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Abstract 97 

Background: The impact of family environment on adolescent behavioral health is well 98 

established, yet insights into how these influences are moderated by sex, particularly through 99 

changes in brain structure, are limited. 100 

Methods: This cohort study included over 9,000 children aged 9-12 from the Adolescent Brain 101 

and Cognitive Development (ABCD) study. We used structural equation modeling to create a 102 

composite measure of family environment, incorporating factors such as family conflict, 103 

acceptance, parental monitoring, parental psychopathology, and socioeconomic status, as 104 

reported by both children and parents. We conducted stratified analyses by sex to examine the 105 

longitudinal associations between family environment and internalizing/externalizing 106 

symptoms using generalized additive mixed models. Additionally, we explored the mediating 107 

role of brain cortical alterations, measured by structural MRI, in these associations. 108 

Results: Lower family environment scores in childhood were consistently linked to higher 109 

internalizing and externalizing symptoms in follow-ups. The trajectories varied by sex, with 110 

females showing greater vulnerability to internalizing symptoms when exposed to worse family 111 

environment. These findings were consistent across both low-income and high-income families. 112 

In a subset of children with no initial symptoms, lower family environment scores still predicted 113 

more symptoms at a 3-year follow-up for both sexes. Sex-specific patterns emerged in brain 114 

regions mediating the relationship between family environment and externalizing symptoms. 115 

Males exhibited cortical alterations primarily in the left hemisphere and temporal lobe, while 116 

females in the right hemisphere and parietal and temporal lobes. 117 
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Conclusions: These findings highlight the critical role of sex in considering the effects of  118 

family environment on adolescent brain development and mental health. 119 

 120 

Keywords: Adolescent, Family Environment, Brain, Internalizing and externalizing Symptoms, 121 

Sex Differences 122 

 123 
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Introduction 125 

The influence of the family environment on adolescent behavioural outcomes and brain 126 

development is profound, particularly when considering sex-specific differences [REF]. 127 

During adolescence, a critical period of neural vulnerability, brain structures are highly 128 

sensitive to external factors such as family dynamics1, 2. Previous research has highlighted 129 

how aspects of the family environment, including parental monitoring, acceptance, and 130 

conflict, are strongly associated with diverse developmental outcomes [3-6]. However, 131 

despite these insights, the differential impacts of these environmental factors on the 132 

developing brains of male and female adolescents are not fully understood. 133 

Considerable evidence underscores the critical role of the family environment in either 134 

mitigating or exacerbating adolescent mental health issues 1, 9-11. Supportive family 135 

interactions have been associated with fewer behavioural problems, while negative family 136 

dynamics have been linked with increased prevalence of internalizing and externalizing 137 

symptoms [REF]. Sex differences are particularly pronounced, with females often more 138 

affected by adverse family environments, exhibiting heightened internalizing symptoms under 139 

stress [REF]. However, the specific brain regions affected and the processes involved in these 140 

gender-differentiated responses remain underexplored. 141 

This study employs a comprehensive methodology, utilizing a large and diverse dataset 142 

from the Adolescent Brain and Cognitive Development (ABCD) study, which includes 143 

children aged 9-12 years across the United States. Our analysis focuses on how family 144 

environments influence brain morphology and behavioral outcomes, with particular attention 145 

to gender-specific effects over time. Family environment scores were calculated at baseline 146 
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using an integrated model of child-reported, parent-reported, and demographic data. We then 147 

examined the sex-specific longitudinal associations between these family environment scores 148 

and internalizing and externalizing symptoms, as measured by the Child Behavior Checklist 149 

(CBCL). Additionally, this research investigates the mediating role of cortical areas, 150 

determined through structural magnetic resonance imaging (MRI), in the relationship between 151 

family environment and behavioral outcomes. Cortical areas of interest were identified in 152 

both cross-sectional (baseline data) and longitudinal analyses (structural MRI data from the 153 

second follow-up and behavioral outcomes at the third follow-up). By combining detailed 154 

imaging studies with extensive behavioural assessments, this study seeks to elucidate the 155 

intricate interactions between family dynamics and adolescent neurodevelopment, 156 

highlighting the critical need to consider sex-specific pathways in understanding these 157 

relationships. 158 

  159 
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Methods 160 

Study population 161 

This research utilized the dataset from the Annual Curated Data Release 5.1 of the ABCD study, 162 

which recruited over 10,000 children aged 9 to 12 years of age from 21 centers across the United 163 

