidative stress and inflammation in the foetus, which in turn can disrupt foetal brain development. In fact, the study of Bongaerts et al.12 found black carbon particles in foetal brain tissues and suggested that the transfer of these particles might already occur in the first and second trimesters of pregnancy. Since this period is characterised by significant growth, organisation, and specialisation of the developing brain, neuroinflammation can lead to changes in the formation of neural circuits76 that regulate neurobehavioural development.77,78 For instance, plasma inflammatory cytokines were linked with preterm newborns’ motor development, alertness, and orientation capacities.79 Furthermore, animal models revealed that air pollution exposure can induce maternal inflammation, causing neurobehavioural abnormalities in the offspring.80,81 However, the exact mechanisms of how neuroinflammation might interfere with neurobehavioural development require further research.
Strengths and limitations – Our study has several strengths. The daily air pollution exposures throughout pregnancy were determined with a validated, high-resolution spatial-temporal interpolation method, which has been utilised in several studies.37,38,82 Although other sources of exposure (e.g., while commuting) can influence an individual’s exposure to air pollutants, mother’s residential exposures were strongly and positively linked with particles present in maternal and cord blood12, as well as in placental tissue11,12,83, suggesting a suitable estimation of individual exposures. We used two independent tools to assess neurobehavioural development at two different time points in a child's life. The NBAS covers different behavioural domains in newborns and is established as an invaluable assessment tool for neurobehavioural development in newborns.30 Furthermore, the SDQ was highly reliable and validated as a suitable screening tool for children between the ages of four and 16.31 Despite these strengths, we acknowledge some potential limitations in our study. Although the original five-structure SDQ model suggested by Goodman34 was validated in several studies in various languages and age groups84-87, especially in young children88, we found a less optimal fit using CFA, especially for assessing emotional problems (Supplementary Figure S2). Therefore, the emotional subscale, and subsequently the total difficulties score were excluded from analyses. The use of the term ‘abnormal’ behaviour is utilised to indicate altered behaviour in children and does not necessarily mean clinical abnormalities. We adhere to this term for consistency and comparability with existing literature. Neurobehavioural development may be affected by other environmental and intrinsic factors.50 Nevertheless, our statistical models were adjusted for various confounding variables, such as socio-demographic and environmental factors (e.g., maternal age, education, and smoking status during pregnancy) and intrinsic biomedical factors (e.g., children’s sex, gestational age). Besides being prenatally exposed to air pollutants, children are also subjected to postnatal air pollution exposures. Therefore, our statistical models were adjusted for the mean postnatal PM2.5 exposures from birth to follow-up visit. Although we acknowledge the limited sample size in our NBAS study in one-to-two-month-olds, it is worth noting that observations with comparable sample sizes have been previously made.49,51,64
5. CONCLUSIONS
Our study showed that prenatal PM2.5 exposure may be linked with neurobehavioural development in newborns and early childhood. Our findings provide evidence for a sensitive time window during the first and second trimesters of pregnancy that may be particularly influential towards stage changes in newborns, and on peer problems and prosocial behaviour in preschool children. These associations were noted at PM2.5 concentrations ranging from 5.65 – 28.58 µg/m³ and encourage further reductions to safeguard neurodevelopment during early life, as evidence suggests a potential link between exposure and adverse neurobehavioural outcomes.
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