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Background: Previous research reports associations between prenatal exposure to phthalates and 

childhood behavior problems; however, the neural mechanisms that may underlie these 

associations are relatively unexplored.

Objective: This study examined microstructural white matter as a possible mediator of the 

associations between prenatal phthalate exposure and behavior problems in preschool-aged 

children.

Methods: Data are from a subsample of a prospective pregnancy cohort, the Alberta Pregnancy 

Outcomes and Nutrition (APrON) study (n = 76). Mother-child pairs were included if mothers 

provided a second trimester urine sample, if the child completed a successful magnetic resonance 

imaging (MRI) scan at age 3-5 years, and if the Child Behavior Checklist was completed within 6 

months of the MRI scan. Molar sums of high (HMWP) and low molecular weight phthalates 

(LMWP) were calculated from levels in urine samples. Associations between prenatal phthalate 

concentrations, fractional anisotropy (FA) and mean diffusivity (MD) in 10 major white matter 

tracts, and preschool behavior problems were investigated.

Results: Maternal prenatal phthalate concentrations were associated with MD of the right 

inferior fronto-occipital fasciculus (IFO), right pyramidal fibers, left and right uncinate fasciculus 

(UF), and FA of the left inferior longitudinal fasciculus (ILF). Mediation analyses showed that 

prenatal exposure to HMWP was indirectly associated with internalizing (path ab = 0.09, CI.95 = 

0.02, 0.20) and externalizing problems (path ab = 0.09, CI.95 = 0.01, 0.19) through MD of the right 

IFO, and to internalizing problems (path ab = 0.11, CI.95 = 0.01, 0.23) through MD of the right 

pyramidal fibers.

Discussion: This study provides the first evidence of childhood neural correlates of prenatal 

phthalate exposure. Results suggest that prenatal phthalate exposure may be related to 

microstructural white matter in the IFO, pyramidal fibers, UF, and ILF. Further, MD of the right 

IFO and pyramidal fibers may transmit childhood risk for behavioral problems.

Keywords

phthalates; diffusion tensor imaging; white matter microstructure; preschool children; behavior 
problems; APrON Study

1. INTRODUCTION

Phthalates are a group of chemicals used to soften and increase the flexibility of plastic 

products. They are also used as solvents and additives in consumer goods such as personal-

hygiene and cosmetic products, textile and building materials, children’s toys, and food 

packaging (Benjamin et al., 2017). In North America, exposure to phthalates is ubiquitous 

(Serrano, Braun, Trasande, Dills, & Sathyanarayana, 2014). Phthalates are classified as 

endocrine-disrupting chemicals (EDCs), as they are capable of modifying the activity of 

estrogens, androgens, and thyroid hormones (Schug, Blawas, Gray, Heindel, & Lawler, 

2015). Epidemiological evidence suggests that phthalates pose a health hazard in regards to 

reproductive function, respiratory disease, chronic physical health conditions (e.g., type II 

diabetes, cancer, etc.), and neurodevelopment (Benjamin et al., 2017). Pregnancy may 

represent a period of particular risk (Lyche et al., 2009), as phthalates cross the placenta, 
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resulting in fetal phthalate levels that are closely related to maternal levels (Latini et al., 

2003).

Systematic evidence has suggested that prenatal exposure to phthalates may have 

consequences for child neurodevelopment, including adverse effects on psychomotor, 

cognitive, and behavioral outcomes (Ejaredar, Nyanza, Ten Eycke, & Dewey, 2015; Lee, 

Kim, Lim, Lee, & Hong, 2018; Zhang, Chen, Huang, Wang, & Wu, 2019). Higher phthalates 

concentrations in maternal urine during pregnancy have been linked to adverse birth 

outcomes (e.g., lower birth weight) (Wolff et al., 2008) and alterations in infant 

neurobehavior (e.g., nonoptimal reflexes) (Yolton et al., 2011). In young children, greater 

prenatal phthalate exposure has been associated with both internalizing (e.g., emotional 

reactivity, anxious/depressed, withdrawal) and externalizing (e.g., aggression, attention) 

problems (Engel et al., 2010; Kim et al., 2009; Whyatt et al., 2012). Less is known about 

potential sex-differences in child behavioral outcomes following prenatal exposure to 

phthalates, though some evidence suggests that prenatal phthalate concentrations may be 

associated with different behavior problems in male children (i.e., aggression, attention, 

emotional reactivity) compared to female children (i.e., anxious/depressed) (Engel et al., 

2010; Whyatt et al., 2012). These findings support the contention that exposure to phthalates 

during the vulnerable period of fetal development may have enduring behavioral 

consequences; however, the physiological mechanisms through which phthalate exposure 

during this period transmits risk have not yet been elucidated (Bowman & Choudhury, 

2016).

EDCs may increase the risk of adverse neurodevelopmental outcomes by disrupting the 

activity of gonadal hormones responsible for the differentiation of neurons and sexually-

dimorphic brain development (Braun, 2017; Vrijheid, Casas, Gascon, Valvi, & 

Nieuwenhuijsen, 2016). Prenatal exposure to EDCs, such as phthalates, may also disrupt the 

organization of neurochemical and neuroendocrine systems during gestation, which in turn 

could potentially result in alterations in brain structure and behavioral development during 

childhood (Gore, Krishnan, & Reilly, 2019; Walker & Gore, 2011). Animal research 

demonstrates that prenatal exposure to EDCs affects neuronal differentiation and migration 

during the early embryonic stage, as well as the regulation of genes (e.g., helix-loop-helix 

transcription factors) critical for brain development (Itoh, Yaoi, & Fushiki, 2012). Additional 

experiments using rodents have shown that intrauterine exposure to EDCs is associated with 

sexual differentiation of the brain (Kubo et al., 2003), which in turn results in sex differences 

in emotional and behavioral responses (Gioiosa, Fissore, Ghirardelli, Parmigiani, & Palanza, 

2007; Palanza, Gioiosa, vom Saal, & Parmigiani, 2008). A single investigation has examined 

the effect of early phthalate exposure on neurodevelopmental outcomes, reporting that 

perinatal phthalate exposure was related to reduced sized and connectivity of the medial 

prefrontal cortex, as well as cognitive flexibility deficits in both male and female adult rats 

(Kougias, Sellinger, Willing, & Juraska, 2018). However, to our knowledge, no prior study 

has investigated the associations between prenatal phthalate exposure, brain structural 

differences, and behavioral outcomes in a human population.

Diffusion tensor imaging (DTI) is an advanced magnetic resonance imaging (MRI) 

technique, which allows for the investigation of the neural micro-environment. DTI uses the 
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directional dependence of water movement to provide inferential information about 

microstructural features (e.g., fiber diameter, fiber density, myelination) of white matter 

tracts (Mori, 2007). Two widely used DTI parameters assessing white matter microstructure 

are fractional anisotropy (FA) and mean diffusivity (MD). FA indicates the directionality of 

diffusivity within a tract (i.e., how ordered it is); whereas, MD represents the mean 

diffusivity across all directions of movement (Basser & Jones, 2002).