States, representing the national adolescent diversity. The study protocols are detailed on the 164 

ABCD website (https://abcdstudy.org/scientists/protocols/). From the initial sample of 11,868 165 

participants, we selected children with complete CBCL internalizing and externalizing 166 

symptoms data at baseline, the first, second, and third follow-ups (N=9710).  167 

Family environment 168 

We measured family environment using a set of indicators about family relationships, 169 

demographics, and parent information from questionnaires reported by children and parents, as 170 

reported in Thijssen et al10.  171 

Three child-reported questionnaires were involved, including the abbreviated version of 172 

the maternal acceptance scale of the Child Report of Parent Behavior Inventory13, the conflict 173 

scale from the Family Environment Scale14 and the child-reported Parental Monitoring 174 

Survey15. The parent-reported information included the conflict scale from the Family 175 

Environment Scale, and one background question from the Kiddie Schedule for Affective 176 

Disorders and Schizophrenia about parent-child conflict16. Demographic and parent 177 

information included family yearly income, parental education, parental psychopathology17, 18, 178 

parental relationship status, and the whether the pregnancy was planned. 179 

https://abcdstudy.org/scientists/protocols/
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Family environment scores were established using structural equation modeling with a 180 

structure reported in Thijssen et al10. After imputing the missing items and loading the items as 181 

latent variables, we combined the latent variables from the questionnaire scales into three 182 

categories: child-reported, parent-reported, and demographics. These three latent variables 183 

were then combined to yield an overall family environment latent variable and the model had 184 

reasonable fit (see the details of questionnaires and structural equation modeling in 185 

Supplementary Methods 1and Figure S1). Low scores on the family environment variable 186 

indicate a more stressful/less supportive family environment.  187 

Externalizing and internalizing symptoms 188 

Externalizing and internalizing symptoms were assessed with the CBCL scale. CBCL contains 189 

113 caregiver-reported items that measure a broad scope of emotional and behavioral problems, 190 

yielding two composite scores: externalizing and internalizing symptoms18. The CBCL scale 191 

has shown good validity in various studies19. 192 

Mediators 193 

Potential mediators included the cortical area of 68 cortical regions based on the ABCD 194 

summary of standard FreeSurfer v5.3.0 data from the Desikan atlas regions of interest. The 195 

details on MRI acquisition and standardized preprocessing in the ABCD Study has been 196 

described in Casey et al. (2018)20 and Hagler et al. (2018)21. In this study, we followed the 197 

recommendations from the ABCD consortium’s data analytic core and excluded images with 198 

poor-quality or with incidental findings after visual inspection, labeled by the ABCD teams. 199 

Children with incomplete MRI data were excluded (N=874) in analyses involving MRI data.  200 
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Covariates 201 

Potential confounders included race/ethnicity (white, black, Hispanic, or other), sex, and age at 202 

assessment. We also involved signal-noise ratio as a confounder in the mediation analysis for 203 

MRI data. Missing values of race were imputed by chained equations with package mice 204 

(version 3.16.0). 205 

Statistical analyses 206 

All analyses were performed in R version 4.3.2. Family environment scores were calculated 207 

using structural equation modeling by the package lavaan (version 0.6-16)22. Missing items 208 

were imputed by chained equations with package mice (version 3.16.0). We described the 209 

demographics by categorizing the study population by the 25 and 75 percentiles of family 210 

environment score. All analyses were stratified by sex to account for sex differences in the 211 

development of internalizing and externalizing problems during adolescence5, 23. We confirmed 212 

the sex-difference by testing the significance of the interaction term between family 213 

environment score and sex × age. 214 

The generalized linear mixed-effect model was utilized to explore the associations of 215 

family environment with internalization and externalization symptoms. The mixed models were 216 

specified as family nested within site to accommodate the data structure of the ABCD study. 217 

For analyses involving MRI data, the mixed effect was specified as family nested within each 218 