Early childhood is a period of substantial white matter development, as shown by increases 

in FA and reductions in MD, which likely reflect increases in myelination and axonal 

packing (Dubois et al. 2006; Qiu et al. 2015; Reynolds et al. 2019a), and this ongoing 

maturation of white matter microstructure likely plays a key role in behavioral development 

(Brown & Jernigan, 2012). Previous studies have reported associations between white matter 

microstructural development and internalizing and externalizing behavior problems assessed 

by the Child Behavior Checklist (CBCL) (Albaugh et al., 2017; Loe, Lee, & Feldman, 

2013). This study hypothesizes that exposure to phthalates during fetal development could 

alter white matter microstructure and subsequently impact behavioral outcomes during the 

preschool years. Therefore, the primary aim of the present observational study was to 

investigate if the associations between prenatal exposure to phthalates and behavior 

problems in preschool aged children, as measured by the CBCL, were mediated by 

microstructural white matter. Additionally, EDC exposure may have differential effects on 

white matter tracts in male and female children, so analyses also examined the impact of 

child sex on these associations.

2. MATERIALS AND METHODS

2.1. Participants and Procedure

Seventy-six mother-child pairs were included in the present study. They were recruited from 

an ongoing prospective pregnancy cohort study, the Alberta Pregnancy Outcomes and 

Nutrition (APrON) Study (Kaplan et al., 2014). Inclusion criteria were as follows: i) a 

maternal spot urine sample was provided during the second trimester of pregnancy, ii) the 

preschool child completed a successful magnetic resonance imaging (MRI) scan with usable 

results, iii) a parent-report measure of child behavior problems was completed within 6 

months (mean months = 2.1 ± 1.7) of the MRI scan, and iv) the preschool child was healthy 

and typically developing (i.e., the child had not been diagnosed with a neurological or 

neurodevelopment disorder, Full Scale Intelligence Quotient/FSIQ > 80).

At the time of the urine sample collection, mothers completed questionnaires that provided 

information on sociodemographic variables (i.e., ethnicity, education, marital status, 

household income) and gestational characteristics (i.e., body weight/height, tobacco use, 

physical and mental illnesses). Information on birth outcomes (i.e., birth weight, gestational 

age, sex) were obtained later from medical records. From 2013 to 2017, when children were 

3–5 years of age, they participated in an MRI scan and their mothers completed the Child 

Behavior Checklist (CBCL). The research protocol was approved by the Conjoint Health 

Research Ethics Board at the University of Calgary. Written, informed consent was provided 

prior to the collection of urine samples, MRI scanning, neurodevelopmental assessment, and 

completion of questionnaires. This work was carried out in accordance with the ethical 
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principles for medical research involving human subjects (World Medical Association, 

2013).

2.2. Measures

2.2.1. Maternal Urine Sample—Maternal spot urine samples were collected during the 

second trimester of pregnancy (mean gestational weeks = 17.0 ± 2.1) in a sterile cup. 

Following collection, samples were immediately aliquoted into 9mL cryovials and stored at 

−80 °C. Quality control experiments using liquid chromatography grade water as a surrogate 

for urine (n = 20 control samples) did not find any contamination during collection, storage, 

and/or analysis.

2.2.2. Quantification of Phthalate Metabolites and Composites—The current 

study quantified nine monoester phthalate metabolites that have been previously examined 

in regards to children’s neuropsychological development (Engel et al., 2010, 2009; Kobrosly 

et al., 2014). We considered four metabolites of di(2-ethyl-hexyl) phthalate (DEHP): 

mono(2-ethylhexyl) phthalate (MEHP), mono(2-ethyl-5-hydroxy-hexyl) phthalate 

(MEHHP), mono(2-ethyl-5-oxyohexyl) phthalate (MEOHP), and mono(2-ethyl-5-

carboxypentyl) phthalate (MECPP); two metabolites of dibutyl phthalate (DBP): mono-n-

butyl phthalate (MBP) and mono-iso-butyl phthalate (MiBP); and three other common 

metabolites: mono-benzyl phthalate (MBzP), mono-ethyl phthalate (MEP), and mono-

methyl phthalate (MMP). Following the recommended practice for computing molar sums, 

phthalate metabolites were grouped into categories defined by their molecular weight, as 

metabolites of high (HMWP; > 250 Da) and low molecular weight phthalates (LMWP; < 

250 Da) have similar sources of exposure, molecular structure, and biological activity (Engel 

et al., 2009; Wolff et al., 2008). For example, high molecular weight phthalates (e.g., 

MEHHP, MECPP, MEOHP, MEHP) are often used in food packaging, vinyl toys, and vinyl 

building materials; whereas, low molecular weight phthalates (e.g., MBP) are used as 

solvents in personal-hygiene and cosmetic products, such as nail polish (Committee on the 

Health Risks of Phthalates Board on Environmental Studies and Toxicology Division on 

Earth and Life Studies, 2008). Five metabolites were included in the molar sum of HMWP: 

MEHP, MEHPP, MEOHP, MECPP, and MBzP. Four metabolites were included in the molar 

sum of LMWP: MBP, MiBP, MEP, and MMP.

The monoester phthalate metabolites were identified using liquid chromatography-tandem 

mass spectrometry (QTRAP 5500, AB Sciex, Concord, Canada) at the Alberta Centre for 

Toxicology, University of Calgary. With the QTRAP operating in negative multiple reaction 

monitoring (MRM) mode, the detection and quantification of metabolites were based on two 

MRM transitions combined with the retention time. Phthalate metabolites were separated on 

a 100 x 2.1 mm BetaSil Phenyl Column (Thermo Scientific, Burlington, Canada) using an 

Agilent 1200 HPLC system (Agilent Technologies, Mississauga, Canada). The injection 

volume was 10 μL and a constant column temperature of 40 °C was maintained. The limit of 

detection (LOD) for all metabolites was 0.10 μg/L, and as per common practice, all values 

below the LOD were assigned the value of the LOD divided by the square root of 2 

(Hornung & Reed, 1990). To account for urine dilution, creatinine-adjusted (μmol/g 

creatinine) concentrations of the HMWP and LMWP were used for analyses.
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2.2.3. MRI Acquisition—All neuroimaging was conducted on a General Electric 3T 

MR750w system equipped with a 32-channel head coil (General Electric, Waukesha, WI), 

located at the Alberta Children’s Hospital (ACH), Calgary, Canada. During scanning 

children were awake watching a movie or naturally asleep. For a total acquisition time of 

4:03 minutes, whole brain diffusion weighted images were acquired using a single shot spin 

echo echo-planar imaging sequence with the following parameters: 1.6 x 1.6 x 2.2 mm 

resolution (resampled on scanner to 0.78 x 0.78 x 2.2mm), TR = 6750 ms; TE = 79 ms, 

anterior-posterior phase encoding, 30 gradient encoding directions (b=750s/mm2) and five 

interleaved non-diffusion weighted images (b=0s/mm2).