MRI device. Poisson regression was applied to fit internalization and externalization due to 219 

their right-skewed distribution after confirming the overdispersion test. Potential confounders 220 

were adjusted as described in the covariates section. Firstly, we performed wave-by-wave 221 
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analyses by assessing the associations between baseline family environment with outcomes at 222 

each timepoints separately. To further understand the longitudinal association, we additionally 223 

adjusted for the externalizing and internalizing symptom score at baseline to account for the 224 

difference at baseline and focus on the changes in the symptoms.  225 

Also, we identified a subsample of children who had no externalizing or internalizing 226 

problems at baseline (CBCL t score < 65) and investigating whether a more stressful family 227 

environment was associated with more externalizing and internalizing symptoms at follow-228 

ups24. Secondly, we performed longitudinal analysis by fitting age at assessment with restricted 229 

cubic splines. For interpretability of the model, we quartered the study population by the 25, 230 

50, and 75 percentiles of the family environment score, where children in the lowest quartile 231 

had the worst level of family environment. We modeled and visualized the developmental 232 

patterns of externalizing and internalizing problems in relation to sex and age across four groups 233 

of family environment. As family income might moderate the association [ref], we examined 234 

the influence of family income levels on internalizing and externalizing problems by 235 

categorizing the cohort into low-income and high-income group and conducting analyses 236 

separately within the lower and upper income tertiles (Supplementary Methods 2). 237 

Mediation analysis was performed using structural equation model to investigate the 238 

mediating role of cortical areas in the association of baseline family environment with 239 

internalizing and externalizing symptoms in males and females, respectively. Confounders 240 

were regressed out in the mediation model. We identified a set of brain regions that were 241 

significantly related to both exposure (family environment) and outcome (externalizing or 242 

internalizing symptom) variables (Bonferroni corrected P < 0.05 for both) by performing a 243 
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cortical intersection analysis. We then normalized and aggregated these regions to form a 244 

mediator variable. We first performed mediation analysis on family environment, cortical areas, 245 

and behavioral problems, all collected at baseline. Then we performed mediation analysis on 246 

family environment, cortical areas at the second follow-up, and behavioral problems at the third 247 

follow-up. For each outcome, if the two mediation analyses (at two timepoints) both showed 248 

significant indirect effect of altered cortical areas, we then identified brain regions that were 249 

overlapped in the two analyses. These regions were of specific interest because they 250 

consistently mediated the association between family environment and outcomes at multiple 251 

timepoints.  252 

 253 

  254 
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Results 255 

The ages of the children in the study were comparable at both the initial and the follow-up 256 

assessments, regardless of their family environment score (mean age [SD] at baseline, the first, 257 

second, and third follow-up, 9.9 [0.6], 11.0 [0.6], 12.0 [0.7], 12.9 [0.6], respectively; range, 9 258 

to 15; hereinafter referred to as baseline, 1-, 2-, and 3-year follow-ups; Table 1). In both sexes, 259 

children with lower family environment scores were more likely to be from racial and ethnic 260 

minority and had parents with lower levels of education and income (Table 1).  261 

Family environment at childhood and behavioral problems at early adolescence 262 

In the period from ages 9 to 15, the average internalizing symptom score exhibited an upward 263 

trajectory in females, whereas it remained constant in males (Figure 1A, 1B). Meanwhile, the 264 

average externalizing symptom score maintained a steady trend, with males consistently 265 

exhibiting higher average scores than females (Figure 1C, 1D). We observed sex differences in 266 

the longitudinal associations of baseline family environment with both internalizing and 267 

externalizing symptoms at follow-ups (P for interaction, <0.001, for both outcomes). The 268 

following analyses were thus stratified by sex. 269 

For children in the lowest quartile of family environment score that reflects a more 270 

stressful environment, the average internalizing score at baseline was 2.0 times higher for males 271 

(adjusted mean ratio, 2.01, 95% CI, 1.83-2.21; Table S2) and 2.0 times higher for females 272 

(adjusted mean ratio, 1.98, 95% CI, 1.79-2.18; Table S2) compared with those in the highest 273 

quartile, adjusting for age at assessment and race/ethnicity. In follow-ups, the average 274 

internalizing symptom scores tended to converge for females in the top three quartiles of family 275 
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environment score, whereas females in the lowest quartile experienced a worsening of 276 

internalizing symptoms over time, despite having higher levels of symptoms at baseline (Figure 277 