2.2.4. DTI Data Processing and Semi-automated Tractography—Eighty-four 

children participated in MRI scanning. Among the initial group of 84, incidental findings 

(i.e., previously undiagnosed medical conditions that were unintentionally discovered by the 

MRI scan) were noted for four participants. Incidental findings include potentially 

symptomatic or treatable abnormalities (e.g., cysts) and individuals that display these 

abnormalities are commonly removed from MRI research analyses (Morris et al., 2009), so 

these four participants were not included in the current study analyses (n = 80). In order to 

perform reliable DTI analyses, diffusion weighted image (DWIs) volumes from MRI must 

be corrected for artifacts and distortions (Irfanoglu, Sarlls, Nayak, & Pierpaoli, 2019). All 

DTI data was visually inspected prior to processing for quality control, which was 

completed by an investigator blinded to family demographics and child behavior scores. 

Participant data with artifacts and/or motion corruption were removed (n = 4). This resulted 

in the final sample of participants (n = 76) included in the current study who had an average 

of 32 (SD = 3.2) total volumes remaining. Following quality checking, data was processed 

through version 4.8.6 of ExploreDTI (Leemans et al. 2009) for signal drift, Gibbs ringing, 

subject motion, and eddy current corrections. In-depth summaries of DTI data processing 

techniques are available elsewhere (i.e., Alexander, Lee, Lazar, & Field, 2007; Leemans et 

al., 2009; Soares, Marques, Alves, & Sousa, 2013).

Deterministic semi-automated tractography was undertaken to delineate 10 major white 

matter tracts: genu, body, and splenium of the corpus callosum, pyramidal fibers, inferior 

fronto-occipital fasciculus (IFO), inferior longitudinal fasciculus (ILF), cingulum, fornix, 

superior longitudinal fasciculus including arcuate (SLF), and uncinate fasciculus (UF) 

(Figure 1). The most representative scan (a 3.68 year old female) for use as the target scan in 

semi-automated tractography was determined using the tract-based spatial statistics (TBSS; 

tbss_2_reg script, flag -n) non-linear registration step (Smith et al., 2006) in FSL 

(Andersson, Jenkinson, & Smith, 2007; Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 

2012; Smith et al., 2004; Woolrich et al., 2009). To identify the target scan, all DTI scans 

collected prior to September 2017 (when semi-automated tractography commenced) with at 

least 34 high-quality volumes in a large longitudinal dataset of children aged 2 to 8 years (n 

= 125) were utilized (Reynolds, Grohs, Dewey, & Lebel, 2019a). The most representative 

scan (target scan) was selected as the scan that required the least warping to best fit the other 

scans (Andersson et al., 2007; Jenkinson et al., 2012; Smith et al., 2004; Woolrich et al., 

2009). Following the identification of the target scan, inclusion and exclusion regions of 

interest (ROIs) were drawn on the target participant (for the ROI placements used refer to 
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Reynolds et al. 2019b). The ROIs were created and evaluated by two of the authors (MG, 

JR) using an iterative evaluation and verification procedure previously described (Lebel, 

Walker, Leemans, Phillips, & Beaulieu, 2008; Reynolds, Grohs, Dewey, & Lebel, 2019b; 

Wakana, Jiang, Nagae-Poetscher, Van Zijl, & Mori, 2004). The semi-automated tractography 

method ensures the ROIs are in the same regions for each participant’s native space scan by 

normalizing each scan to the target, and then using the inverse of these transformations to 

warp the ROIs to native space. The delineated tracts were then manually inspected, and 

spurious fibers were removed as needed. Finally, average tract values for fractional 

anisotropy (FA) and mean diffusivity (MD) (and axial diffusivity (AD) and radial diffusivity 

(RD)) were extracted using ExploreDTI for all tracts (where applicable, parameters were 

extracted for left and right hemisphere tracts separately for a total of 16 isolated white matter 

tracts).

2.2.5. Child Behavior Checklist (CBCL)—Within 6 months of the MRI scan (M = 2.1 

months, SD = 1.7 months), mothers completed a checklist of common childhood behavior 

problems- the Child Behavior Checklist (CBCL; Achenbach and Rescorla 2000). The CBCL 

asked parents to rate 99 different problems on a three-point rating scale (0 = not at all, 1 = 
sometimes, 2 = yes). Factor analysis was used to group problems that tended to occur 

together into seven syndrome scales: emotionally reactive, anxious/depressed, somatic 

complaints, withdrawn, sleep problems, attention problems, and aggressive behavior. These 

syndrome scales are scored in terms of two broad groupings of syndromes: internalizing and 

externalizing problems. The Internalizing Problems scale is comprised of four syndrome 

scales: emotionally reactive, anxious/depressed, somatic complaints, and withdrawn. The 

Externalizing Problems scale includes two syndrome scales: attention problems and 

aggressive behaviors. Previous research has indicated that the CBCL has strong 

psychometric properties (Achenbach and Rescorla 2000), and that preschool scores on the 

Internalizing and Externalizing Problems scales are predictive of psychopathology in later 

childhood and adolescence (Beyer, Postert, Müller, & Furniss, 2012; Mesman & Koot, 

2001). In the current study, T scores (i.e., higher T scores indicate more behavior problems) 

from both the Internalizing and Externalizing Problem scales demonstrated acceptable 

internal consistency (Cronbach’s α = 0.7).

2.2.6. Covariates—Based on previous examinations of prenatal phthalate exposure and 

children’s neurobehavioral outcomes (Engel et al. 2010; Kim et al. 2009; Whyatt et al. 

2012), potential confounding variables were examined as covariates in the main analyses. 

Covariates included maternal sociodemographic variables (i.e., ethnicity, education, marital 

status, household income), gestational characteristics (i.e., body weight/height, tobacco use, 

physical and mental illnesses), and child characteristics (i.e., birth weight, gestational age at 

birth, sex, age at assessment).

2.3. Statistical Approach

Skewed phthalate concentration data were log-transformed prior to analyses. There was no 

missing data and all analyses were performed in version 25.0 of SPSS (IBM Corp., 2017). 

Initially, exploratory multivariate regression analyses examined the associations between 

creatinine-adjusted phthalate molar sums, FA and MD from the 16 isolated white matter 
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tracts, and T scores from the CBCL Internalizing and Externalizing Problems scales. Sixty-

four regression analyses were conducted to investigate whether maternal HMWP or LMWP 

concentrations during pregnancy (i.e., the independent variables) were associated with FA or 

MD of the 16 isolated white matter tracts (i.e., the dependent variables). Following which, 

10 regression analyses examined the associations between the white matter tracts found to 

be significantly associated with prenatal phthalate concentrations (i.e., independent 

variables) and T scores from the CBCL Internalizing and Externalizing Problem scales (i.e., 

dependent variables). Based on previous research, these exploratory regression models 

controlled for child sex and child age at assessment (Chen et al., 2010; Grohs et al., 2019; 

Reynolds et al., 2019a). As significant sex differences are noted in child white matter 

microstructure (Reynolds et al. 2019a) and preschool behavior problems (Basten et al., 

2016; Chen, 2010), child sex was also examined as a potential modifier of these 

associations. In line with previous neuroimaging research (Sowell et al., 2008; Zanin et al., 

2011), we corrected for multiple comparisons in the regression analyses using the 

Benjamini-Hochberg procedure to control the false discovery rate (FDR) (Benjamini & 

Hochberg, 1995; Schwartzman, Dougherty, Lee, Ghahremani, & Taylor, 2009). Given the 

limited evidence on the effect of prenatal exposure to phthalates on children’s 

neurobehavioral development and the breadth of data available for the current sample, we 

adopted an exploratory approach consistent with prior research examining the influence of 

phthalates on behavior problems in children aged 3 to 5 years (Philippat et al., 2017), and 

report significant adjusted p-values from 0.05 to 0.1. For all regression models, we report 

both raw (observed) p-values and q values (adjusted p-values).

Based on the associations from the exploratory regression analyses, the main analyses 

included mediation models that assessed which independent variables (i.e., prenatal 

phthalate concentrations, DTI parameters, covariates) significantly predicted the dependent 

variables (i.e., CBCL T scores) (Field, 2009; MacKinnon, Fairchild, & Fritz, 2007). These 

models examined the influence of the following covariates: maternal sociodemographic 

variables (i.e., ethnicity, education, marital status, household income), gestational 

characteristics (i.e., body weight/height, tobacco use, physical and mental illnesses), and 

child characteristics (i.e., birth weight, gestational age at birth, sex, age at assessment). Non-

significant covariates were dropped from the mediational analyses. Using standardized 

variables, mediation analyses were conducted using the bootstrapping method (MacKinnon 

& Fairchild, 2010) in version 3.0 of the PROCESS macro for SPSS (Hayes, 2017). The 

bootstrapping method is preferable to the casual steps method for testing indirect effects 

(Baron & Kenny, 1986; Zhao, Lynch, & Chen, 2010), as it does not require a significant 

main effect from the independent variable to the dependent variable, and is recommended 

for models with small sample sizes in which there is a distant temporal relationship between 

the independent variable and dependent variable (Shrout & Bolger, 2002). Given the small 

sample size (n = 76), and the distant temporal relationship between prenatal exposure to 

phthalates and behavior outcomes in children at 3-5 years of age, these methods were used 

to examine the significance of indirect effects in the absence of significant main (i.e., total 

and direct) effects.
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3. RESULTS

3.1. Study Sample Characteristics

At the time of prenatal urine collection, mothers were between the ages of 25-38 years (M = 

31.7, SD = 2.7 years), predominantly Caucasian (93.4%), university-educated (76.3%), 

married (89.5%), and had a median household income of greater than $100,000 CAD. In the 

present sample, none of the women reported smoking during pregnancy. Some women 

reported physical health conditions (7.9% reported a thyroid condition, 5.7% reported Celiac 

disease, and 8.6% reported another physical condition) and/or mental health problems (5.7% 

reported anxiety and 2.9% reported depression). Children were born between 35-41 weeks 

of gestation (M = 39.3, SD = 1.3 weeks) and weighed between 2215 and 4300 grams (M = 

3337.8, SD = 464.1 grams) (see Table 1 for maternal and child characteristics). Children 

(51.3% female) were 3-5 years of age at the time of the MRI scan (mean child age = 4.4 ± 

0.8 years) and at the time of CBCL completion (mean child age = 4.4 ± 0.7 years).

3.2. Phthalate Metabolite Concentrations

Median urinary concentrations of phthalate metabolites during pregnancy ranged from 2.64 

μg/L (mono-methyl phthalate; MMP) to 68.54 μg/L (mono-ethyl phthalate; MEP) (Table 2). 

The HMWP (M = 0.30, SD = 0.30 μmol/L) and LMWP (M = 1.57, SD = 3.32 μmol/L) had 

median molar concentrations of 0.21 μmol/L (0.24 μmol/g creatinine) and 0.56 μmol/L (0.59 

μmol/g creatinine), respectively.

3.3. Exploratory Regressions

Sixty-four multivariate regressions examined if maternal HMWP or LMWP concentrations 

during pregnancy were associated with FA or MD of the 16 isolated white matter tracts 

(Table 3). Higher maternal HMWP concentrations were associated with greater MD of the 

right IFO (β = 0.28, p = 0.01), right ILF (β = 0.21, p = 0.05), right pyramidal fibers (β = 

0.27, p = 0.01), left UF (β = 0.26, p = 0.02), and right UF (β = 0.33, p = 0.002). However, 

only the associations between HMWP and MD of the right IFO, right pyramidal fibers, left 

UF, and right UF were significant at q < 0.10. Maternal HMWP concentrations were not 

significantly associated with FA of any of the white matter tracts. Higher maternal LMWP 

concentrations were associated with greater MD of the left IFO (β = 0.24, p = 0.03) and left 

ILF (β = 0.18, p = 0.05); however, these associations did not survive the correction for 

multiple comparisons (q > 0.10). Higher maternal LMWP concentrations were associated 

with reduced FA of the left ILF (β = −0.34, p = 0.001), and this association did survive the 

correction for multiple comparisons (q < 0.05). Child sex did not significantly modify any of 

the associations between maternal HMWP or LMWP concentrations and the white matter 

tract parameters.

Following which, 10 multivariate regressions were used to examine the associations between 

the DTI parameters of white matter tracts found to be significantly associated with prenatal 

phthalate concentrations (i.e., MD of the right IFO, right pyramidal fibers, left UF, and right 

UF; and FA of the left ILF) and T scores from the CBCL scales (Table 4). Higher MD of the 

right IFO was associated with more Internalizing Problems (β = 0.31, p = 0.01) and 

Externalizing Problems (β = 0.32, p = 0.01) on the CBCL. Higher MD of the right 
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pyramidal fibers was also significantly associated with more Internalizing Problems (β = 

0.37, p = 0.003) and Externalizing Problems (β = 0.28, p = 0.03) on the CBCL. Finally, 

higher FA of the left ILF was associated with fewer Internalizing Problems (β = −0.27, p = 

0.05) on the CBCL. These associations survived the correction for multiple comparisons (q 

< 0.10). MD of the left UF and right UF were not associated with Internalizing Problems or 

Externalizing Problems, nor was FA of the left ILF associated with Externalizing Problems. 

Child sex did not significantly modify any of the examined associations between the white 

matter tract parameters and child behavior.

3.4. Phthalates and Child Behavior

Four regressions examined if maternal HMWP and LMWP concentrations during pregnancy 

were associated with T scores from the CBCL scales. Maternal HMWP (β = 0.01, p = 0.90) 

and LMWP concentrations (β = 0.07, p = 0.37) were unrelated to Internalizing Problems, 

and maternal HMWP (β = 0.06, p = 0.45) and LMWP concentrations (β = 0.11, p = 0.19) 

were also unrelated to Externalizing Problems. The inclusion of covariates did not 

significantly change (i.e., < 10%) the regression coefficients for the analyses examining the 

associations between maternal prenatal phthalate concentrations and child behavior T scores 

(Supplemental Material, Table 1). Given that the associations between maternal prenatal 

phthalate concentrations and child behaviour T scores were not significant (i.e., the main 

effects), mediation models were used to examine the significance of indirect effects in the 

absence of significant main effects (Shrout & Bolger, 2002).