1A). Meanwhile, the dose-response relationship between family environment score and 278 

internalizing symptom scores were persistent among males (Figure 1B). 279 

For children in the lowest quartile of family environment score, the average externalizing 280 

score at baseline was 3.6 times higher for males (adjusted mean ratio, 3.60, 95% CI, 3.25-4.05; 281 

Table S2) and 4.4 times higher for females (adjusted mean ratio, 4.39, 95% CI, 3.87-4.99; Table 282 

S2) compared with those in the highest quartile. Notably, the higher risk estimates among 283 

female could reflect a relative scale, given a lower average externalizing symptom score in the 284 

reference group of females (Figure 1C). In follow-ups, the average externalizing symptom 285 

scores decreased among males in the lowest quartile who exhibited a high average externalizing 286 

score (mean score, 7.06, SD, 7.7, Figure 1D) from 9 to 15 years. The dose-response relationship 287 

between family environment score and externalizing symptom scores were stable in other 288 

groups (Figure 1D). 289 

Despite different family income level, we observed that family environment score was 290 

associated with both internalizing and externalizing symptoms at baseline and follow-ups. 291 

Children in the lower income level generally showed higher average internalizing and 292 

externalizing symptom scores over time. Distinctive patterns emerged among females from the 293 

higher income group, whose internalizing symptom scores exceeded or got close to those of 294 

their lower-income counterparts from ages 9 to 15 (Figure S2). Treating the family environment 295 

score as a continuous variable, we consistently observed that both female and male children 296 
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with a more stressful family environment at baseline had more internalizing and externalizing 297 

symptoms at baseline and the subsequent three follow-ups (Figure S3).  298 

By additionally adjusting for the externalizing and internalizing symptom score at baseline, 299 

one at a time, we observed that the family environment score was still associated more specific 300 

behavioral symptoms, respectively, at the 3-year follow-up for both males and females (Table 301 

2). Specifically, family environment score had a stronger association with changes in 302 

externalizing symptoms for males (adjusted mean ratio, 0.51, 95% CI, 0.40- 0.64) and females 303 

(adjusted mean ratio, 0.32, 95% CI, 0.25-0.43). In a subsample of children reported no 304 

internalizing and externalizing symptoms at baseline, we still observed associations of family 305 

environmental score at baseline with both internalizing and externalizing symptoms at 3-year 306 

follow-up (Table 2). Consistently, family environment score had a stronger association with 307 

externalizing symptoms for both males (adjusted mean ratio, 0.14, 95% CI, 0.10-0.20) and 308 

females (adjusted mean ratio, 0.10, 95% CI, 0.07-0.15). 309 

Family environment, brain structure, and behavioral problems  310 

By investigating cortical areas that were both associated with family environment and 311 

behavioral problems, we observed that the altered cortical areas at baseline significantly 312 

mediated the associations of baseline family environment with both baseline internalizing and 313 

externalizing symptoms for male (Figure 2 A-D; indirect effect, P = 0.006 and 0.003, 314 

respectively), and with baseline externalizing symptoms for female (Figure 2 E-F, indirect 315 

effect, P = 0.018). Similarly, we investigated the mediating role of cortical areas at the 2-year 316 

follow-up that were both associated with family environment and behavioral problems at the 3-317 

year follow-up. Altered cortical areas at the 2-year follow-up significantly mediated the 318 
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association with externalizing problems at the 3-year follow-up in both male and female (Figure 319 

3A-D; indirect effect, P = 0.004 and 0.006, respectively). We did not observe cortical areas at 320 

follow-up that mediated the association between family environment at baseline and 321 

internalizing symptoms at follow-up in both sexes (Table S3-5). 322 

By intersecting the significant brain regions in the two mediation analyses, we observed 323 

cortical areas of the following regions that consistently mediated the association between family 324 

environment and externalizing problems in males at the two timepoints: posterior cingulate 325 

cortex, superior temporal gyrus and lingual gyrus in the left hemisphere, as well as middle 326 

temporal gyrus in the right hemisphere (Figure 3E). Among females we observed the following 327 

brain regions that consistently mediated the association between family environment and 328 

externalizing problems: anterior cingulate cortex, superior temporal gyrus, inferior parietal 329 

lobule, supramarginal gyrus in the right hemisphere, inferior temporal gyrus, and middle frontal 330 

cortex in the left hemisphere (Figure 3F). The results showed no overlaps between sexes.  331 