3.5. Mediation Models

Based on the significant associations from the exploratory analyses, mediation analyses 

examined if: i) MD of the right IFO mediated the association between HMWP and preschool 

Internalizing Problems, ii) MD of the right IFO mediated the association between HMWP 

and preschool Externalizing Problems, ii) MD of the pyramidal fibers mediated the 

association between HMWP and preschool Internalizing Problems, iv) MD of the pyramidal 

fibers mediated the association between HMWP and preschool Externalizing Problems, and 

v) FA of the left ILF mediated the association between LMWP and preschool Internalizing 

Problems. The mediation models examined maternal sociodemographic variables, 

gestational characteristics, and child characteristics as covariates. Only child age emerged as 

a significant predictor, thus, the other non-significant covariates were not included in the 

final mediation models. Models controlled for maternal urine sample dilution, by including 

creatinine-adjusted phthalate concentrations.

The first mediation model examined the association between HMWP and child Internalizing 

Problems as mediated by MD of the right IFO. There was a non-significant total effect of 

HMWP on child Internalizing Problems (path c = 0.01, SE = 0.12, t = 0.12, p = 0.90; R2 = 

0.01). However, higher prenatal exposure to HMWP was related to greater MD in the right 

IFO (path a = 0.27, SE = 0.10, t = 2.65, p = 0.01; R2 = 0.18), and greater MD in the right 

IFO was related to more Internalizing Problems (path b = 0.34, SE = 0.13, t = 2.69, p = 0.01; 

R2 = 0.10). There was a significant indirect effect; MD of the right IFO emerged as a 

significant mediator of HMWP on Internalizing Problems (path ab = 0.09, SE = 0.05, CI95 = 

0.02, 0.20) (Figure 2). The effect size of this indirect effect (i.e., completely standardized 
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indirect effect) was 0.09 (CI.95 = 0.02, 0.18) (Lachowicz, Preacher, & Kelley, 2018). The 

direct effect was non-significant (path c’ = −0.08, SE = 0.12, t = −0.67, p = 0.50), indicating 

indirect-only mediation (Zhao et al., 2010). In this mediation model, child age was a 

significant predictor of MD of the right IFO (β = −0.30, SE = 0.10, t = −2.86, p = 0.01), but 

not Internalizing Problems (β = 0.17, SE = 0.12, t = 1.44 p = 0.15).

The second mediation model examined the association between HMWP and child 

Externalizing Problems as mediated by MD of the right IFO. There was a non-significant 

total effect of HMWP on child Externalizing Problems (path c = 0.07, SE = 0.12, t = 0.60, p 
= 0.55; R2 = 0.02). However, higher prenatal exposure to HMWP was related to greater MD 

in the right IFO (path a = 0.27, SE = 0.10, t = 2.65, p = 0.01; R2 = 0.18), and greater MD in 

the right IFO was related to more Externalizing Problems (path b = 0.33, SE = 0.13, t = 2.62, 

p = 0.01; R2 = 0.11). There was a significant indirect effect; MD of the right IFO emerged as 

a significant mediator of HMWP on Externalizing Problems (path ab = 0.09, SE = 0.05, 

CI.95 = 0.01, 0.19) (Figure 3). The effect size of this indirect effect was 0.09 (CI.95 = 0.01, 

0.18) (Lachowicz et al., 2018). The direct effect was non-significant (path c’ = −0.02, SE = 

0.12, t = −0.18, p = 0.86), indicating indirect-only mediation (Zhao et al., 2010). In this 

mediation model, child age was a significant predictor of MD of the right IFO (β = −0.30, 

SE = 0.10, t = −2.86, p = 0.01) and Externalizing Problems (β = 0.23, SE = 0.12, t = 1.97, p 
= 0.05).

The third mediation model examined the association between HMWP and child 

Internalizing Problems as mediated by MD of the right pyramidal fibers. There was a non-

significant total effect of HMWP on child Internalizing Problems (path c = 0.01, SE = 0.12, t 
= 0.12, p = 0.90; R2 = 0.07). However, higher prenatal exposure to HMWP was related to 

greater MD in the right pyramidal fibers (path a = 0.26, SE = 0.10, t = 2.60, p = 0.01; R2 = 

0.23), and greater MD in the right pyramidal fibers was related to more Internalizing 

Problems (path b = 0.40, SE = 0.13, t = 3.13, p = 0.003; R2 = 0.12). There was a significant 

indirect effect; MD of the right pyramidal fibers emerged as a significant mediator of 

HMWP on Internalizing Problems (path ab = 0.11, SE = 0.06, CI.95 = 0.01, 0.23) (Figure 4). 

The effect size of this indirect effect was 0.11 (CI.95 = 0.02, 0.22) (Lachowicz et al., 2018). 

The direct effect was non-significant (path c’ = −0.09, SE = 0.12, t = −0.79, p = 0.43), 

indicating indirect-only mediation (Zhao et al., 2010). In this mediation model, child age 

was a significant predictor of MD of the right pyramidal fibers (β = −0.37, SE = 0.10, t = 

−3.73, p = 0.001), but not Internalizing Problems (β = 0.22, SE = 0.12, t = 1.83, p = 0.07).

The fourth mediation model examined the association between HMWP and child 

Externalizing Problems as mediated by MD of the right pyramidal fibers. There was a non-

significant total effect of HMWP on child Externalizing Problems (path c = 0.07, SE = 0.12, 

t = 0.60, p = 0.55; R2 = 0.02). Higher prenatal exposure to HMWP was related to greater 

MD in the right pyramidal fibers (path a = 0.26, SE = 0.10, t = 2.60, p = 0.01; R2 = 0.23), 

and greater MD in the right pyramidal fibers was related to more Externalizing Problems 

(path b = 0.28, SE = 0.13, t = 2.14, p = 0.04; R2 = 0.08). However, there was not a 

significant indirect effect (path ab = 0.07, SE = 0.05, CI.95 = −0.01, 0.20) or direct effect 

(path c’ = −0.04, SE = 0.12, t = −0.04, p = 0.97), indicating non-mediation (Zhao et al., 

2010).
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The fifth mediation model examined the association between LMWP and child Internalizing 

Problems as mediated by FA of the left ILF. There was a non-significant total effect of 

LMWP on child Internalizing Problems (path c = 0.07, SE = 0.12, t = 0.60, p = 0.55; R2 = 

0.03). Higher prenatal exposure to LMWP was related to lower FA in the left ILF (path a = 

−0.36, SE = 0.09, t = −3.87, p = 0.0002; R2 = 0.37), but lower FA in the left ILF was not 

significantly related to Internalizing Problems (path b = −0.26, SE = 0.15, t = −1.82, p = 

0.07; R2 = 0.04). There was not a significant indirect effect (path ab = 0.09, SE = 0.06, CI.95 

= −0.01, 0.21) or direct effect (path c’ = −0.03, SE = 0.13, t = −0.20, p = 0.84), indicating 

non-mediation (Zhao et al., 2010).

3.6. Post-hoc Analyses

Prenatal exposure to di(2-ethyl-hexyl) phthalate (DEHP), a commonly assessed parent 

compound, has also been associated with poorer neurodevelopmental outcomes in children 

(Chen et al., 2019; Huang et al., 2019), and may provide additional relevant information 

regarding prenatal exposure to phthalates. Four phthalate metabolites were included in the Σ 
DEHP: MEHP, MEHPP, MEOHP, and MECPP (Messerlian et al., 2016). Thirty-two post-

hoc multivariate regression analyses examined if DEHP was associated with FA or MD of 

the 16 isolated white matter tracts (Supplemental Material, Table 2). Maternal DEHP 

concentration was significantly associated with MD of the right UF (q ≤ 0.10) and showed 

associations at levels that approached significance (p ≤ 0.10) with the right IFO and right 

pyramidal fibers. Given that MD of the right UF was not associated with Internalizing 

Problems or Externalizing Problems on the CBCL, no further analyses considered DEHP.

Although MD represents the average diffusivity of water across all directions of movement, 

axial diffusivity (AD; water diffusion along the principal axis of diffusion) and radial 

diffusivity (RD; the two vectors of diffusion perpendicular to the primary axis of diffusion) 

may provide additional information about specific processes related to myelination and 

axonal degeneration (Basser & Jones, 2002; Song et al., 2002). Sixty-four post-hoc 

multivariate regression analyses were conducted to investigate if HMWP or LMWP were 

associated with AD or RD of the 16 isolated white matter tracts (Supplemental Material, 

Table 3). Similar to the findings for HMWP and MD, HMWP was also significantly 

associated with AD of the right IFO (β = 0.36, q < 0.10) and RD of the right uncinate 

fasciculus (β = 0.29, q ≤ 0.10). HMWP was also associated with AD and/or RD of other 

white matter tracts previously associated with MD (i.e., right pyramidal fibers, right ILF, 

right UF, left UF), but these associations did not survive the correction for multiple 

comparisons (q > 0.10). Consistent with the findings for LMWP and MD, LMWP was also 

associated with AD of the left IFO (β = 0.23, p = 0.05) and RD of the left ILF (β = 0.27, p = 

0.001), but only the association with RD of the left ILF survived the correction for multiple 

comparisons (q < 0.10). Six multivariate regressions were conducted to examine associations 

between these three white matter tracts (i.e., right IFO, right UF, left ILF) and T scores from 

the CBCL (Supplemental Material, Table 4), but none of these associations were significant 

(q > 0.10).
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4. DISCUSSION

The current study assessed maternal phthalate levels in urine during pregnancy and found 

similar exposure levels to previously published Canadian biomonitoring data (Health 

Canada, 2013). Many of the individual phthalate metabolite concentrations in this Canadian 

sample exhibited lower concentrations than published biomonitoring data from the United 

States, with the exception of MEHP, MECCP, MiBP, and MMP, which were similar or 

slightly higher than those reported in the United States (Centers for Disease Control and 

Prevention, 2009). Although we did not find direct associations between maternal prenatal 

phthalate concentrations and maternal-reports of preschool behavior problems in our sample 

of 76 mother-child pairs, our findings revealed that prenatal phthalate concentrations were 

directly associated with white matter microstructure and indirectly associated with 

internalizing and externalizing behavior problems. Specifically, our mediation models found 

evidence for indirect-only mediation (Zhao et al., 2010), which supports the hypothesis that 

white matter microstructure mediates the association between prenatal phthalate exposure 

and preschool behavior problems. Although animal studies show that prenatal exposure to 

EDCs affects brain development (Itoh et al., 2012; Kougias et al., 2018; Masuo & Ishido, 

2011), to our knowledge, this is the first study to show that prenatal phthalate exposure is 

related to brain structure in children.

Our exploratory regression analyses found significant associations between maternal 

phthalate concentrations during the second trimester of pregnancy and MD of the right 

pyramidal fibers, MD of the right IFO, MD of the left UF, MD of the right UF, and FA of the 

left ILF. Furthermore, the subsequent mediation models showed that greater prenatal 

exposure to high molecular weight phthalates (HMWP) was indirectly associated with more 

internalizing and externalizing problems in male and female preschool children. However, 

many of the observed p-values did not survive the correction for multiple comparisons. We 

can be most confident in the results that withstood correction at FDR of 5% (i.e., the 

association between HMWP and MD of the right UF and the association between low 

molecular weight phthalates (LMWP) and FA of the left ILF), while the other results should 

be interpreted with some caution. Overall, the observed associations between maternal 

prenatal phthalate concentrations and white matter microstructure, and the subsequent 

mediation models, suggest that prenatal phthalate exposure impacts the human brain, but 

will need to be replicated in future studies.

Prior research has used DTI to examine how individual differences in behavior, motor 

abilities, cognitive functioning, and emotional processes are related to microstructural white 

matter. Microstructure of the ILF supports perceptual processing and object recognition 

(Ortibus et al., 2012), and the pyramidal tract is associated with movement coordination and 

motor function (Lopez, Hemimou, Golse, & Vaivre-Douret, 2018; Ludeman et al., 2008). 

The IFO and UF are related to speech and language processing (Friederici, 2015), as well as 

affective functioning. Specifically, the IFO is associated with emotional processing and 

emotional prosody (Rodrigo et al., 2016; Schmidt et al., 2013), and microstructural 

alterations (i.e., lower FA, greater MD) in the UF are associated with affective dysregulation 

(e.g., depressive symptoms) in youth and adults (Vilgis, Vance, Cunnington, & Silk, 2017; 

Waller, Dotterer, Murray, Maxwell, & Hyde, 2017). However, many major white matter 
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tracts contribute to overlapping functions in pediatric populations, with the cingulum fibers, 

ILF, SLF, right pyramidal tract, and UF correlating with verbal and performance intelligence 

quotients (Schmithorst, Wilke, Dardzinski, & Holland, 2005; Tamnes et al., 2010); and the 

IFO, ILF, and SLF correlating with attention and internalizing problems in children born 

preterm (Loe, Lee, & Feldman, 2013).

Integrating this neuroimaging research with the current study’s findings could suggest that 

greater prenatal exposure to HMWP may be associated with microstructural white matter 

alterations in areas associated with speech and affective functioning (i.e., IFO, UF), as well 

as tracts associated with motor skills (i.e., pyramidal fibers). Whereas, greater prenatal 

exposure to LMWP may be associated with microstructural white matter alterations in areas 

associated with perceptual processing (i.e., ILF). These theoretical associations are 

consistent with recent evidence reporting that greater prenatal phthalate exposure is 

associated with motor difficulties (Balalian et al., 2019), cognitive delays (Bornehag et al., 

2018; Nakiwala et al., 2018), spatial processing deficits (Braun et al., 2017), and affective 

problems (Philippat et al., 2017). Thus, the inclusion of neuroimaging data in future studies 

examining phthalates and other developmental outcomes (e.g., motor, cognitive, affective) 

could help to undercover potential neurological mechanisms underlying these associations.