 332 

  333 
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Discussion 334 

In this longitudinal study involving over 9,000 children aged 9 to 12 years, we investigated how 335 

early family environments influence the evolution of adolescent brain and behaviroual 336 

development, with a particular focus on sex differences. Our findings reveal that both male and 337 

female children who were exposed to stressful family environments during childhood exhibited 338 

increased levels of internalizing and externalizing symptoms at subsequent follow-ups, 339 

including those who initially presented no behavioural issues. The patterns of these associations 340 

were distinctly influenced by sex. Additionally, our analysis identified sex-specific brain 341 

regions where alterations in cortical areas mediated the impact of family environment on 342 

behavioural symptoms observed both at baseline and during follow-ups.  343 

Our study highlights a dose-response, longitudinal, and sex-specific association between 344 

family environment at childhood and behavioral problems in adolescence. Specifically, we 345 

observed that better family environment (supportive relationship25, 26, etc.) was generally 346 

associated with less behavioral problems and worse family environment (poverty27, high levels 347 

of conflict, and unstable family environments28, etc.) was related to more severe behavioral 348 

problems. Previous evidence in longitudinal study also suggests that the effects of family 349 

environment on behavioral problems can persist over time29. Children exposed to negative 350 

family environments may show escalating behavioral issues as they progress into adolescence, 351 

demonstrating a cumulative dose-response effect30, 31. These findings suggested the importance 352 

of early and sustained positive family interactions. Interventions aimed at improving family 353 

dynamics could potentially mitigate the development and severity of behavioral issues in 354 

adolescents32. Additionally, our study showed that even among children who had no behavioral 355 
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problems at baseline, a more stressful family environment in childhood was also associated 356 

with more internalizing and externalizing symptoms at 3-year follow-up. This could potentially 357 

be attributed to the challenges children face in managing their emotions when raised in high-358 

stress environments33. Alternatively, the family environment might progressively deteriorate, 359 

leading to a continuous escalation of emotional and behavioral issues in children. 360 

In line with previous studies, we observed sex-specific trajectories of behavioral problems 361 

and sex-specific association with family environment34-36. Our findings suggests that girls who 362 

experienced poor family environment in childhood had higher internalizing symptoms at 363 

baseline and showed even more increases in internalizing symptoms during adolescence. As 364 

internalizing problems were associated with higher risk of depression, self-harm, and even 365 

suicide37, these girls may require family-centered interventions for prevention. In addition, the 366 

rise in internalizing behaviors observed in girls has been hypothesized to be related to increased 367 

vulnerability to stressors, an increased tendency to ruminate on events and emotions, and 368 

distinct socialization pressures based on sex38-40. Study focused on sex-specific interactions in 369 

brain maturation suggesting that higher levels of internalizing symptoms in female adolescents 370 

than in males relate to sex-differences in Hypothalamic-pituitary-adrenal (HPA)-axis function 371 

which represent critical factors for the development of brain networks of emotional regulation41. 372 

Future studies are needed to better understand the sex-specific association between family 373 

environment and the development of internalizing symptoms among females. 374 

As expected, the association between childhood family environment and behavioral 375 

problems attenuated over time6, 29. This attenuation may reflect Individual heterogeneity42 or 376 

changes in family environment that were not measured in our dataset, such as parents’ 377 
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expectations43, 44. Besides, we could not rule out other possible mechanism beyond the family 378 

environment underlying the observed pattern, such as the increased importance of social 379 

support and friendship in influencing behavioral problems during adolescence45, 46. 380 