DTI parameters, FA and MD, inform both microscopic (i.e., axonal myelination, density, 

diameter) and macroscopic structural features (i.e., axonal direction, volume of white matter 

within a voxel) of white matter (Basser & Jones, 2002; Beaulieu, 2002). The finding that 

MD of two white matter tracts (i.e., right IFO, right pyramidal fibres) mediated the 

association between prenatal HMWP concentrations and preschool behavior problems, could 

suggest that prenatal exposure to HMWP may be associated with altered myelination, axon 

density, and/or fiber coherence in these tracts (Lebel, Treit, & Beaulieu, 2019). Longitudinal 

research indicates that white matter tracts can be generally categorized by three different 

patterns of development during early childhood: i) high initial FA and slow development 

rates in the callosal and pyramidal tracts; ii) low initial FA and rapid development rates in 

the ILF, IFO, cingulum, and fornix; iii) and low initial FA and slower development rates in 

the SLF and UF (Reynolds et al. 2019a). Considering the present associations, it is possible 

that prenatal exposure to HMWP may influence diffusivity and slow development of white 

matter in the right pyramidal tract, as well as diffusivity and rapid development of the right 

IFO. Potentially, these alterations could underlie the behavior problems that have been 

reported in preschool children exposed to higher levels of phthalates prenatally. Our post hoc 

analyses investigating axial diffusivity (AD) and radial diffusivity (RD) suggest that these 

measures could provide additional information about white matter differences specific to 

myelin and axons (Aung, Mar, & Benzinger, 2013; Song et al., 2002) in children exposed 

prenatally to phthalates. However, as the current study is underpowered to provide more 

information on these specific processes, future research is needed.

Neural networks of the fetal brain begin to develop early in gestation, progressing towards 

adult-like organization of white matter tracts during the last trimester of pregnancy (Dubois 

et al., 2014), with on-going maturation of these fibers continuing throughout childhood, 

adolescence and into adulthood (Barnea-Goraly et al., 2005; Lebel & Beaulieu, 2011). 

Although the influence of EDCs on myelination and axonal connections during fetal 
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development and early childhood is not well understood, research suggests that epigenetic 

changes may mediate the association between early environmental exposures and white 

matter development (Alavian-Ghavanini & Rüegg, 2018; Dubois et al., 2014). In order to 

better understand the processes by which prenatal exposure to phthalates could alter brain 

microstructure, future work that investigates the influence of phthalates on epigenetic signals 

and neural organization across development is needed.

The current findings have implications for developmental models of psychopathology. 

Clinical models posit that many behavioral and psychiatric disorders originate during early 

development and are associated with aberrant white matter microstructure (Fields, 2008; 

Hüppi, 2008). In line with this developmental hypothesis, the current results could suggest 

that prenatal phthalate exposure may be associated with alterations in white matter 

microstructure and that these alterations may underlie childhood internalizing and 

externalizing problems. Notably, internalizing and externalizing problems during childhood 

have a high rate of comorbidity (Achenbach, Ivanova, Rescorla, Turner, & Althoff, 2016), 

but these problems typically have a divergent impact in later life. Internalizing problems are 

prognostic of later depressive symptomology (Sterba, Prinstein, & Cox, 2007) and 

externalizing problems incur greater risk for substance use and criminality (Miettunen et al., 

2014). Although there are age-specific and sex-specific differences in the prevalence of 

internalizing and externalizing problems on the CBCL (Mesman, Bongers, & Koot, 2001), 

child sex did not modify any of our examined associations. Thus, the current results suggest 

that prenatal exposure to HMWP may affect white matter microstructure, and these 

alterations may transmit risk for internalizing and externalizing problems, in both male and 

female preschool children. Given the substantial evidence reporting that perturbations in 

white matter microstructure can confer risk for psychopathology (Hinton et al., 2019; 

Lagopoulos et al., 2013; Thomason & Thompson, 2011), additional research is needed to 

investigate the effects of early environmental exposures on sex-specific trajectories of white 

matter development and if altered trajectories confer risk for prodromes of mental illness.

4.1. Strengths and Limitations

This study provides a novel examination of a potential neural mediator of the association 

between prenatal phthalate exposure and child behavior, suggesting that white matter 

microstructure may serve as a potential mechanism that transmits risk for child internalizing 

and externalizing problems following greater prenatal phthalate exposure. Another potential 

strength of this study is that we used molar sums of HMWP and LMWP; molar sums assess 

exposure to phthalates with similar molecular structures, sources of exposure, and levels of 

bio-activity (Engel et al., 2010, 2009; Wolff et al., 2008). This allowed us to evaluate 

whether aggregate prenatal exposures to HMWP and LMWP were associated with white 

matter microstructure and preschool behavior problems. Post-hoc analyses also examined 

the associations between DEHP, a parent compound summary measure, which includes 

some of the metabolites included in HMWP (Spearman’s rho = 0.80), and white matter 

microstructure; However, no associations between DEHP and any white matter tracts 

associated with child behavior problems reached significance.
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In light of these strengths, there are several limitations that warrant consideration This study 

specifically hypothesized that molar sums of phthalates based on molecular weight would be 

associated with child brain microstructure and behavior problems; however, due to its 

limited sample size and the need to correct for multiple comparisons between correlated 

variables (i.e., between correlated phthalate exposures), the influence of individual phthalate 

metabolites on brain structure was not examined. Future studies with larger samples are 

needed to better delineate the complex relationships between exposure to individual 

phthalates and biologically-relevant phthalate summary (e.g., molecular weight, parent 

compound) measures and children’s brain structure. The current study also included a 

relatively homogeneous and small sample of mother-child pairs of high socioeconomic 

status (i.e., mothers were predominantly Caucasian, university-educated, married, and had 

high household incomes), which limits our ability to examine the effect of these potentially 

important covariates in our analyses, and the generalizability of our findings to other 

populations. Due to study constraints, phthalate metabolites were assessed via a single spot 

urine sample collected during the second trimester of pregnancy. Other environmental health 

studies have analyzed average analyte concentrations from urine samples collected at two or 

more points (Braun et al., 2011; Harley et al., 2013; Stacy et al., 2017); however, prior work 

suggests that single spot-sampling demonstrates moderate sensitivity and reflects average 

exposure (Mahalingaiah et al., 2008; Ye, Wong, Bishop, & Calafat, 2011). Relatedly, we 

only assessed maternal phthalate concentrations during pregnancy, and do not have any 

measures of child phthalate exposure during the first years of life, which are an important 

time for brain development. Furthermore, this study does not lend itself to drawing causal 

inferences about the relationship between prenatal exposures, neural microstructure, and 

behavioral outcomes due to the cross-sectional study design. Cross-sectional studies may 

accurately report associations between DTI parameters and age-specific measures (i.e., child 

behavior outcomes at specific ages), but they are heavily influenced by inter-subject 

variability and cannot capture within-subject changes (Lebel et al., 2019). There is pressing 

need for future longitudinal pediatric studies investigating white matter microstructure and 

early life exposure to EDCs in order to better understand how early environmental exposures 

influence neurobehavioral development (Hermoye et al., 2006; Young et al., 2016). Finally, 

child internalizing and externalizing behaviors were assessed using a parent-report measure. 

Future research that examines the influence of EDCs on brain structure, which utilizes 

multi-method assessments of behavioral functioning during childhood may strengthen the 

current evidence.

4.2. Conclusion

This is the first human study to suggest that prenatal exposure to phthalates is associated 

with white matter microstructure in children, and further suggests that these differences may 

underlie behavioral problems in preschool-aged children. Exposure to phthalates is 

ubiquitous, and therefore pregnant women and their developing fetuses may be constantly 

exposed. This study provides important new information on the potential effects of prenatal 

phthalate exposure on children’s brain and behavioral development, effects that could have 

long-term implications for public health. Future longitudinal research that investigates the 

associations between pre- and postnatal exposure to phthalates, children’s brain 
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development, and risk for childhood behavior problems and psychopathology in later life are 

warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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EDC endocrine disrupting chemicals

DTI diffusion tensor imaging

MRI magnetic resonance imaging

FA fractional anisotropy

MD mean diffusivity

APrON Alberta Pregnancy Outcomes and Nutrition

FSIQ full scale intelligence quotient

CBCL Child Behavior Checklist

DEHP di(2-ethyl-hexyl) phthalate

MEHP mono(2-ethylhexyl) phthalate

MEHHP mono(2-ethyl-5-hydroxy-hexyl) phthalate

MEOHP mono(2-ethyl-5-oxyohexyl) phthalate

MECPP mono(2-ethyl-5-carboxypentyl) phthalate

DBP dibutyl phthalate
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MBP mono-n-butyl phthalate

MiBP mono-iso-butyl phthalate

MBzP mono-benzyl phthalate

MEP mono-ethyl phthalate

MMP mono-methyl phthalate

Σ HMWP sum of high molecular weight phthalates (MEHP, MEHPP, MEOHP, 

MECPP, and MBzP)

Σ LMWP sum of low molecular weight phthalates (MBP, MiBP, MEP, and 

MMP)

LOD limit of detection

IFO inferior fronto-occipital fasciculus

ILF inferior longitudinal fasciculus

SLF superior longitudinal fasciculus including arcuate

UF uncinate fasciculus

FDR false discovery rate

ROI regions of interest
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HIGHLIGHTS

• Prenatal phthalate exposure may impact preschool brain microstructure

• Phthalates were related to mean diffusivity of several white matter tracts

• Phthalates were related to fractional anisotropy of one white matter tract

• High molecular weight phthalates indirectly predicted preschool behavior 

problems

England-Mason et al. Page 26

Environ Res. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Isolated white matter tracts.
Diffusion parameters were calculated for 10 major white matter tracts: A) dark blue: genu of 

corpus callosum, light blue: body of corpus callosum, light green: splenium of corpus 

callosum, magenta: left inferior fronto-occipital fasciculus (IFO), light purple: left inferior 

longitudinal fasciculus (ILF); B) red: left cingulum bundle, orange: fornix; C) dark green: 

left pyramidal fibers, yellow: left superior longitudinal fasciculus including the arcuate 

fasciculus (SFL), grey: left uncincate fasciculus (UF). Tracts are shown on a T1-weighted 

image from a female 3.68 years of age.
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Figure 2. 
Full model and results for the mediation model in which MD of the right IFO was examined 

as a mediator of prenatal exposure to high molecular weight phthalates and child 

internalizing problems. Standardized beta coefficients and standard errors in brackets are 

reported. Note. a = the effect of the independent variable (high molecular weight phthalates) 

on the mediating variable (MD of the right IFO); b = the effect of the mediating variable 

(MD of the right IFO) on the dependent variable (child internalizing problems); c = direct 

effect; c’ =total effect.

*raw p-values < 0.05.
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Figure 3. 
Full model and results for the mediation model in which mean diffusivity (MD) of the right 

IFO was examined as a mediator of prenatal exposure to high molecular weight phthalates 

and child externalizing problems. Standardized beta coefficients and standard errors in 

brackets are reported.

Note. a = the effect of the independent variable (high molecular weight phthalates) on the 

mediating variable (MD of the right IFO); b = the effect of the mediating variable (MD of 

the right IFO) on the dependent variable (child externalizing problems); c = direct effect; c’ 
=total effect.

*raw p-values < 0.05.
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Figure 4. 
Full model and results for the mediation model in which mean diffusivity (MD) of the right 

pyramidal fibers was examined as a mediator of prenatal exposure to high molecular weight 

phthalates and child internalizing problems. Standardized beta coefficients and standard 

errors in brackets are reported.

Note. a = the effect of the independent variable (high molecular weight phthalates) on the 

mediating variable (MD of the right pyramidal fibres); b = the effect of the mediating 

variable (MD of the right pyramidal fibres) on the dependent variable (child internalizing 

problems); c = direct effect; c’ =total effect.

*raw p-values < 0.05.
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Table 1.

Maternal and Child Characteristics (n = 76).

Maternal n (%) M±SD

Ethnicity

Caucasian 71 (93.4)

Chinese 1 (1.3)

Filipino 2 (2.6)

South Asian 1 (1.3)

Other 1 (1.3)

Parity Status

Primiparous 41 (53.9)

Multiparous 35 (46.1)

Education

Less than High School 1 (1.3)

High School Diploma 3 (3.9)

Technical/Trade School 14 (18.4)

University 36 (47.4)

Postgraduate Education 22 (28.9)

Marital Status

Married 68 (89.5)

Common-law 5 (6.6)

Divorced 1 (1.3)

Single 2 (2.6)

Household Income

< $20,000 1 (1.3)

$20,000 – 39,000 3 (3.9)

$40,000 – 69,000 5 (6.6)

$70,000 – 99,000 14 (18.4)

$100,000 + 53 (69.7)

Child

Sex (% Female) 51.3

Age at MRI scan (years) 4.4 ± 0.8

Gestational age at birth (weeks) 39.3 ± 1.3

Weight at birth (grams) 3337.8 ± 464.1

WISC- FSIQ 
a 109.5 ± 12.1

CBCL Internalizing problems 
b 45.9 ± 9.1

CBCL Externalizing problems 
b 45.9 ± 9.8

a
Wechsler Preschool and Primary Scale of Intelligence-Fourth Edition:Canadian - Full Scale Intelligence Quotient (WPPSI-IV FSIQ) composite 

standard score.

b
Child Behaviour Checklist (CBCL) T Score
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