Interestingly, we also found a sex difference in the attenuation patterns: the risk estimates for 381 

both internalizing and externalizing symptoms declined over time among females, whereas they 382 

remained stable at 2-year and 3-year follow-ups among males. The results were consistent with 383 

studies that sex moderated the relationship between adverse childhood experiences and 384 

behavioral problems in adolescence47. Also, parental attachment and monitoring were reported 385 

as protective factors for girls while serving as additional risk factors for boys for behavioral 386 

problems in conflictual families48.  387 

In this study, we found sex-specific cortical regions that mediated the association between 388 

family environment and externalizing symptoms, both at baseline and follow-up. Notably, we 389 

demonstrated that the cortical regions mediated the relationship between family environment 390 

and externalizing problems are mainly in the left hemisphere and temporal regions in males. 391 

This suggests that the male brain, which is more left-lateralized and may be highly sensitive to 392 

language environment49. Previous research has indicated that the quality of marital relationships 393 

can influence the quality and frequency of mother-son conversations50. Additionally, maternal 394 

anxiety may affect the expressive language of offspring51. This underscores the importance of 395 

good communication and support systems within the family environment for adolescent 396 

development. Worse family environment may inhibit language and communication skills and 397 

leading to an increase in externalizing behavior problems and face peer rejection52. In females, 398 

the right hemisphere is critical for emotional understanding and social interactions53. Adverse 399 
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family environments, such as parental conflict, may impair the right hemisphere's function, 400 

causing emotional dysregulation and abnormal social behavior54. Our findings emphasize the 401 

importance of a supportive family environment for healthy brain development and behavior in 402 

early adolescence. Addressing family dynamics and reducing stress can mitigate negative 403 

impacts, with specific attention to sex differences. We did not observe consistent structural 404 

alterations that mediated the association between family environment and internalizing 405 

problems. This could suggest a functional mechanism or varying cortical susceptibility across 406 

development. Future research is warranted to investigate the sex-specific neurobiological 407 

mechanism underlying the observed associations. 408 

This study has several strengths. First, the large sample size of the ABCD study allowed 409 

sufficient statistical powered analysis for neuroimage investigation, and for even narrow 410 

subgroups, such as quartering the sex-stratified population. Second, this study used repeated 411 

measures (four per child) in a critical developmental period for externalizing and internalizing 412 

symptoms to estimate the trajectories related to family environment. Third, this study designed 413 

analyses considering the sex difference of the association and of the development of 414 

externalizing and internalizing symptoms, offering new insights on this topic. Fourth, we used 415 

longitudinal neuroimage and behavioral data to examine brain regions that overlapped between 416 

two mediation analyses, enhancing the validity of the identified brain regions. Fifth, we 417 

measured the family environment by various indicators from different sources, reducing the 418 

potential measurement error. 419 

There were several limitations in our study. First, the follow-up period covered only early 420 

adolescence, limiting further investigation of late adolescence, another critical period for 421 
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behavioral problems. Second, we established a family environment score with a large number 422 

of indicators, some of which were known to be highly correlated with risk factors for 423 

neurodevelopmental outcomes, such as insufficient folic acid intake associated with unintended 424 

pregnancy, less period of breastfeeding associated with lower socioeconomic level, less parent-425 

child interaction at early childhood associated with family conflict. Thus, the estimated risk 426 

reflected a composite of heterogenous pathways between family environment and behavioral 427 

problem. Still, we highlighted a prominent and longitudinal association of the composite score 428 

of family environment, indicating a crucial and lasting role in the development of behavioral 429 

problems. Third, we did not assess the effect and the potential interactive role of peer 430 

relationship and social support in the development of behavioral problems in adolescence.  431 

In conclusion, family environment at childhood was longitudinally associated with 432 

externalizing and internalizing symptoms in early adolescence with sex differences. Males and 433 

females showed different sets of brain regions with altered cortical areas that mediated the 434 

longitudinal associations. These findings contribute to our understanding of the complex 435 

interplay between family environmental and brain structure in the development of adolescent 436 

behavioral problems. 437 

 438 

 439 
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Figures and figure legends 664 

 665 

Figure 1 Developmental patterns of internalizing and externalizing symptoms, stratified 666 

by sex. A, B, developmental patterns of internalizing symptoms related to age across four 667 

groups quartered by family environment scores (solid lines) and group of all sample (dashed 668 

lines) for female and male respectively. C, D, developmental patterns of externalizing 669 

symptoms related to age across four groups quartered by family environment scores (solid 670 

lines) and group of all sample (dashed lines) for female and male respectively. Models were 671 

adjusted for race and age at assessment.  672 

 673 
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 674 

Figure 2 Mediation analysis and the brain regions with their cortical areas correlated with 675 

both family environment and behaviors at baseline. A, mediation analysis showed that the 676 

cortical areas significantly mediate the association between the family environment and 677 

internalizing symptoms at baseline for male. C, E, mediation analysis on family environment, 678 

cortical areas, and externalizing symptoms at baseline for male and female respectively. B, D, 679 

F, the brain regions with their cortical areas significantly (Bonferroni corrected P < 0.05) 680 

related to both family environment and behaviors. The blue color indicates that lower cortical 681 

areas were correlated with worse family environment. The red color indicates that lower cortical 682 

areas were correlated with severe behavioral problems.  683 
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 685 

Figure 3 Mediation analysis and the brain regions with their cortical areas mediates 686 

family environment and behaviors at both baseline and follow-ups. A, C, mediation 687 

analysis showed that the cortical areas at 2-year follow-up significantly mediates the association 688 

between the family environment at baseline and externalizing symptoms at 3-year follow-up 689 

for male and female respectively. B, D, the brain regions with cortical areas significantly 690 

(Bonferroni corrected P < 0.05) related to both family environment and behaviors at follow-691 

ups. The blue color indicates that lower cortical areas were correlated with worse family 692 

environment. The red color indicates that lower cortical areas were correlated with severe 693 

behavioral problems. E, F, the brain regions with their cortical areas mediates family 694 

environment and behaviors at both baseline and follow-ups for male and female, respectively. 695 
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Table 1 Baseline characteristics of the study children from the Adolescent Brain 697 

Cognitive Development study. 698 

Variable Female  Male 

 Family environment score* Family environment score* 

 
≤p25th 

(N=1155) 

p25-75th 

(N=2308) 

p75-100th 

(N=1155) 

≤p25th 

(N=1273) 

p25-75th 

(N=2546) 

p75-100th 

(N=1273) 

Age at baseline, years, 

mean (SD) 
9.8 (0.6) 9.9 (0.6) 10.0 (0.6) 9.9 (0.6) 9.9 (0.6) 10.0 (0.6) 

Age at the first follow-

up, years, mean (SD) 
10.8 (0.6) 10.9 (0.6) 11.0 (0.6) 10.9 (0.6) 10.9 (0.6) 11.0 (0.6) 

Age at the second 

follow-up, years, mean 

(SD) 

11.9 (0.7) 12.0 (0.7) 12.1 (0.7) 12.0 (0.7) 12.0 (0.7) 12.1 (0.7) 

Age at the third follow-

up, years, mean (SD) 
12.8 (0.7) 12.9 (0.6) 13.0 (0.6) 12.9 (0.6) 12.9 (0.6) 13.0 (0.6) 

Race/Ethnicity, N (%)       

White 452 (18.1) 
1216 

(48.6) 
831 (33.3) 533 (18.6) 

1420 

(49.6) 
910 (31.8) 

Black 274 (43.8) 292 (46.6) 60 (9.6) 267 (43.5) 292 (47.6) 55 (9.0) 

Hispanic 281 (31.5) 491 (55.1) 119 (13.4) 309 (31.2) 525 (53.0) 157 (15.8) 

Other 140 (23.8) 305 (51.9) 143 (24.3) 159 (26.4) 297 (49.3) 146 (24.3) 

Parental average 

education, years, mean 

(SD) 

15.5 (3.0) 16.8 (2.6) 18.2 (1.6) 15.7 (3.0) 16.9 (2.5) 18.0 (1.8) 

Income, N (%)       

Low income, <$50,000 446 (58.2) 319 (41.7) 1 (0.1) 497 (59.0) 334 (39.7) 11 (1.3) 

Middle income, $50,000-

$100,000 
277 (22.0) 742 (58.9) 240 (19.1) 287 (20.9) 794 (57.8) 292 (21.3) 

High income, >$100,000 199 (10.5) 868 (45.5) 839 (44.0) 238 (11.3) 992 (47.2) 870 (41.4) 

Family environment       

Child-reported       

Parental monitoring, 

mean (SD) 
4.2 (0.6) 4.5 (0.4) 4.7 (0.3) 3.9 (0.6) 4.3 (0.4) 4.6 (0.3) 

Parental acceptance, 

mean (SD) 
2.6 (0.4) 2.8 (0.2) 3.0 (0.1) 2.5 (0.4) 2.8 (0.2) 2.9 (0.1) 
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Family conflict, mean 

(SD) 
3.4 (2.1) 1.7 (1.6) 0.6 (0.9) 3.7 (2.1) 2.0 (1.7) 0.8 (1.0) 

Parent-reported       

Family conflict, parent, 

mean (SD) 
3.9 (2.1) 2.3 (1.6) 1.1 (1.0) 4.1 (2.1) 2.6 (1.7) 1.2 (1.1) 

Getting along, mean 

(SD) 
1.3 (0.5) 1.2 (0.4) 1.1 (0.3) 1.3 (0.5) 1.2 (0.4) 1.1 (0.3) 

Parental 

psychopathology, mean 

(SD) 

29.3 

(22.3) 
19.3 (15.1) 13.5 (10.7) 

29.0 

(21.2) 
20.6 (16.1) 13.8 (11.6) 

Parental 

divorce/separation, N 

(%) 

490 (43.8) 533 (47.7) 95 (8.5) 530 (43.7) 571 (47.0) 113 (9.3) 

Planned pregnancy, N 

(%) 
519 (18.5) 

1383 

(49.4) 
899 (32.1) 595 (18.5) 

1593 

(49.6) 
1021 (31.8) 

Monitoring score range, 1 to 5. Parental acceptance range, 1 to 3. Family conflict score range, 699 

0 to 9. Getting along score range, 1 to 3. Psychopathology score range, 0 to 154. The 700 

proportion of missing value was detailed in Table S1. The highest proportion of missing value 701 

was 7.9% in parental income level. 702 

* The family environment score was calculated using all described child- and parent-reported 703 

variables. 704 

 705 
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Table 2 Association between family environment score at baseline and behavioral 707 

problems at 3-year follow-up. 708 

Analysis/ Outcome N 

CBCL at 

baseline, 

mean (SD) 

CBCL at 3-

year follow-

up, mean 

(SD) 

Crude mean ratio 

(95% CI) 

Adjusted mean 

ratio (95% CI) 

Additionally adjusting for 

baseline behavioral 

problems 

     

Internalizing problems      

Male 5092 5.0 (5.4) 4.7 (5.5) 0.81 (0.75, 0.88) 0.66 (0.54, 0.81)* 

Female 4618 4.9 (5.4) 5.6 (6.3) 0.91 (0.83, 0.10) 0.70 (0.56, 0.90)* 

Externalizing problems      

Male 5092 4.9 (6.1) 4.4 (5.9) 0.66 (0.60, 0.72) 0.51 (0.40, 0.64)† 

Female 4618 3.6 (5.0) 3.4 (4.9) 0.36 (0.32, 0.40) 0.32 (0.25, 0.43)† 

Population: children with 

no behavioral problems at 

baseline assessment 

     

Internalizing problems      

Male 4007 2.7 (2.4) 3.3 (3.9) 0.59 (0.52, 0.67) 0.44 (0.32, 0.60)‡ 

Female 4034 3.2 (2.8) 4.5 (5.1) 0.68 (0.61, 0.77) 0.53 (0.39, 0.71)‡ 

Externalizing problems      

Male 4007 2.7 (2.9) 3.0 (4.1) 0.21 (0.19, 0.24) 0.14 (0.10, 0.20)‡ 

Female 4034 2.2 (2.7) 2.5 (3.7) 0.11 (0.10, 0.13) 0.10 (0.07, 0.15)‡ 

CBCL, Child Behavioral Checklist; SD, standard deviation; CI, confidence interval.  709 

* Adjusted for age at assessment, race, and internalizing problems at baseline. 710 

† Adjusted for age at assessment, race, and externalizing problems at baseline. 711 

‡ Adjusted for age at assessment and race. 712 
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